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Abstract: The rheological properties of drug—polymer mixtures have a significant influence on
their processability when using transformative techniques, such as hot-melt-extrusion and material-
extrusion 3D printing; however, there has been limited data on printable systems. This study
investigated the rheological properties of 17 formulations of successful printed tablets for both
immediate and controlled release. Hydroxypropyl cellulose was used in various ratios to obtain
printable filaments in combination with various drugs (indomethacin or theophylline), polymers
and disintegrants. The complex viscosity, shear thinning behavior and viscoelastic properties were
affected by the drug load, polymer composite, disintegrant type, temperature and shear rate applied.
Larger windows of processing viscosity were revealed. The viscosity of the printable blends could
be as low as the range 10-1000 Pa-s at 100 rad/s angular frequency. All formulations showed
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shear thinning behavior with a broad slope of complex viscosity from —0.28 to —0.74. The addition
of 30-60% drug or disintegrant tended to have greater viscosity values. While microcrystalline
cellulose was found to be an alternative additive to lower the storage and loss modulus among
disintegrants. This rheological data could be useful for the preformulation and further development
of material-extrusion 3D-printing medicines.
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Material-extrusion three-dimensional (3D) printing (also known as Fused Filament
Fabrication, FFF; or Fused Deposition Modeling, FDM), a part of additive manufacturing
(AM), has been extensively applied to fabricate a wide range of drug-delivery devices via
layer-by-layer deposition of fused feedstock filament [1,2] on top of spare parts manufac-
turing (e.g., aerospace, automotive components [3], metal alloys [4] or maritime indus-
tries [5,6]). AM cannot only execute production by using various optimization approaches
in designs but also can reduce the production cost of complex components [7]. Nowadays,
polymers have several commercial applications due to their intrinsic properties, including
strength, easy availability, cost, and thermal and chemical resistance [8]. In the pharma-
ceutical field, a number of polymer mixtures, pharmaceutical excipients (insoluble filler,
plasticizer, antioxidant, lubricant, disintegrant and natural fiber [9]) and drug content were
melt-extruded to modify the performance of polymer composites, leading to improved
printability and the desired drug-release profile [10,11].

Hot melt extrusion (HME) offers intensive mixing and a high temperature to produce
Attribution (CC BY) license (https://  different solid compositions, ranging from molecularly dispersed solid solution to a solid
creativecommons.org/ licenses /by / drug—polymer suspension [12], and to improve the drug’s bioavailability through increas-
40/). ing the dissolution rate [13-16]. The successful extrusion of solid dosage forms depends on
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the flow behavior of the drug substances and the nature of the dispersed systems. Preferably,
the dosage form size is kept at a suitable level; thus, the drug-to-excipient ratio should be
optimized for orally administered high-dose drugs. Melt processing of such highly viscous
dispersions or highly concentrated drugs faces many challenges. For example, interactions
between dense solid particles in concentrated suspensions can cause the formation of a
reversible structural network, which requires more energy to be crushed down before any
deformation can happen upon the applied stress [17]. Meanwhile partly miscible, insoluble
or supersaturated drug-polymer mixtures may display apparent yield stress, whereby
their viscosity at low shear rates is very high, approaching solid-like behavior [18]. On the
other hand, the small molecules of drugs, dissolved into the molten polymers, plasticize the
mixture and decrease the viscosity [19]. Thus, polymeric components with different drug
loads and drug solubilities tend to have characteristic viscosity, degrees of shear thinning
and thermal stability [18].

Recently, an extrusion printer compliant with good manufacturing practices was
developed for research and clinical manufacture. Animal studies of printed dosage forms
were investigated [20]. However, hitherto, one challenge is to prepare printable filaments
by HME as certain force is applied to the filament while being pulled down by the feeding
gears toward the heated nozzle during printing [21-23]. The melting behavior of composite
filament and process parameters have a significant impact on successful material extrusion
printing. Printable filament production is performed based on a trial-and-error approach,
which is time-consuming and resource-intensive. The non-printable filaments are destroyed.
This could be a key barrier when developing expensive materials, including drugs and
polymers. Therefore, an efficient approach is needed to screen the printable formulation
and assess the feasibility of polymer mixtures for the printing purpose of specific delivery
systems, dose adjustment, drug-release characteristics, improved medicine access and
personalized medicines. Thermal analysis was used to understand the polymer composites,
but the mechanical factor was neglected. A texture analyzer was applied, and the breaking
stress and breaking distance of the successful printed filaments were studied to determine
the optimal extrusion range [24-26]; however, the mechanical measurement still does not
mimic the thermal factor in the extrusion process [18].

