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RESUMO

Os avancgos tecnologicos recentes apontam que o futuro do segmento farmacéutico
deverd envolver o uso inovador dos processos de hot-melt extrusion e impressdo 3D por
modelagem de deposi¢do fundida. Com a finalidade de contribuir no desenvolvimento de
medicamentos elaborados através dessas técnicas emergentes de processamento, 0 objetivo
desse trabalho foi avaliar o potencial de aplicacdo da reologia oscilatéria como uma ferramenta
analitica capaz de auxiliar a elaboracdo de medicamentos 3D que cumpram com 0s requisitos
de qualidade preconizados. Para isso, conceitos gerais de reologia, reometria, viscoelasticidade
e metodologias rotacionais e oscilatérias foram resumidos e esquematizados. A aplicacdo
tedrica desses conceitos para técnicas de extrusdo e impressdo 3D também foi apresentada,
incluindo as vantagens e limitacfes da reologia para a caracterizacdo de materiais sélidos. A
segunda etapa do trabalho consistiu em um estudo experimental, no qual a reologia de
cisalhamento oscilatério foi avaliada como ferramenta de controle em processo na elaboracao
de comprimidos por impressdo 3D. Para esse fim, filamentos de alcool polivinilico foram
produzidos com diferentes concentracBes de plastificante (glicerina) e posteriormente
impressos em duas impressoras 3D FDM diferentes. O aumento na proporcao de plastificante
(> 30%) elevou a deformacdo viscosa, resultando em materiais muito flexiveis que sdo
inadequados para impressdo. Por outro lado, os filamentos com 10 — 20% de plastificante
apresentaram viscosidade adequada (perto de 0,8 kPa.s), diametro homogéneo e resisténcia
suficiente a forca extensional, produzindo filamentos que permitem serem tracionados, e que
sdo capazes de fluir através do bico e construir estruturas 3D camada por camada. Portanto, a
avaliacdo da viscoelasticidade através de reologia oscilatéria pode antecipar problemas na
capacidade de impressdo dos filamentos, identificando possiveis erros de impressdo e

instabilidades nos medicamentos 3D.

Palavras-chave: reologia; polimeros farmacéuticos; reometria; impressao tridimensional;

viscoelasticidade.



ABSTRACT

Recent technological advances indicate that the future of pharmaceutical industry will
involve the innovative use of hot-melt extrusion and fused deposition modeling 3D printing.
Claiming to assist to the development of drugs produced through these emerging processing
techniques, the objective of this work was to evaluate the potential application of oscillatory
rheology as an analytical tool capable of contributing to the development of 3D drugs that meet
the recommended quality standards requirements. For this, general concepts of rheology,
rheometry, viscoelasticity and rotational and oscillatory methodologies were summarized and
outlined. The theoretical application of these concepts to extrusion and 3D printing techniques
was also developed, including the advantages and limitations of rheology for the
characterization of solid materials. The second stage of the work consisted of an experimental
study in which oscillatory shear rheology was evaluated as an in-process control tool in the
preparation of tablets by 3D printing. For this purpose, polyvinyl alcohol filaments were
produced using different plasticizer concentrations (glycerin) and subsequently printed on two
different 3D printers. The increase in plasticizer ratio (= 30%) enhanced viscous deformation,
resulting in too flexible materials that are inappropriate for printing. On the other hand,
filaments with 10-20% of plasticizer presented suitable viscosity (close to 0.8 kPa.s),
homogeneous diameter and sufficient resistance to extensional force, producing filaments that
can be pulled by the gear, and that are able to flow through the nozzle and build 3D structures
layer by layer. Therefore, viscoelasticity and tensile strength measurements could anticipate
problems in filaments printability, identifying possible printing errors, and instabilities of 3D

medicines.

Keywords: rheology; pharmaceutical polymer; rheometry; three-dimensional printing;

viscoelasticity.
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CHAPTER 1 - BASIC CONCEPTS ON RHEOLOGY

To provide theoretical support for the development and evaluation of rheological
analysis, this part of the work aims to assemble basic concepts of rheology and rheometry,
including the main methodological variables currently used (rotation and oscillation) as

well as the concept that guides rheological understanding, viscoelasticity.

1.1 Rheology and rheometry

Rheology is defined as the study of stress-deformation relationships, referring to
material's flow when stressed (GUZMAN et al., 2018). Therefore, rheology can describe
the deformation behavior of all kinds of materials, from the flow of liquids to the
deformation of solids and semi-solids. In this way, this deformation science is used to
measure fluid properties, understand structure-deformation relations, modelling flow
behavior, and simulate deformation behavior under processing conditions (AMORIM et
al., 2021; GEISSBERGER et al., 2017; LIU et al., 2020; NELSON; EWOLDT, 2017).
Moreover, rheology can be associated with several physical variables and mechanical
properties such as viscosity, elasticity, and granular flow, which can be measured by
different equipment and analytical techniques.

Rheometry refers to the experimental technique in which a rheometer is used to
determine rheological properties (GRI1ZZUT]I, 2014). Numerous rheometric tests can be
performed to assess the flow and deformation properties of simple and complex materials
(JOZWIAK; BONCEL, 2020). In this analytical technique, the material is positioned in
an apparatus called geometry, which moves according to the selected technology (rotation
or oscillation) (MEZGER, 2014). Figure 1.1 illustrates some geometry models and their
application to different types of materials.

13
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Low viscosity High viscosity Soft solids Rigid solids
Water Steel —>

Figure 1.1 Different models of rheometric geometries for applications in materials of
varied structure, ranging from water to steel; (A) concentric cylinders, (B) cone and plate,

(C) parallel plate, and (D) cylindrical torsion.

1.2 Rotational and oscillatory rheology

Rheology can be classified according to its capacity and form of characterization,
being divided into rotational rheology, known for measuring viscosity and steady
properties, and oscillatory rheology, known for measuring viscoelastic compounds and
dynamic properties (HUANG et al., 2016; KITAYAMA; YANG, 2021; NAJI-TABASI;
RAZAVI, 2017; RAZI et al., 2020). Both procedures use two plates model to perform the
analyzes. In this model, the sample is positioned between two plates, in which one is static
and the other moves in different ways (geometry), then, the type of movement of the
geometry is decisive to determine which rheological variable will be identified by the
detector (LONG et al., 2015) (Figure 1.2).

Rotational rheology is marked by the 360° rotation of the geometry during the
test. A rotational analysis depends on shear stress (z) and shear rate (y) (VADODARIA;
ONYIANTA; SUN, 2018). The shear stress is influenced by the force (F) applied to the
material as a function of the area (A). In the case of rheometry, the geometry area is used
(Figure 1.2A). Meanwhile, the shear rate is influenced by the gap (h) between the plates
and by the speed (v) at which it moves (Figure 1.2A) (LIANG et al., 2015).

According to Newton's law for viscosity, the ratio between shear stress and shear
rate results in viscosity () (GONCALVES et al., 2017; HARDY, 2018; JIANG et al.,

14



2019) (Figure 1.2A). In practice, a certain rotation speed is set and to fulfill this
requirement, the geometry needs to perform a specific torque (force), which will depend
on the material viscosity (CARDOSO et al., 2014). By this means, the Newton equation
is applied and it is possible to obtain viscosity data. Thus, rotational rheology is a more
sophisticated alternative to the viscosimeter, since more sensitive variables are applied to

assess Viscosity.

@ Rotational measurements

T=F/A v=v/h
n=t/y
Forv
_
_,__ _____ A Oscillatory measurements
/'_ ___________ ; ,,’7_/' e
F v
S
T=F/A y=S/h
G*=1/y

F - force A - area v - velocity h - gap S — deflection T - shear stress

Y - shear rate y - strain n - viscosity G* - complex modulus

Figure 1.2 Representation of material's deformation inside the geometry, in conjunction
with the variables and equations used to determine (A) viscosity, in a rotational test, and
(B) complex modulus, in an oscillatory test.

Oscillatory rheology uses 180° movements in both directions, moving to the right and
then to the left (AMARATUNGA; RABENJAFIMANANTSOA; TIME, 2021). This
pulsing movement provides the identification of a new variable, the deflection path (S),
which is mathematically converted into the rheological measure responsible for
characterizing the deformation of a material: the strain (y) (Figure 1.2B) (SAFAEI;
CASTORENA, 2020). From the observed strain, it is possible to quantify the complex
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modulus (G*), which is the rheological response for identifying a viscoelastic material,
also known as a complex material, which will be explained in more detail in section 1.3.

In summary, rotational rheology identifies the flow of a material when a force is
applied, characterizing its viscosity. On the other hand, oscillatory rheology can

determine the deformation of a compound characterizing its viscoelastic properties.

1.3 Viscoelasticity

The deformation behavior of a material under stress depends on how the molecules
respond to an external energy, which can be thermal, mechanical, gravitational, or shear
(BAHMANPOUR et al., 2011; MIESZALA et al., 2017; YUAN; CHUA; ZHOU, 2019).
Thus, to stress a material, first an energy source is applied, then this stress is absorbed by
the molecules, and finally the material can respond in two ways, releasing the applied
energy or storing it (GLEZER; SUNDEEV, 2015; SHIN; RICHTER; GIANOLA, 2020).

This different behavior depends on the inter and intramolecular interactions of the
components (SHIN; RICHTER; GIANOLA, 2020). Molecules with high mobility cannot
storge energy, while molecules with dense structures can do it easily; these two
characteristics are classified in rheology as viscous and elastic behavior, respectively
(Aho et al., 2015). Hence, materials that respond releasing energy are known as liquid
materials, presenting a viscous behavior. On the other hand, materials that respond storing
energy are known as solid materials, showing elastic behavior.

In this sense, some components can respond exclusively in a viscous way (pure
liquids or Newtonian fluids), exclusively in an elastic way (pure solids or Hookean
solids), or present both responses to the same source of stress (complex or viscoelastic
compounds). Most materials belong to the viscoelastic class (Figure 1.3) (PHAN-THIEN;
MAI-DUY, 2017).

It is possible to identify these different deformation characteristics individually
with the aid of oscillatory rheology, since, through strain values the G* modulus is
calculated. Due to this fact, for the deformation represented by energy storage, there is
the elastic modulus, also called the storage modulus (G'), while for the deformation
represented by energy release, there is the viscous modulus, also called the loss modulus
(G") (DUTY et al., 2018; SEOANE-VIANO et al., 2021).
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VISCOUS VISCOELASTIC ELASTIC

Figure 1.3 Representation of the material's classification according to its deformation

response, viscous, elastic or viscoelastic.

As mentioned before, an oscillatory rheometer uses two variables, strain (y) and
stress (), sinusoidally (in a continuous wave). The lag between the peak of each wave is
called the phase angle delta (6) (HENRIQUES et al., 2018; MODLER; MOHAMAD;
LUBECK, 2021) (Figure 1.4). This angle always ranges between 0° and 90° (MARQUEZ
etal., 2018).

For a completely rigid sample with ideally elastic behavior, such as metal or steel,
there is no lag between y and t response curves, the opposite is observed for perfect fluids.
Therefore, 6 = 0° stands for ideally elastic deformation (Figure 1.5A) and 6 = 90° for
ideally viscous flow behavior (Figure 1.5B). All viscoelastic responses take place
between these two extremes (Figure 1.5C) (ZAMORA et al., 2018).

Strain

V/\
\/ Stress-strain
sinusoidal oscillation

Stress

T

N\
~~"

Figure 1.4 Hypothetical sinusoidal curve representing the oscillation of strain (y) and

shear stress (t) during an oscillatory rheological analysis to identify the phase angle (3).
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@ Ideally elastic response o Ideally viscous response
(Hookean solid) (Newtonian liquid)

3=0° 8=90°

0° 9

@ Viscoelastic response

(complex materials)

0°<d<90°

60°
—

NS

0

90° 0° 90°

Figure 1.5 Hypothetical sinusoidal curve with representation of the phase angle (3) for

the deformation of a material (A) purely elastic (B) purely viscous and (C) viscoelastic.

Based on this, the angle 9 is plotted below the G* vector, the part of the response
that extends through the x axis is the value of the elastic deformation, while the part that
extends through the y axis is the value of the viscous deformation, i.e., G' and G"
respectively (Figure 1.6) (LAI et al., 2021). Moreover, G* is also used to calculate the
complex viscosity (n*) (Equation 1) (RABBANI; SCHMITT, 2018; ZARE; RHEE,
2019), which is a viscosity data that considers the complete viscoelastic deformation of
materials and not just their flow behavior.

n*=G*/o Q)

From the Pythagorean triangle inferred in Figure 1.6, it is possible to calculate
tangent of & (tan §) (Equation 2) (PINHO et al., 2021). Tan & can be an important
measurement for solid materials, since it provides information where viscous deformation
has a strong influence on the material's behavior, even if the material still behaves as a
solid compound (BOCHMANN et al., 2017).

Tan (0)=G”/G’ (2

18
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Figure 1.6 Vector diagram illustrating the relationship between complex modulus (G*)
and the phase angle (), providing the quantification of storage modulus (G') and loss
modulus (G").

Therefore, a rheometer operating in sinusoidal oscillation can easily separate the
viscous and elastic portions of a material, enabling the identification of numerous types
of deformations capable of influencing, individually, in its processing and molecular
interaction with different components. For this reason, oscillatory shear rheology is the
most recommended technique for developing pharmaceutical systems, especially those

produced under stress conditions, such as high temperatures and mechanical forces.
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CHAPTER 2 - RHEOLOGICAL APPLICATIONS FOR PHARMACEUTICAL
SOLID MATERIALS AND PROCESSING TECHNIQUES USED TO DEVELOP
PHARMACEUTICAL SYSTEMS

This part of the work describes the theoretical application of oscillatory rheology
to analyze solid compounds, especially materials developed by hot-melt extrusion and

fused deposition modeling 3D printing.

2.1 Small amplitude oscillatory shear (SAOS)

To properly evaluate the formulation's processability and characterize its
components, it is necessary to ensure that the molecular structure will not be damaged or
destroyed during the analysis. This chemical stability is difficult to be established with
solid materials, since the extreme rigidity can make materials brittle, leading to fragile
intramolecular bonding forces, which can break during oscillation tests and disable the
evaluation, especially at temperatures in which the material still remains solid (LIU et al.,
2019).

In this scenario, oscillatory shear tests can be divided into two regimes. The first
one is the linear viscoelastic response (LVR) and the other is defined by a nonlinear
measurement (BONILLA; ERTURK; KOKINI, 2020). The strain is the rheological
variable that will control this phenomenon, as it represents the amplitude in which the
deformation can occur. Thus, changes in the strain inside the LVR of the material do not
modify the rheological response, whereas changes in the strain outside the LVR imply a
non-constant deformation with risk of molecular destruction, making the analysis
unfeasible (SONG et al., 2020).

The determination of the LVR is performed by an amplitude (strain) sweep test,
in which the applied amplitude is increased from small to large at a fixed frequency, a
transition between the linear and non-linear regimes appears (Figure 2.1) (GHORBANI
etal., 2017). Therefore, the LVR is different for each material, being extensive for liquid
compounds and short for solid compounds, making high strain values easily accepted by
fluids, while the molecular control of elastic materials is more delicate (ELBADAWI et
al., 2020; REDDY et al., 2017).
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Methods that work with low strain values are known as SAOS (small amplitude
oscillatory shear), while those that work with high strain values are known as LAOS
(large amplitude oscillatory shear) (TOWNSEND; WILSON, 2018). As the LVR of solid
materials is always formed by low strain values, the SAOS methodology must be chosen

for the characterization of pharmaceutical systems developed by extrusion or 3D printing.