Rheology is versatile and can be used for material characterizations, including polymer
crystallization, mechanical properties, stability and degradation [27-29]. Meanwhile, it can
be a screening tool to predict the success of composite polymers in the printing process [30],
as it provides important information for material extrusion, and a rheometer can mimic the
mode of action in terms of heat and shearing in the extrusion process [31,32]. Recent studies
have demonstrated the correlation between rheological data and the performance of the
materials used during the 3D-printing production [33,34]. Moreover, some research has
applied rheological data of feedstock filaments and compared them to the properties of the
final product [35,36] because the rheology can influence the material macrostructure [37,38].
An attempt to attach in-line rheological sensors to the printing nozzle was made for
real-time monitoring [39]. Nevertheless, the rheological properties of filaments toward
printability remain unclear and underutilized.

The rheological properties of the polymer melt play an essential role in determining
the optimal conditions of the extrusion and the properties of the extruded object. The
extrudability / printability of filaments and the reproducibility of the extruded/printed
structures depend on the polymer’s response to extrusion, the polymer’s ability to adhere
to previously printed layers and the firmness of the weight of the subsequent layers [10],
which were controlled by the material flow [40], temperature of the melt through viscous
dissipation [40,41] and shear rate [40,42]. Previous research has studied the relationship of
temperature and the structural morphology [43,44], and the effect of bonding formation
coupled with microstructure observation, using multiscale damage analysis [45]. Notably,
material-extrusion printing is an extension of HME, but the mode of shearing differs be-
tween these two technologies, due to the nozzle size and processing speed. Moreover,
the shear-thinning behavior of the mixtures can control their ability to be pushed through
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a nozzle at a specified temperature and the ability to restructure the objects after extru-
sion [15]. Hence, mixtures should possess characteristic viscosity, shear-thinning behavior
and viscoelastic properties on solidifying-liquefying and adhesion to a substrate, which
could be useful to predetermine the suitability of filament and assess the feasibility of
polymers for material extrusion printing.

There has been limited research on the rheological properties of polymeric systems
for material extrusion 3D printing, for example, polyvinylpyrrolidone-vinyl acetate [46],
polymethacrylate [47,48], polycaprolactone [49], polylactic acid [50] and polyethylene ox-
ide [32], while polymer mixtures with combined polymers and quaternary blends have been
underexplored. Moreover, polymer composites containing hydroxypropyl cellulose have
a high potential to fabricate 3D-printed medicines, as there have been a number of pub-
lished articles [24,51-59]. Therefore, the present study aimed to investigate the rheological
properties in terms of viscosity, shear-thinning behavior and viscoelastic properties of 17
hydroxypropyl cellulose-based mixtures, which were successfully printed in the form of
immediate and controlled release delivery systems [25,26]. Additional polymers (Soluplus®,
Kollidon® VA 64 or Eudragit® EPO, RS or RL) and/or disintegrants (sodium starch glyco-
late, microcrystalline cellulose, croscarmellose sodium, crospovidone or low substituted
hydroxypropyl cellulose) were combined into the feedstock filament at various ratios, as
presented in Table 1. Two model drugs (indomethacin and theophylline) were used.

Table 1. Optimized filament formulations and extrusion conditions.