Linear viscoelastic Non-linear viscoelastic
region - SAOS region - LAOS

GPI

Modulus

v

Strain

Figure 2.1 Hypothetical graphical representation of an amplitude sweep analysis in which
the loss modulus (G') and storage modulus (G") are plotted. The green region indicates
the linear viscoelastic response and the strain values that form the SAOS method. In
contrast, the gray region indicates the non-linear viscoelastic response and the strain
values that form the LAOS method.

2.2 Hot-melt extrusion and 3D printing

Polymers are one of the most complex viscoelastic materials, since these
macromolecules can present different viscous and elastic behaviors simultaneously due
to its high molecular weight, long chains, and varied inter and intra-molecular interactions
(OSSWALD; RUDOLPH, 2013). Polymers are widely used in pharmaceuticals for the
preparation of solid dispersions, in which, through a processing technique, the drug is
dispersed or solubilized into the polymer matrix (PINHO et al., 2021; REPKA et al.,
2018).
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Hot-melt extrusion (HME) is a technique introduced to the pharmaceutical
industry to elaborate these drug-loaded polymeric systems (SIMOES; PINTO; SIMOES,
2019). For this, polymer, drug, and excipients (if necessary) are introduced into the
equipment where they reach the extruder screws and barrel, which are responsible for
promoting a controlled shear rate and an increase in temperature, respectively (Figure
2.2) (BANDARI et al., 2021).

Drug +

Polymer

Filament

Extrusion barrel: region of

controlled heat and shear

Figure 2.2. Illustration of the HME process indicating the feeding step, extrusion and
development of the pharmaceutical filament.

In this way, the heat melts the material while the screws promote a homogeneous
mixture of the formulation components. Additionally, the conjoint action of this thermal
and mechanical stress provides strong polymer-drug molecular interactions, allowing the
amorphization of the drug through its solubilization into the polymer matrix (NARALA
et al., 2021). This non-crystalline profile is an important characteristic that significantly
improves pharmaceutical performance. Finally, the molten material is eliminated from
the extruder, gaining the shape of the selected die (outlet region of the equipment), which
is generally cylindrical, forming pharmaceutical filaments (Figure 2.2) (TAMBE et al.,
2021).

These drug-loaded filaments can be used to feed a fused deposition modeling 3D
printing (FDM/3D) process (DUMPA et al., 2021). In this technology, the HME filament
is pulled through two gears, which will guide the filament to the heater and the nozzle at
high temperatures (Figure 2.3). As the filament reaches the final region of the 3D printer

extruder, the material will melt, deforming with heat, and flowing through the nozzle,
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which builds 3D structures layer-by-layer from the movement of the nozzle and/or the
support table where the object is being built (BHAGIA et al., 2021).

Filament

Figure 2.3. lllustration of an FDM 3D printer and indication of the different parts that

form the 3D printer extruder (dotted square).

Based on these emerging technologies for processing pharmaceutical materials, it
is possible to infer that the knowledge of polymer rheological deformation and
viscoelastic behavior as a function of time, shear and temperature is of great assistance in
tailoring the adequate process conditions and choosing suitable polymer carriers for
extrusion, as well as predicting the processability and polymer-drug interaction.

For this scenario, complex oscillatory rheological tests and mathematical
equations are needed to analyze polymeric materials and pharmaceutical extrudates.
Commonly, rheological measurements of viscosity, modulus, and tangent of angle o are
evaluated as a function of frequency and temperature variations (AHO et al., 2015;
ELBADAWI et al., 2020).

Within the limited number of works that apply oscillatory rheology to HME and
FDM/3D, the frequency sweep test is the most performed (BOETKER et al., 2016;
ILYES et al., 2019; ISREB et al., 2019). In this experimental technique, temperature and
strain are constant and an increasing frequency is applied to the material in order to
evaluate their moduli (G' and G") and complex viscosity (Figure 2.4) (MARRETO et al.,
2020; SOLANKI et al., 2019). This provides the time-dependent behavior of a sample,

since low frequencies simulate slow motion or slow processing conditions (green region
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Figure 2.4) and high frequencies simulate fast motion or fast processing conditions (grey
region Figure 2.4) (AHO et al., 2016; AIREY et al., 2016).

When applying to HME and FDM/3D, frequency sweeps are proven methods to
choose the proper screw rotation and the printing speed, as it can collect information on
the behavior and inner structure of the formulation under procedure parameters (shear
and temperature are constant) and assess the time required for the material to deform
optimally (AHO et al., 2016; BERTOLINO et al., 2021). In most researches, several
possible processing temperatures are selected and the frequency sweep analysis is
performed in these different isotherms. Therefore, the condition that provides adequate
deformation in short time and low temperature is considered ideal (BOCHMANN et al.,
2017; MONSCHKE; KAYSER; WAGNER, 2020; SOLANKI; GUPTA; SERAJUDDIN,
2018)

Represents slow Represents fast

time-scales time-scales

Modulus or
Complex viscosity

v

Frequency

Figure 2.4. Hypothetical graphical representation of a frequency sweep analysis in which
the loss modulus (G'), storage modulus (G") and complex viscosity (n*) are plotted. The
green region indicates the low frequency values, used to represent slow processing
conditions, while the gray region indicates the high frequency values, used to represent

fast processing conditions.

Rheological temperature ramp analysis is a widely explored test in materials
science for evaluating polymers suitable to extrusion and 3D printing (CHEN et al., 2020;
LAl etal., 2021). In this scenario, this oscillatory assay has been increasingly inserted in
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the characterization step of pharmaceutical mixtures and filaments produced for HME or
FDM/3D (AHO et al., 2017; ELBADAWI et al., 2020). In this experiment, rheological
patterns are monitored with temperature variation (Figure 2.5).

In practice, the viscoelastic behavior of the material is evaluated as a function of
temperature, in order to assess its deformation capacity at different heat profiles, to enable
the ideal definition of thermal and stress for extrusion or printing process (AZAD et al.,
2020). For pharmaceutical systems developed by HME and FDM/3D, the elastic
deformation (marked by G') cannot be too high, otherwise the polymer will not deform,
consequently the polymer-drug interaction is impaired. However, if the viscous behavior
(marked by G") is greater, the deformation will be so intense that the polymer will not
recover and solidify after extrusion or printing (AHO et al., 2015).

A

Modulus or
Complex viscosity

v

Temperature

Figure 2.5. Hypothetical graphical representation of a temperature ramp analysis in

which the loss modulus (G'"), storage modulus (G") and complex viscosity (n*) are plotted.

Moreover, for assessing the complete deformation of the formulation, complex
viscosity and complex modulus are monitored as they gather information about the
resistance of flow and deformation, respectively, considering the viscoelasticity of the
material (PINHO et al., 2021). Additionally, for characterization purposes, this analysis
is commonly performed to assess the glass transition region (Tg) and melting point (Tm)
of the polymer (CUCALON et al., 2019; SADEGHI-MEHR et al., 2018).

For a solid polymer, the glass transition range starts at the first signs of materials

softening and it ends when the molten state has been completely reached (green line
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Figure 2.6) (BARBA; ARIAS; GARCIA-GONZALEZ, 2020). In this way, the Tg
temperature is established approximately in the middle of the Tg range and it can change
according to the proposed mathematical method of interpretation: temperature onset of
G' decay (YONG et al., 2017), peak preceding G" decay (XIE et al., 2020) or peak of tan
& (LIPINSKA; IMIELA, 2019). Since tan & considers both viscous and elastic

deformation it is the most described method for calculating Tg temperature.

@

Modulus or Tan &

Tg

Temperature

Modulus or Tan &

Tg ™

Temperature
Figure 2.6. Hypothetical graphical representation of a temperature ramp analysis in
which the loss modulus (G'), storage modulus (G") and tangent of the angle (Tan ) are
plotted. Tan & peak indicates the glass transition temperature (Tg) of (A) an amorphous
polymer and (B) a crystalline polymer, in which the melting point (Tm) is also represented

and indicated by the modulus crossover.
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The melting point, in a rheological temperature ramp analysis is classified as the
crossover temperature (G' = G") (CUCALON et al., 2019). Figure 2.6A shows the
viscoelastic profile of an amorphous polymer, indicating its Tg temperature, while figure
2.6B shows the viscoelastic profile of a crystalline polymer, showing Tg and Tm.

Conclusively, besides supporting the identification of the best process conditions,
a temperature ramp analysis is also capable of evaluating crystalline profile,
decomposition, compatibility and capacity for molecular interaction (PINHO et al., 2021;
SAMARO et al.,, 2020). Moreover, the intrinsic characterization proposed by this
rheological test can provide information during and after the material is stressed, since
the rheometer is able to return to ambient conditions while continues to monitor the
rheological variables.

In this way, this analytical tool can identify the influence of processing conditions
on product stability, predicting possible degradation, incompatibility and crystallization
caused by extrusion or printing. Hence, oscillatory rheology is a perfect instrument for
guaranteeing 3D drug products with pharmaceutical requirements maintained.
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CHAPTER 3 - OSCILLATORY SHEAR RHEOLOGY AS AN IN-PROCESS
CONTROL TOOL FOR 3D PRINTING TABLETS PRODUCTION BY FUSED
DEPOSITION MODELING

The objective of this part of the work was to apply oscillatory shear rheology as
an in-process quality control tool to elaborate tablets by fused deposition modeling 3D
printing, in order to obtain optimized processing conditions and stable pharmaceutical

properties.

3.1 Introduction

In the current stage of 3D technology applied in the development of

pharmaceuticals, a trial-and-error methodology still predominates, in which several
materials are tested under numerous processing conditions with little capacity for
anticipating the quality parameters of the printed medicines (CASTRO et al., 2021).
In this way, to assist printability requirements and successful feedability of extruded
filaments, mechanical properties, such as stiffness, toughness, and ductility, have been
evaluated in recent studies to determine formulations that would withstand the
mechanical stress promoted by a FDM 3D printer (XU et al., 2020a; YANG et al., 2021).
However, this characterization is not enough to select printable materials and properly
define their printing parameters since thermal, rheological, and morphological variables
contribute simultaneously to 3D printing (SAMARO et al., 2020; SEOANE-VIANO et
al., 2021). Furthermore, molecular interactions between the formulation components can
modify their deformation and consequently the printing step, making conventional
mechanical evaluations useless (SILVA et al., 2021).

Conversely, oscillatory shear rheology is a technique that uses sinusoidal stress-
strain to assess the deformation of viscoelastic materials, analyzing the temperature,
shear, and time-dependent behavior of the viscous and elastic portion to describe their
molecular conformation in different thermal-shear conditions, which makes this
technique ideal for characterizing drug products developed by HME and FDM (AHO et
al., 2015). In this sense, rheology has been increasingly explored in materials science to
optimize printing processes and comprehend which properties make a material printable
(BERTOLINO et al., 2021). Yet, there is still a lack of knowledge and applications of

34



such assays for pharmaceutical materials in additive manufacturing (SEOANE-VIANO
etal., 2021).

In this sense, this work aimed to develop an in-process quality control protocol
for HME filaments based on oscillatory shear rheology together with mechanical
evaluations and thermal analysis to obtain a proper assessment of the filaments that can
be used in a FDM 3D printer for pharmaceutical purposes. For this, hot-melt extruded
filaments of polyvinyl alcohol (PVA) were produced as a matrix model containing
different plasticizer ratios. Then, tablets were produced with these filaments and were

evaluated based on pharmaceutical quality parameters.

3.2 Material and methods
3.2.1 Material

Parteck® MXP (PVA, polyvinyl alcohol, lot F1952064) was donated by Merck
(Darmstadt, Germany), and glycerin (GLY, lot 58591) was purchased from Dinamica
(Sé&o Paulo, Brazil).

3.2.2 Preparation of filaments by hot-melt extrusion

Filaments were prepared by combining the polymer PVA with GLY, a plasticizer
commonly used for this matrix (ARIANTO et al., 2021; CHEN et al., 2020; HOSSEINI;
NABID, 2020). The mixtures of PVA-GLY were prepared by varying the plasticizer
concentrations from 10 to 40 % w/w. First, the liquid plasticizer was incorporated into
the polymer with a mortar and pestle. Then, to guarantee samples' homogenization, the
components were mixed by a vertical M2 mixer (Powdermix, Santos, Brazil) for 5 min.
Finally, PVA-GLY mixtures were extruded without recirculation in a co-rotating conical
twin-screw extruder HME with a die diameter of 1.8 mm (HAAKE MiniCTW,
ThermoScientific, Waltham, MA, USA) coupled to a filament tractor with air cooling
system and an automated diameter measurement model FTR1 (Filmag3D, Curitiba,
Brazil). For each filament, 30 g of the polymer-plasticizer mixture were extruded,
producing filaments with approximately 100 cm length.

The HME rotation was 50 rpm, and extrusion temperatures were set according to
the formulation composition to obtain an adequate extrusion flow (Table 3.1). Moreover,

the air cooling of the filament tractor was set at 1,000 rpm, and the traction speed was
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adjusted according to HME powder feeding to produce a uniform filament diameter
(PONSAR; WIEDEY; QUODBACH, 2020). All filaments were stored in a desiccator

until characterization.
3.2.3 Filament diameter uniformity

Just after the samples reached room temperature, filaments diameters were
measured with a digital caliper (Mitutoyo Sul Americana, Sdo Paulo, Brazil). Thickness
was measured at every 10 cm interval of the filament (GULTEKIN et al., 2021), totaling

10 measurements.
3.2.4 Mechanical properties

To evaluate the effect of the plasticizer ratio on the mechanical properties of the
HME filaments, a tensile test was performed to identify their fracture force (n = 5). All
analyses were executed in a universal testing machine (Shimadzu EZ test, Tokyo, Japan)
equipped with a 5 kN load cell using wedge-type grips that move horizontally to tighten
the grip on the filament (before analyzes) and vertically to perform the elongation test.
The cell moved at a constant crosshead speed of 10 mm/min. The filament size was 60
mm, the gap between the cells was set at 30 mm, and the initial force was 1 N
(HARYNSKA et al., 2020).

Table 3.1 HME conditions, filament aspect obtained by optical microscopy (20x), water content obtained

by TGA analysis, and FDM 3D printing temperature for each formulation.

Extrusion conditions ) Printing
) Filament aspect Water content
Formulation temperature
Temperature (°C) Rotation (rpm) Torque (Nm) (% wiw) )
PVA-GLY 10% 160 50 0.38 e 3.7 190
s

B e

PVA-GLY 20% 150 50 0.34 e 5.2 180
s ‘qr-_’

PVA-GLY 30% 140 50 0.21 = 7.0 170
i
s ____J

PVA-GLY 40% 130 50 0.23 7.7 160
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3.2.5 Rheological analyses

The viscoelastic behavior of filaments was evaluated by a DHR-2 oscillatory
rheometer (TA instruments, New Castle, DE, USA) equipped with a Peltier plate and a
40 mm parallel plate geometry, with a gap height fixed at 1 mm. Small amplitude
oscillatory shear (SAQOS) was determined to ensure tests were conducted in the linear
viscoelastic range, which was defined by an amplitude oscillatory sweep test at a constant
angular frequency (o) of 6.28 rad/s and strain (y) range from 0.001 to 1.000% (Figure
3.1). After this evaluation, a y = 0.002% was chosen as the amplitude of deformation to
perform the subsequent analyses since all samples showed a linear response in this strain
value at the temperatures selected for the analyses (0 and 200 °C).

Temperature ramp analysis was performed from 200 to 0 °C at a heating rate of -
5 °C/min with © = 6.28 rad/s, to obtain the complex viscosity (n*), glass transition (Tg),
storage (G'), loss (G"), and complex (G*) moduli. n* and G* was defined by (RABBANI;
SCHMITT, 2018; ZARE; RHEE, 2019) and calculated as follow:

n*=G*/o 1)
G*=1/y (2)
were 1 is the shear-stress amplitude.