Code HPC Polymer Disintegrant IMC THY Tfn)itnel:;;);lre Screw Speed
(%w/w) (Yow/w) (%w/w) (Yow/w) (%w/w) ?O 0) (rpm)
F1 67.5 SLP, 22.5 10 150 35
PVP/VA,
F2 67.5 275 10 150 35
F3 67.5 EuRS, 22.5 10 150 35
F4 67.5 EuRL, 22.5 10 150 35
F5 67.5 SSG, 22.5 10 150 35
F6 67.5 L-HPC, 22.5 10 150 35
F7 67.5 CrosPVP, 22.5 10 150 35
F8 67.5 MCC, 22.5 10 150 35
F9 67.5 CCM, 22.5 10 150 35
F10 45 SLP, 45 10 150 35
F11 45 PVP/VA, 45 10 150 35
F12 40 PVP/VA, 35 SSG, 15 10 135 45
F13 20 EPO, 55 SSG, 15 10 135 35
F14 20 PVP/VA, 35 SSG, 15 30 160 45
F15 20 EPO, 35 SSG, 15 30 160 45
F16 5 PVP/VA, 30 SSG, 5 60 160 45
F17 5 EPO, 30 SSG, 5 60 160 45

2. Materials and Methods
2.1. Materials

Hydroxypropyl cellulose-L (MW 140,000 g/mol; HPC) from Nippon Soda Co., LTD.
(Tokyo, Japan) was used. Eudragit® RS PO and Eudragit® RL PO (MW 45,000 g/mol, Réhm
Pharma, GmbH, Darmstadt, Germany; Eu RS and Eu RL), semi-crystalline Kollidon®VA64
(MW 67,000 g/mol; PVP/VA) and Soluplus® (MW 120,000 g/mol; SLP) were purchased
from BASF FE (Ludwigshafen, Germany). Sodium starch glycolate (SSG), croscarmellose
sodium (CCM), crospovidone (CrosPVP), microcrystalline cellulose (Avicel PH-101, FMC
Biopolymer Co., Ltd., Philadelphia, PA, USA; MCC) and low substituted hydroxypropyl
cellulose (LH-31, hydroxypropoxy content = 11%; Shin-Etsu Co., Ltd., Niigata, Japan;
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L-HPC) were used as disintegrants in this study. Theophylline (THY) and indomethacin
(IMC) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of Printable Filaments for Material Extrusion Printing

Filaments were prepared according to a protocol performed in our laboratory and the
methodology described by Than [25,57]. Pre-mixed physical mixtures (20 g) were prepared
using a mortar and pestle for 15 min and fed with a gravimetric feeder. Extruded filaments
were fabricated using a single screw extruder (Noztek®, Shoreham-by-Sea, England, 1.75 mm
diameter nozzle) with specific rotating screw speed (3545 rpm) and extrusion temperature
(135-160 °C) adjusted to the formulation compositions to control the filament diameter. In
this work, HPC was used as the main polymer to tailor the immediate and controlled release
profiles. Different ratios of polymer—polymer and polymer—disintegrant, including type
of drug and drug loading, were investigated for printability and desired properties of the
finished products. The optimized compositions of the printable formulations and extrusion
temperatures and screw speed are illustrated in Table 1. Filaments were kept in sealed plastic
bags and stored in a desiccator at room temperature until further characterizations. The
3D-printed tablets were successfully produced by using a commercial-material-extrusion
3D printer, MakerBot Replicator 2x (MakerBot Inc., Brooklyn, NY 11201, USA), with a
dual nozzle of 0.4 mm diameter [25,26]. The printing temperature was set at 200 °C for
all formulations.

2.3. Rheological Measurement

The viscosity, shear thinning behavior and viscoelastic properties of the printable
filaments, as a function of temperature and frequency, were studied by using a HAAKE
MARS III rotational rheometer (Thermo Fisher Scientific, Schwerte, Germany), equipped
with a 25 mm parallel plate. Samples (500 mg) were weighed and compressed into a
disc (25 mm in diameter and 1 mm thickness). The slug was placed in between two flat
plates of 25 mm after calibration of the 0.9 mm gap. An oscillatory strain sweep was
conducted to determine the linear viscoelastic region (LVR) at a high printing temperature
of 200 °C by gradually increasing the amplitude strain from 0.01 to 100%, with a fixed
frequency of 1 Hz, since the linear viscoelastic region is generally narrower at a low
temperature [27]. The working amplitude strain of 0.5% (within the LVR) was used for all
polymeric blends. Then, the oscillatory temperature sweep tests were conducted in the
temperature range from 150 to 200 °C, with increments of 10 °C. Other testing conditions
used for the oscillation temperature sweep were a strain of 0.5% and fixed angular frequency
of 1 Hz. In the oscillation frequency sweep experiment, the angular frequency ranged
from 0.02 to 15.924 Hz at fixed temperatures of 150, 160 and 200 °C, and the oscillation
strain was kept at 0.5%. The samples were equilibrated for 120 s at each temperature of the
experiment. Complex viscosity, storage modulus (G’), loss modulus (G”) and the crossover
point of the samples were analyzed.

3. Results and Discussion

Rheology is a technique to measure the flow and deformation behaviors of polymeric
melts at various temperatures and rates of shear, where viscosity is the measurement
of resistance to flow [27]. In other words, temperature and shear rate factors control
melting, flow and deformation behavior of materials during melt extrusion [60,61]. In
HME, materials are passed through the rotating screws at a high temperature, where they
are subjected to a high shear rate, whereas, in material-extrusion printing, materials are fed
through the tiny hot tip with the shear of the piston-like push from the driving gear. Small
amplitude oscillatory rheological experiments were conducted to evaluate the temperature
and frequency (oscillatory shear) dependency of the polymeric blends that could explain
the HME-and-material-extrusion printing melt behavior [51].
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3.1. Oscillatory Shear Analysis

The small amplitude oscillatory shear (SAOS) measurements were carried out at the
specified temperature (200 °C) applied for the material extrusion. The periodic concerned
flow field in the SAOS differentiates the material viscoelastic response into two components:
the elastic in-phase (G’) and the viscous out-of-phase (G”) responses [62]. SAOS is, therefore,
of much greater relevance in the characterization of polymers and determines the threshold
of linear viscoelastic region (LVER) as a preliminary study to explore an appropriate range
of strain values for the samples and to ensure that the analysis was well-suited with the
theoretical constraints. The amplitude sweep, where the shear storage and loss moduli
were recorded as a function of the shear strain to define the limits of the applicability of the
linear viscoelastic theory [63] at a fixed angular frequency, was conducted. In this LVER,
molecules have sufficient time to relax through Brownian motion and the polymer structure
remains unchanged as the entangled and coiled state when a very small deformation is
applied to the polymer melt, or when the deformation rate is very slow [27].

To investigate the properties of the inherent material in a rheological test, it is crucial
that the measurements are performed in the linear viscoelastic range, i.e., the deformation is
maintained at a small level [62]. Thus, all tests are carried out within the LVER to evaluate
the influence of the parameters other than stress or strain (such as frequency or temperature)
on the shear moduli of the materials. As seen from Figures 1 and 2, the oscillatory shear
property (e.g., complex viscosity (n*) of most of the polymer—polymer blends filaments) is
not dependent on the strain amplitude, y°, and showed a wide LVER range from 0.001 to
40% strain, whereas that of the polymer-disintegrant blend filaments deviated from LVER
at a high deformation indicated strain thinning (0.001-6%). This may be due to the behavior
of the concentrated filler systems [64]. It can also be clearly seen in the formulations
of F14-F17, which had high filler contents consecutively increasing the solid particle
content significantly, which narrowed down the LVER that can be observed in the mixtures
with a 60% theophylline content (F16 and F17: 0.001-0.5%), suggesting that they form a
concentrated solid suspension under the recent measurement temperature [18]. This is
consistent with general trends reported for nanocomposites and composite materials [47,65].
It may be concluded that the samples used in our study are linear viscoelastic up to 10%
strain, except highly solid particle filled systems.

In all formulations, the (elastic) storage modulus, G’, and (viscous) loss modulus, G”,
became a function of the strain amplitude, usually decreasing with increasing strain amplitude
when the LVER is exceeded. These structural changes lead to the nonlinearity. All polymer—
polymer filaments exhibited a predominantly viscous character with G’ < G”. However, in
some formulations, such as F5, F7, F9 and F10, the elastic modulus (G) was larger than the
viscous one (G”) from the beginning of the test. The introduction of disintegrants in HPC was
found to monotonically increase the viscoelastic properties compared to that of polymeric
filaments, as expected for filled polymeric systems [47,65]. Likewise, a similar trend was
observed in high theophylline-loaded formulations (undissolved theophylline).
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Figure 1. Effect of strain on complex viscosity (left) and storage (G’) and loss (G”) moduli as function
strain (right) of (a,b) 67.5-45% HPC:polymer mixtures, (c,d) 67.5% HPC:disintegrant mixtures and
(e,f) 40-5% HPC: polymer mixtures at 200 °C.
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3.2. Viscosity