Moreover, Tg was recognized by the inflection point of the angle d tangent (tan o)
and was mathematically determined by the ratio between the loss and the storage moduli
(PINHO et al., 2021; SADEGHI-MEHR et al., 2018):

Tan (8) = G"/G’ 3)

Tan (3) signal peak in a temperature ramp corresponds to the heat region where
the material has the most viscous response to shear deformation but can still behave
strongly as an elastic material, i.e., a solid compound with a liquid-like behavior.
Therefore, in polymeric evaluations, tan & peak is classified as the Tg temperature
(DKIER et al., 2019).

All rheological analyses were conducted with the filaments placed on the
geometry plate and softened for 2 min at 25 °C with a 1.2 mm gap. Then, to ensure that
the filament would occupy the entire geometry plate, the samples were equilibrated at 110
°C in the measuring analysis gap (1 mm) for 2 min. Finally, the temperature was set to
the starting temperature of the analysis, i.e., 0 or 200 °C, for amplitude oscillatory sweep

tests; and 200 °C, for temperature ramp assays.
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Figure 3.1 Amplitude sweep of PVA-GLY filaments in different plasticizer ratios (10,
20, 30, and 40%). Shaded bars indicate the strain value in which the samples present

linear viscoelastic response at (A) 200°C and (B) 0°C.

3.2.6 Preparation of printlets by FDM 3D printing

Printlets (3D printed tablets; (Goyanes et al., 2017)) were produced using two
FDM 3D printers, Makerbot Replicator Mini+ (New York, NY, USA) and Voolt3D
model Gi3 (S&o Paulo, Brazil) endowed with a nozzle diameter of 0.5 mm and 0.3 mm,
respectively. To better assess the influence of each brand's printing design on the
preparation of the tablets, all printer parameters were fixed. The printing temperature
varied according to the concentration of plasticizer as described in Table 3.1. Ten tablets
were printed at a time. The layer height was fixed at 0.2 mm, the infill density was 30%
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using a rectilinear pattern, and the printing speed was 60 mm/s for printing moves and
150 mm/s for travel speed. All printlets were round and flat graphically designed and
produced by Tinkercad® (Autodesk® Inc, San Rafael, CA, USA) and Slic3r® (Rome,
Italy) or Makerbot Print™ softwares, and were projected with 14 mm of diameter and 4
mm of thickness. The temperature chosen for printing the tablets was around 40 °C above
the temperature used for HME (Table 3.1) (Zhang et al., 2017).

3.2.7 Thermal analyses

All filaments were milled at 20,000 rpm using a Hamilton Beach knife mill (Glen
Allen, VA, USA) with a stainless-steel blade of 1.6 mm thick. The resulting granules with
particle size between 180150 pum were used for the tests.

To identify Tg temperatures of the filaments, differential scanning calorimetry
(DSC) was performed in a DSC-60 (Shimadzu, Tokyo, Japan) through a heating-cooling-
heating cycle, from 20 to 100 °C, then from 100 to 0 °C, and finally from 0 to 150 °C at
a rate of 20 °C/min, using approximately 5 mg of samples placed in aluminum pans. To
eliminate any water content present in the formulation, the samples were kept at 100 °C
for 10 min (first heating), and to stabilize the baseline and allow the identification of Tg
even at low temperatures, a holding time of 10 min was also applied at 0 °C, before
starting the second heating (Newman and Zografi, 2020).

Thermogravimetric analysis (TGA) was performed by a DTG-60H (Shimadzu,
Tokyo, Japan) operating from 25 to 500 °C at a heating rate of 10 °C/min, with
approximately 5 mg of samples placed in platinum pans. Additionally, the water content
of each extruded filament was determined by the mass loss observed between 25-105 °C,
as it is considered the loss of the water absorbed by the formulation. All analyses were

carried out in a nitrogen atmosphere at a flow of 50 mL/min.

3.2.8 Morphological analysis

Morphological characteristics of filaments and printlets were assessed by optical
microscopy using a stereoscope coupled to a camera at 10x, 20%, and 30x magnification.
(Laborana/SZ — SZT, S&o Paulo, Brazil).

3.2.9 Weight uniformity and dimensions measurements

The average mass of the printlets (n = 10) was determined by an analytical balance

with a readability of 0.00001 g (Shimadzu, Tokyo, Japan). The diameter and thickness of
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all printlets (n = 10) were also determined by means of a digital caliper (Mitutoyo Sul

Americana, Sao Paulo, Brazil).
2.10 Statistical analysis

The statistical analysis of the data obtained for physical and dimensional
uniformity tests (filaments diameter, and tablets thickness, diameter, and weight) was
performed using GraphPad Prism 8 (San Diego, CA, USA). All data showed normal
distribution according to the D'agostino-Pearson normality test, showing parametric
behavior. Therefore, the results were analyzed using one-way ANOVA, followed by

Tukey post-test. The level of significance (p) was fixed at 0.05.

3.3. Results and discussion
3.3.1 Filament development

PVA was chosen as a polymeric matrix model for its versatility in
pharmaceuticals, being used in several dosage forms such as modified-release tablets,
transdermal films, and ophthalmic formulations, besides 3D biomedical devices (AZAD
et al., 2020; TEODORESCU; BERCEA; MORARIU, 2019). Additionally, PVA has
proven to be one of the most promising polymeric materials for FDM 3D printing of drug
products, thanks to its thermal and rheological properties (PEREIRA et al., 2020). In
particular, PVA is commonly processed by HME at temperatures not exceeding 180 °C
and printed by FDM using temperatures of up to 200 °C (MOHANTY et al., 2016). These
are safe process conditions for this material, below its initial decomposition temperature
(246 °C) (Figure 3.2).

On the other hand, several plasticizers used to improve the rheological properties
and facilitate the extrusion of this polymer, such as triethyl citrate (KATOPODIS et al.,
2020) and GLY, shows initial degradation in a range of 130-150 °C, i.e., within the
processing temperature zones used in HME and FDM 3D printing. Still, GLY was chosen
as a plasticizer for this study considering its slow kinetic degradation up to 200 °C (Figure
3.2) and the reduced residence time of the samples during HME. Additionally, GLY is
widely used with PVA in HME (ARIANTO et al., 2021; CHEN et al., 2020; KAHVAND;
FASIHI, 2020), showing compatibility and polymer-plasticizer interactions that

guarantees sample stability, even at high processing temperatures (XU et al., 2020b).
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Figure 3.2 DTG curves of PVA and GLY as supplied. All mass loss events described in
the range 100-500 °C are indicated in the thermograms as a percentage (%) along with

the initial decomposition temperature.

PVA with different concentrations of GLY was then processed by HME to
produce filaments with different rheological and mechanical patterns in order to put the
herein proposed protocol to the test.

The first challenge was establishing an extrusion condition capable of preparing
uniform filaments with an ideal diameter to feed FDM 3D printers without causing
formulation components' degradation. For this purpose, different temperatures and
rotation speeds were tested, while the extrusion torque was monitored to assess the
material's processability. Torque values between 0.4-0.2 Nm were considered ideal and
were used to define the extrusion parameters. Since, higher torque measurements lead to
high mechanical stress, causing degradation by shear, while low values produce poor
miscibility of the components (LIMA et al., 2020).

Thus, the extrusion temperatures were set individually, based on the percentage
of GLY in each formulation. All extrudates produced did not show any darkening,
suggesting the absence of sample degradation (Table 3.1), which was later confirmed by

thermogravimetric analyses. Further, these parameters were used to select the
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temperatures for the FDM 3D printing (Table 3.1), typically 40 °C above the HME
temperature (ZHANG et al., 2017).

3.3.2 Filament characterization

All filaments, regardless of plasticizer ratio, showed slight variations in diameter
(standard deviation < 0.2), which should allow a more homogeneous feeding of the printer
and a more regular deposition of layers, resulting in printlets with weight uniformity
(PONSAR; WIEDEY; QUODBACH, 2020). Ideally, the diameter of the filaments for 3D
printers should be in the range of 1.6 to 1.8 mm (KORTE; QUODBACH, 2018;
PONSAR; WIEDEY; QUODBACH, 2020). The average thickness of PVA-GLY 10%
and PVA-GLY 20% (1.60 and 1.61 mm, respectively) match such conditions (Figure 3.3),
while PVA-GLY 30% and PVA-GLY 40% had mean diameter values of 1.34 and 1.38
mm, respectively; therefore, outside the recommended range.