The viscosity of the polymer melt is controlled by the presence of additive(s), as well as
the temperature and shear rate applied in the melt extrusion, and it is, therefore, important
to measure the effect of the temperature and angular frequency on the flow behavior
and deformation of the molten mass. However, using oscillatory rheology is not able to
specifically simulate the shear rate and pressure generated by the rotating screw /filament
push during melt extrusion, because the shear rate produced by the oscillatory rheometer
is often much lower. Nevertheless, it is possible to assess a preliminary evaluation of the
effect of the shear rate on the viscosity by measuring the complex viscosity as a function of
the angular frequency at a predetermined temperature and oscillation strain.

For successful HME, the melt viscosity of the material should be in a suitable range to
rapidly dissolve the drug in the polymer melt during the extrusion process and to obtain
the extruded filament that remains semi-solid after being out of the die. The relatively
low viscosity enables the polymer to pass through the extruder without producing too
high a torque. Nonetheless, the viscosity of the polymer melt should not be too low to
form liquid extrudates or to start dripping from the printing nozzle, while housing the
filament and waiting for the nozzle to be heated up to the designated temperature [20].
In previous studies, the complex viscosity of the melt was reported in the range 1000 to
10,000 Pa-s at the angular frequency of 0.1 rad /s for optimal hot melt extrusion [60,61,66,67].
In contrast, this study revealed a larger window of processing viscosities for the filaments
used for successful printing. Although material-extrusion printing is in a similar process
category to HME, the mode of shearing is different between these two processes. The
shear stress is generated by the screw configuration (in the HME) and the driving gear
(in the material-extrusion printing). Thus, a viscosity appropriate for HME may not be
appropriate for material-extrusion printing.

The complex viscosity profiles as a function of angular frequency at HME and material-
extrusion processing temperatures are shown in Figure 2(left). Increasing the angular
frequency or temperature resulted in a decrease in viscosity for all the filaments.

At the temperature of 150 °C, where F1-F11 were successfully extruded for material
extrusion printing, the complex viscosity of the blends at a low frequency (0.1 rad/s) was
between 1721 and 188,783 Pa-s (Table 2), which may be considered to be acceptable for
melt extrusion. This range is broader than previously reported [60], in particular, the upper
limit. The greater complex viscosity could be attributed to the impeded polymer mobility
as a consequence of the increased drug-filler-matrix interactions [68]. The lower viscosity
of 45% HPC (F10 and F11) compared to 67.5% HPC (F1 and F2) may be linked to the
reduced Tg of the blends (Tg of HPC [55], SLP [69] and PVP/VA [52] = 120, 70 and 104 °C,
respectively) and the decreased polymeric chain interaction [47]. The addition of 22.5%
L-HPC (F6) to HPC blends led to the highest viscosity among disintegrants, possibly owing
to the presence of a solid filler [70,71] and the high Tg of the L-HPC (126 °C) [72]. However,
with different drugs, drug loads and polymer composites, different extrusion conditions
were required. An increase in drug content from 10 (F1-F13) to 60% (F14-F17) and a
decrease in HPC from 67.5 to 5% needed a greater extrusion temperature, although their
viscosity at 150 °C was in the aforementioned range. The temperature of 160 °C lowered
the melt viscosity of F14-F17 to the range of 17,776 to 168,311 Pa-s (Table 2). Meanwhile, the
screw speed used for F14-F17 was increased to adjust the filament diameter. The increased
screw speed could increase the shear rate inside the extrusion barrel and, thus, further
lower the melt viscosity.



Polymers 2022, 14, 1108

90f19

Table 2. Comparison of complex viscosity and slopes of complex viscosity vs. oscillation frequency
at different temperatures for 17 formulations.

Temperature 150 °C 160 °C 200 °C

C.ompl.ex C'ompl.ex Slope of C.ompl.ex C.ompl.ex Slope of Cf)mpl'ex Cf)mpl'ex Slope of

Code Viscosity Viscosity Complex Viscosity Viscosity Complex Viscosity Viscosity Complex
(Pa-s) at (Pa-s) at Viscosit (Pa-s) at (Pa-s) at Viscosit (Pa-s) at (Pa-s) at Viscosit

0.1 rad/s 100 rad/s y 0.1 rad/s 100 rad/s y 0.1 rad/s 100 rad/s y
F1 31,346 429 —0.703 17,897 372 —0.636 968 82 —0.395
F2 33,669 799 —0.579 18,781 617 —0.546 856 185 —0.299
F3 32,346 304 —0.745 21,881 308 —0.693 3984 207 —0.511
F4 38,347 110 —0.906 19,636 190 —0.818 984 42 —0.564
F5 58,240 595 —0.786 47,888 556 —0.745 9334 555 —0.363
F6 188,783 567 —0.992 168,311 1457 —0.767 31,445 618 —0.555
F7 20,773 163 —0.799 19,870 138 —0.802 7380 82 —0.736
F8 5855 42 —0.814 5445 35 —0.721 1678 52 —0.511
F9 49,644 667 —0.731 45,230 594 —0.744 6684 855 —0.320
F10 4899 177 —0.572 3286 120 —0.580 2768 92 —0.582
F11 18,653 596 —0.567 18,334 744 —1.196 1200 218 —0.517
F12 1721 14 —0.693 1043 15 —0.680 295 13 —0.490
F13 5768 263 —0.518 4309 184 —0.524 3138 146 —0.424
F14 8923 186 —0.677 7089 394 —0.447 6522 498 —0.378
F15 23,865 89 —0.909 17,776 118 —0.708 9334 274 —0.629
Fl16 47,227 1630 —0.521 30,560 1134 —0.556 7522 1099 —0.284
F17 27,773 323 —0.718 22,887 465 —0.603 19,560 292 —0.636

From these findings, the viscosity range at the highest angular frequency could be a
better representative to simulate the shear action during extrusion [73] than the range at
0.1rad/s, as previously reported. The viscosity of the printable filaments at 100 rad /s was
lowered to 42-1134 Pa-s for optimal HME (Table 2). At the temperature of 200 °C, where
F1-F17 can be printed well and achieve sufficient material flow from the FDM 3D printer
hot nozzle for successful 3D printing [32], the complex viscosity of all formulations reduced
sharply and were in the range 295-31,445 Pa:s (at 0.1 rad/s) or 13-1099 (at 100 rad/s),
which agrees with previous studies suggesting that printable polymeric systems possess
complex viscosity less than 8000 Pa-s [32], less than 1200 Pa-s [51] or are in the order of
102 Pa-s [34,39] at 100 rad /s. On the other hand, Elbadawi et al. and Boetker et al. found
that filaments with a viscosity in the orders of 10> and 10* Pa-s were suitable for FDM
printing [20,50]. Until now, the ideal viscosity for material extrusion printing has only been
investigated in a limited way [73], and these data could be one piece of evidence.

Considering the same polymer composites (F14-F17), a greater viscosity was found
with the higher drug loading concentrations at all temperatures. This could be due to
the limited plasticizing effect of THY and the remaining undissolved THY in the ternary
mixtures [74] with 30% and 60% drug loads, which reduced the interaction between the
polymer and drug [70] when the drug solubility limit was passed [14]. It was proposed
that, when the drug substance is not dissolved in the polymer and remains as a crystalline
substance in the polymer matrix, it acts as a solid filler and raises the viscosity of the
drug—polymer mixture [14,18,75,76]. It is possible that the plasticizing effect of the dis-
solved theophylline could not compensate for the thickening effect of the non-dissolved
theophylline particles, and the undissolved THY did not melt at the extrusion temperatures
to increase the viscosity since the melting point of THY is ca. 273 °C [66]. Some particles of
the solid filler possibly form networks whose breaking down needs a specific amount of
stress, which causes a considerable increase in the viscosity at a low deformation rate [47].
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3.3. Shear Thinning