In general, the diameter of HME filaments can be adjusted with the tractor speed,
I.e., by accelerating the puller's rate, the filament becomes thinner, and by decreasing it
the filament becomes thicker. However, even with the minimum tractor speed and by
using a HME die with an opening of 1.8 mm, the malleability of PVA-GLY 30% and
PVA-GLY 40% formulations lead to filaments outside the indicated diameter range for
3D printing.

The temperatures used in the HME favor the obtaining of products with low
moisture content; however, many extrudates absorb moisture quickly, even when stored
under controlled conditions (ALSHAHRANI et al., 2015; LIMA et al., 2020;
OKWUOSA et al., 2021). Indeed, this hygroscopic behavior was observed for PVA-GLY
filaments, especially in the samples containing more plasticizer reaching up to 7% (Table
3.1). In such case, both polymer and plasticizer are hygroscopic (AL-HAYALI;
SALMAN; HADI AL-JANABI, 2021; TRIYONO et al., 2020). Still, further glycerin
addition can lead to more hygroscopic formulations due to rheological alterations caused
by the plasticizing effect, which rise the free volume of the amorphous region of the
polymer, increasing its chains malleability, and consequently facilitating water uptake
(HOSSEINI; NABID, 2020).
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Figure 3.3 Diameter of PVA-GLY filaments in different plasticizer ratios (10, 20, 30,
and 40%). The dotted region indicates the diameter range known as acceptable fora FDM
3D printer (KORTE; QUODBACH, 2018; PONSAR; WIEDEY; QUODBACH, 2020).
All significant difference is represented by asterisks, where *(p < 0.05) and **(p < 0.005).

A water content above 2% is enough to promote a large endothermic peak in DSC
curves at temperatures between 25-100 °C, which hind Tg identification, represented in
this technique by a baseline drop (NEWMAN; ZOGRAFI, 2020). Hence, a heating-
cooling-heating cycle was necessary to desiccate the sample and enable Tg determination
by DSC. Contrary to the expected, all filaments, regardless the GLY percentage, showed
similar Tg values of approximately 37 °C (Figure 3.4).

Plasticizer addition, especially at high concentrations, is expected to cause a
reduction in polymer's Tg temperature (VAROL et al., 2020). In this assay, the drying
step necessary to remove the interference of the water possibly modified the sample and
impaired the plasticizing effect. The decisive influence of DSC samples preparation in
the identification of the Tg has already been described (NEWMAN; ZOGRAFI, 2020).
Such experimental bias practically makes the use of linear heating DSC unfeasible to
monitor the polymers Tg. Considering such analytical uncertainty, rheological
evaluations take on even greater importance as, for example, several viscoelastic

variations were identified by the rheological analyses.
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Figure 3.4 DSC curves for the second heating of PVA-GLY filaments in different
plasticizer ratios (10, 20, 30, and 40%). The glass transition temperature range is shaded,

and the midpoint temperature is indicated in the thermograms.

Tg determinations obtained based on tan & of oscillatory rheology (Figure 3.5)
were consistent with the expected behavior of the plasticizer effect in the PVA containing
GLY proportions. This polymer alone presents a Tg of approximately 46 °C
(KATOPODIS et al., 2020). PVA-GLY 10% filament showed a Tg of 43.5 °C, indicating
minor GLY interference on polymer's Tg. Other studies have already identified that such
amount of plasticizer may not be enough to cause significant changes in polymer Tg, even
if the deformation intensity is changed (FUNG; SURYANARAYANAN, 2017; PINHO
etal., 2021).

On the other hand, a meaningful shift in the Tg peak was observed for all other
samples, in which the increase in plasticizer content caused an important decrease in Tg
values (Figure 3.5). Such change in Tg response indicates that PVA-GLY 30% and PVA-
GLY 40% are flexible filaments at room temperature since their Tg is equal to or less
than 25 °C (25.6 and 16.1 °C, respectively). This characteristic may hamper the 3D
printing feeding step, especially considering that the increase in plasticizer ratio also

reduced the thickness of the extruded filaments, as shown in Figure 3.3.
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Figure 3.5 Tan & of PVA-GLY filaments in different plasticizer ratios (10, 20, 30, and
40%). The glass transition temperature, indicated by the inflection point of tan 9, is
marked in the curves by the dotted line.

In temperature ramps, the sharp drop in complex viscosity (n*) indicates
viscoelastic materials' high deformation and fluidity. Thereby, polymers that exhibit an
accentuate decline on n* at low temperatures may not be suitable for 3D printing, as they
can flow too easily while not pulling correctly, clogging the nozzle, as illustrated in Figure
3.6A. On the other hand, polymers with high values of n* are incapable of being pulled
towards the nozzle since its high elasticity prevents deformation, forcing the filament to
be broken (Figure 3.6B).

Thus, an adequate balance of elastic and viscous moduli is necessary to provide a
proper complex viscosity that allows an adequate melt flow and ensure a correct 3D
printing (Figure 3.6C). Therefore, in this delicate scenario of complex deformation for
additive manufacturing, n* values close to 0.8 kPa.s at the set printing temperature have

been considered ideals for FDM 3D printing (DIEDERICHS et al., 2019).
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Figure 3.6 Representation of the FDM 3D printer extruder with a schematic illustration

of (A) a soft filament clogging the extruder, (B) a rigid filament breaking with gear

traction, and (C) a free-flowing filament.

As shown in Figure 3.7, PVA filaments with 10% and 20% GLY have viscosity
values close to 0.8 kPa.s at the printing temperature (Figure 3.7, green region). This result
indicates these filaments have a suitable viscosity to be pulled by the gear, flow through
the nozzle, and build adequate 3D structures layer by layer.

PVA-GLY 30%, in turn, at the set temperature for printing, also has a complex
viscosity near 0.8 kPA.s (Figure 3.7). However, viscosity sharp drop starts at 125 °C
(Figure 3.7, gray region), which indicates that this filament starts an intense deformation
process at lower temperatures. Indeed, the anticipation of this rheological behavior caused
by heat can impair the traction by 3D printer since predecessor regions of the nozzle have
high temperatures due to heat dissipation (YANG et al., 2021). In this way, filaments
deformation starts before reaching the nozzle, which could clog the printer, especially
considering this filament is thinner and more fragile than the PVA-GLY 20%.
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Figure 3.7 Complex viscosity (n*) of PVA-GLY filaments in different plasticizer ratios
(10, 20, 30, and 40%). Temperature and complex viscosity values for initial n* loss are
represented in a gray shaded area, and complex viscosity values at the printing

temperature are indicated in the green shaded area.

Meanwhile, PVA-GLY 40% showed a complex viscosity of 0.33 kPa.s at the
temperature chosen for initial printing tests, which suggests that the high malleability will
clog the printer and prevent the filament from being continuously directed to the nozzle.

Besides the unfavorable viscoelastic characteristics of PVA-GLY 30% and PVA-
GLY 40%, they are also extremely flexible even before reaching the gear pull step and
too thin to be used in FDM 3D printers. Hence, these mixtures are unfeasible for the
printing process even before the filament is heated (GOOLE; AMIGHI, 2016; KRAUSE
etal., 2019; PARK et al., 2021).

Polymer-plasticizer and polymer-drug interaction can potentially produce distinct

alterations in rheological and thermal properties (WElI et al., 2020). Moreover, significant
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changes in Tg, viscoelastic profile, and polymer melting temperature can manifest
independently (PAUL et al., 2021; SAHI; DJIDJELLI; BOUKERROU, 2021; WONG et
al., 2017).

In the case of PVA-GLY filaments, the plasticizer concentration could gradually
modify Tg temperature and complex viscosity profile without changing PVA
crystallinity. Indeed, Figure 3.8 shows the polymer melting is around 170 °C, indicated
by the temperature in which G" becomes greater than G' (CUCALON et al., 2019).

PVA-GLY 10% PVA-GLY 20%
Tan &

172.3°C " 173.5°C

I T T T T T 1 T T T T T 1
150 160 170 180 190 200 150 160 170 180 190 200

Temperature (°C) Temperature (°C)
PVA-GLY 30% PVA-GLY 40%
G Tan &

176.7°C 173.0°C

r T T T T T T T T T 1 T T T T T T T T
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Temperature (°C) Temperature (°C)
Figure 3.8 Dynamic oscillation temperature ramp of PVA-GLY filaments in different
plasticizer ratios (10, 20, 30, and 40%). The rheological patterns G', G" and tan & are
plotted, and the crossover temperature (G' = G") are indicated and shaded in gray.

The melting point of PVA, a semicrystalline polymer, did not change with the
plasticizer, which is corroborated by the literature (ANDRADE; GONZALEZ-
MARTINEZ; CHIRALT, 2021; BOONSUK et al., 2020). This behavior is commonly
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observed in semicrystalline polymers since the plasticizing effect frequently consists in
swelling the amorphous region of the polymer, increasing the free volume between
molecular chains, which decrease Tg and melt viscosity, while keeping the crystalline
regions unchanged (LIM; HOAG, 2013).

Maintaining the crystalline profile of the polymer ensures that the resistance of
the filament will be less affected, since crystallinity is known to impart the strength
needed for a FDM printing material (LI et al., 2018). Thus, as the polymer-plasticizer
interaction caused intense modifications in the amorphous region of PVA, it is interesting
that the polymer maintains its crystalline characteristics unaltered to control chains
deformation, especially for the PVA-GLY 10% and PVA-GLY 20% filaments, as their
viscosity was identified within the accepted zone for 3D printing (Figure 3.7).

Another important parameter to be considered when evaluating filaments to be
used in a FDM 3D printer is the polymer recovery after molten deformation. Thus,
suitable tablets are obtained not only when HME and 3D printing processes are successful
since the post-printing step must also be effective to ensure adequate structuring and
stability of drug products (ALHIJJAJ; BELTON; QI, 2016).

Complex modulus (G*) describes the entire viscoelastic behavior of a sample as
it is the measure of the deformation resistance. Table 3.2 shows the printing temperature,
PVA-GLY 10% has low resistance to deformation, being able to flow easily through the
printer nozzle. The other filaments, in turn, have lower G* values, suggesting that these
samples could flow extremely easily through the nozzle, depositing more material than
necessary.

Moreover, G* values at room temperature (25 °C) can provide information about
the solidification of the printlets after the entire printing process, especially considering
that the values given in Table 3.2 were obtained with a decreasing temperature ramp
analysis. PVA-GLY 10% and PVA-GLY 20% have a high complex modulus, which
indicates that the printed tablets will have a rigid structure at 25 °C, while the PVA-GLY
30% and PVA-GLY 40% filaments will produce flexible and malleable tablets.

Rigid structures tend to present better shelf-life stability since flexible objects that
deform very easily are more susceptible to physical and chemical variations when
subjected to strict environmental conditions, such as storage temperature and humidity
(OKWUOSA et al., 2021).
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Table 3.2 Complex modulus (G*) at room temperature (25 °C), and in the temperatures used in the

hot-melt extrusion (HME) and 3D printing (3DP) process, along with the average fracture force (N)

* standard deviations of the filaments (n = 5).

Rheology at room Rheology at HME

Rheology at 3DP ] .
Mechanical properties

. temperature temperature temperature
Formulation
G* (MPa) G* (MPa) G* (MPa) Fracture force (N)
PVA-GLY 10% 1.08 0.13 0.0064 28112
PVA-GLY 20% 0.63 0.14 0.0043 16.2+29
PVA-GLY 30% 0.28 0.12 0.0040 6.6+18
PVA-GLY 40% 0.16 0.04 0.0021 3.2+06

Besides temperature dependence, mechanical pressure also has an important

influence on materials' deformation. When a tensile force is exerted on a solid material,
its chemical bonds stretch(SAMARO et al., 2020). Then, when the stress is removed, the

intra-atomic bonds can relax and recover, returning to their original form (elastic

deformation) or being irreversibly destroyed and maintaining its new conformation
(plastic deformation) (TANG; FUJIMOTO; OKAZAKI, 2020). Therefore, polymeric
filaments' toughness and molecular malleability are dominant properties that allow gear
traction and good feedability in a FDM 3D printer (HENRY et al., 2021; XU et al.,

2020a).

Accordingly, stress-strain tensile tests were performed to determine the

mechanical properties of the filaments (Figure 3.9). In this characterization, the first part

of the curve is formed by a linear growth, corresponding to elastic deformation, followed

by a necking behavior, in which there are few changes in stress causing marked variation
in strain, related to plastic deformation (Figure 3.9A) (ALHARBI; KONG; PATEL,

2020).
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Figure 3.9 Hypothetical stress—strain curves (A) indicating elastic and plastic
deformation, toughness (area under the curve), and fracture point of brittle (fragile) and
ductile (resistant) materials; and (B) experimental curves of PVA-GLY filaments
containing different plasticizer ratios (10, 20, 30, and 40%). The red dotted line marks the
lower stress limit described in the literature for 3D FDM filaments.

Figure 3.9B shows that PVA-GLY 10% is the only sample that has a long plastic
deformation and a large area under the curve, which indicates, respectively, that this
material is ductile and has high toughness, characteristics required for adequate traction
provided by a 3D printer (XU et al., 2020a; YANG et al., 2021). Concurrently, PVA-

GLY 20% is less resistant but has a medium fracture force (Table 3.2), being able to
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withstand the pressure of the 3D printer gear. Breaking stress values higher than 8.5 MPa
has been described for filaments capable of supporting the traction of a FDM 3D printer
(YANG et al., 2021). In contrast, PVA-GLY 30% and PVA-GLY 40% have an extremely
fragile and brittle behavior, as these filaments did not present plastic deformation,
consequently supporting little stress (Fig 7B) and fracturing with small forces (Table 3.2).

Furthermore, since PVA has sufficient mechanical properties to deform with low
stress values, none of the samples proved to be tough and ductile enough to avoid stress
deformation promoted by gears traction. These results confirm the ease adaptation of this
polymer to produce drug products by HME-3D techniques, comparing to other
pharmaceutical polymers, which tend to produce rigid filaments with poor malleability
(YANG etal., 2021).

3.3.3 Printlets characterization and protocol checking

The oscillatory shear rheological analysis allowed to identify that PVA-GLY 10%
and PVA-GLY 20% filaments are potentially suitable for FDM 3D printing since both
exhibited appropriate diameter, mechanical, and rheological properties to withstand the
stress provided by the printing process and still form stable objects with the characteristics
expected for drug products. Contrarily, filaments with 30% and 40% plasticizer ratios
may not be appropriate for 3D printing since they do not put together the characteristics
to ensure good feedability and printability.

The differences that can be found in FDM 3D printers also play an important role.
Generic FDM 3D printers have a basic mechanism of mechanical operation, formed by a
short and straight traction system with regular nozzle movements, as in the Voolt3D
printer used in this study. Some manufacturers have implemented modifications to this
mechanical arrangement to make it more efficient and increase the accuracy level in the
printing of objects (GOOLE; AMIGHI, 2016).

In the case of the Makerbot Replicator Mini+ printer, also used in this study, such
modifications involve a long run of the extrusion process that avoids clogging, movement
sensors capable of improving the definition of the 3D object, and an accelerated cooling
mechanism that facilitates polymer recovery and solidification (HENRY et al., 2021; ZI
etal., 2019). In practice, such modifications make these printers more sensitive to changes
in the viscoelasticity of the filaments, as well as to variations in their diameter
(GULTEKIN et al., 2021).
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Therefore, printers with a more conventional design, such as Voolt3D, are known
to accept filaments with various viscoelastic properties and diameters; however, do not
elaborate structures as precisely as MakerBot (PIRES et al., 2020; ZI et al., 2019).
Furthermore, the printer brand, the nozzle die size, and modifications in filament
formulation are already known to promote a significant impact on the mass and
dimensions of the final 3D (BERAN et al., 2018; GENDVILIENE et al., 2020; HENRY
et al., 2021; KRAUSE et al., 2019; PIRES et al., 2020). Indeed, PVA-GLY 10%, PVA-
GLY 20%, and PVA-GLY 30% filaments could be printed by Voolt3D, while only the
filaments with 10% and 20% of plasticizer could feed MakerBot printer and produce
tablets.

Thermogravimetric analyzes showed filaments with GLY in the range of 10-30%
presented two decomposition stages that coincide with the sum of mass loss phases of
their individual compounds (Figure 3.10), i.e., the first stage related to GLY degradation
and the second one correspondent to PVA (Figure 3.2). Additionally, the initial
temperature of the second decomposition peak is shifted to lower temperatures indicating
an interaction between polymer and plasticizer after the HME process and especially after
3D printing, as this modification is even more intense in tablets' decomposition profile
(Figure 3.10).

These interactions were responsible for delaying the decomposition of a part of
GLY present in the sample since the first peak of the TGA curve has a mass loss
percentage lower than expected, and the second peak corresponds to an amount of
decomposed mass greater than the amount of polymer that degrades in this temperature
range (Figure 3.2). This behavior is even more intense as the amount of plasticizer
increases, especially for the PVA-GLY 40% filament, in which it is possible to identify
several decomposition phases, and for PVA-GLY 30% tablet, where an intermediate peak
between 200-300 °C was observed (Figure 3.10).

Photographs for morphological analysis of all filaments that could be printed on
both selected additive manufacture machines is exhibited in Figure 3.11. No signs of
darkening that could be related to degradation were identified. Additionally, PVA-GLY
10% filament produced uniform structures with well-developed shell and infill in both
tested printers. Differently, PVA-GLY 20% produced homogeneous and consistent
tablets only in Voolt3D (Figure 3.11A). The infill thickness of tablets obtained by
MakerBot was greater than expected (Figure 3.11B).
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Figure 3.10 DTG curves of PVA-GLY filaments in different plasticizer ratios (10, 20,
30, and 40%) and their printlets produced by Voolt3D and MakerBot. All weight loss

described in the range 100 — 500 °C is indicated in the thermograms as a percentage (%).
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PVA-GLY 10%

PVA-GLY 20%

PVA-GLY 30%

This modification observed in MakerBot’s printlets confirmed the hypotheses
pointed after rheological evaluation. As the viscosity of PVA-GLY 20% is lower than
PVA-GLY 10% filament (Figure 3.7), its molten deformation is more intense and
accelerated at printing temperature (Table 3.2), causing greater amounts of material to
flow through the nozzle and be deposited on the constructed object, forming

heterogeneous inner structures using this printer.

Voolt 3D B Makerbot

PVA-GLY 10%

PVA-GLY 20%

Figure 3.11 Optical microscopy of tablets' outer and inner portion produced by (A)
Voolt3D and (B) MakerBot at a 10 and 30x magnification.

Tablets elaborated with PVA-GLY 30% (only possible in Voolt3D) had
significant failures in shell and infill construction (Figure 3.11A). This result corroborates
the findings of the in-process mechanical and rheological protocol proposed here. The
high flexibility and thin diameter of this filament hampered it from being correctly pulled
and flowing steadily into the nozzle, creating solid and irregular structures around the
tablet (Figure 3.11A). In addition, the lack of elastic component in this sample hindered
polymer recovery, making this tablet flexible at room temperature, as suggested by its
low G* value (Table 3.2).

In terms of pharmaceutical performance, intense modifications and inaccuracies
in printlets morphology can reverberate dramatically in drug's dissolution, since porosity,
size, shape, inner, and outer layers are designed in a 3D pharmaceutical dosage form to
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establish the drug release profile and consequently its bioavailability (CUNHA-FILHO
etal., 2017).

Table 3.3 shows the weight distribution and dimensions (diameter and thickness)
of the printlets produced by each filament using different printers. The increase in GLY
concentration led to heavier tablets due to an increase in the filament density that occurs
from the plasticizing effect (IBRAHIM et al., 2019).

Table 3.3 Average weight (mg), diameter (mm), and thickness (mm) of tablets produced with PVA-GLY
filaments in different plasticizer proportions (10, 20, and 30%) using VVoolt3D or MakerBot printers. Values
are expressed as mean * standard deviations; for weight measurements, coefficient of variation is also
included (in parentheses). The significant difference between tablets produced using the different printers

with the same polymer-plasticizer composition is represented by asterisks, where **** (p < 0.0001).

Voolt3D MakerBot

Formulation

Weight (mg) Diameter (mm) Thickness (mm) Weight (mg) Diameter (mm) Thickness (mm)

PVA-GLY 10%  299.1 + 7.6 (2.5%) ™™ 133+0.09  3.9+003™  367.1+6.6(L.7%) ™  134+006  4.6+0.06 ™"

PVA-GLY 20%  318.6+9.4(2.9%) ™ 13.7+0.05™" 3.9%0.05"" 4751+10.2(21%) "™ 13.2+0.06™" 4.6+0.32""

PVA-GLY 30% 338.2 £18.7 (5.5%) 13.7+£0.39 3.9+0.08 na na na

na: not assessed.

As the composition differences between the PVA-GLY 10 and 20% filaments are
small, similar weight and dimensions results would be expected between the objects
printed with such filaments. However, this only occurred in the Volt3D printer (Table
3.3). In this printer, the difference in weight between tablets printed with PVA-GLY 10
and 20% was only 6%. In contrast, in tablets printed with the Makerbot, weight variation
between the filaments was 28%.

This difference in printers performance could be explained by the rheological
changes between the filament and the greater sensitivity of the Makerbot printer to the

filament viscoelasticity. In fact, increased molten deformation leads to more material
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being deposited by the printer nozzle. Thus, it appears that the weight of the printlets and,
consequently, the dosage of the drug is conditioned by the rheology of the sample, with
greater influence on the printer used.

In a pharmaceutical scenario, drug dose uniformity is essential; therefore, mass
coefficient of variation is a crucial parameter. All tablets produced by PVA-GLY 10%
and PVA-GLY 20%, in both printers, remained with the coefficient of variation within
the pharmacopoeia limits set for tablets over 250 mg (< 5%) (WHO (WORLD HEALTH
ORGANIZATION), 2019). PVA-GLY 30% Voolt3D tablets had a coefficient of
variation above acceptable (Table 3.3), leading to inaccurate doses and changes in
pharmaceutical performance. Thus, tablets obtained would not meet the pharmaceutical
requirements to be dispensed to patients.

Moreover, diameter and thickness variations of all printlets was minimal (Table
3.3). Thus, the observed weight variation is not related to the size of the 3D structure but
rather to the amount of material deposited internally, i.e., the thickness of the infill, as
seen in Figure 3.11.

3.4. Conclusion

Oscillatory shear rheology was successfully used in the characterization of hot-
melt extruded filaments. Additionally, the formulations developed with variations in
plasticizer ratio provided evident viscoelastic modifications capable of validating the
proposed analytical protocol. Indeed, the rheological assays were able to identify with
great sensitivity viscoelastic alterations with direct repercussions on the printed tablets
and their quality control parameters.

PVA filaments with 10 and 20% GLY showed a suitable viscous behavior to
guarantee adequate flow through the printer nozzle. Their elastic component, in turn, was
presented to control deformation and prevent extrusion clogging or 3D structures formed
with flaws and inaccuracies. Moreover, the complex modulus rheological variable was
essential to assess and predict the post-printing repercussions of the developed tablets,
and the mechanical properties were indispensable to determine the feedability of the

filaments.
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