An ideal filament for material extrusion printing has a transition from Newtonian
to shear thinning behavior and exhibits a significant shear thinning effect that results
in optimal flowability out of the nozzle [5,77]. Shear thinning behavior influences not
only the ability to be pushed through a narrow nozzle at a given temperature, but also
the capability to regain structure after the shear discontinuance (post-deposition) [77].
Materials with high shear thinning, or n-value, have a lower tendency to back-flow within
the nozzle [5,78]. Moreover, materials in a hot-end nozzle undergo moderately turbulent
flow, which could hold a high level of back-mixing, and it then let the material experience
a long residence time inside the nozzle, leading to a high thermal load on the material [79].
As such, materials with higher n-values potentially show less back-flow and back-mixing,
which therefore reduces the thermal load to the API [33].

All the formulations exhibited a shear thinning effect over the entire frequency (Figure 2,
right), indicating that the viscosity of the polymeric mixtures was influenced by the shear
rate [66], as the shear load causes molecular disentanglement of the long polymer chains [80].
Meanwhile, in HPC-disintegrant blends, shear thinning was possibly attributed to the
breakdown or disintegration of solid agglomerates [81]. These circumstances resulted in less
resistance to flow at a higher frequency, which mimics the shear action in HME and FDM.
In addition, the reduction in viscosity upon increasing angular frequency can be explained
by comparing the slopes of the graph (Table 2). It was evident that the degree of viscosity
reduction was different among the various polymer composites [67]. The lower slopes of
viscosity vs. frequency from —0.1 to —0.4 gave rise to a high torque during processing,
while the higher slopes allowed a larger temperature window for the processing of the
polymer [67]. Herein, the slopes of all formulations ranged from —0.5 to —1 at 150 and
160 °C; however, the temperature window for HME was also limited by the diameter of
the extruded filaments. Increasing the temperature resulted in a decrease in the slopes for
all the filaments. At 200 °C for FDM printing, the slopes of all formulations ranged from
—0.3 to —0.7, which is a broader range than in Ilyes’ work (—0.4 to —0.6) [51]. Greater shear
thinning behavior or a higher slope value could be caused by the predominant interactions
between the additive and polymer, and the breakage of the HPC polymer networks at a
high frequency [68,82]. The addition of CrosPVP showed the greatest shear-thinning effect
among the disintegrants upon printing (200 °C). Moreover, with 30 and 60% drug loads,
PVP/VA mixtures (F14 and F16) showed less shear-thinning effects (less slope) than the
EPO mixtures (F15 and F17), reflecting that EPO composites are more process-friendly.

3.4. Viscoelastic Properties of HME-and FDM-Printable Mixtures

Most pharmaceutical polymers have viscoelastic characteristics in nature, which
implies that they have both solid-like and liquid-like features at various temperatures [66].
The storage modulus (G’) and loss modulus (G”) are measures of elastic and viscous
responses in a polymer, respectively [27]. The storage modulus is used to support insight
into the polymer elasticity [27] and entanglement [83], while the loss modulus is the
replication of the energy dissipated, as obtained from the molecular friction [27]. These
characters are crucial for both the printing quality and processability of HME and FDM.
The printing quality of samples with the FDM technique corresponds to the viscoelastic
properties outside the printing machine [84]. If G” is higher than G’ at all frequencies
measured, the polymer solution behaves similar to a viscous material, and the printed
material would generally maintain its shape [85]. Crossover (G” = G”) is the point at which
the storage modulus and loss modulus meet, and it defines the transition from a solid- to
a liquid-dominated behavior. During printing, this relates to the time that the polymer
is extruded through the nozzle. Therefore, the polymer must not have so large a storage
modulus (solid-like behavior) that it cannot be extruded and becomes clogged, but the loss
modulus (liquid-like behavior) should not be too low to facilitate the material to drain freely
from the nozzle or fail to hold its shape [73]. The differences in the viscoelastic properties
between the polymeric blends were observed, since the ratios of the polymers varied, but
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also with respect to their molecular weight (MW) and chain length [86]. Moreover, each
excipient plays an essential part in the rheological behavior, including the API itself [51], as
exemplified by the significant complex viscosity difference between the HPC in combination
with different polymers and drug concentration.

The printable filaments must possess suitable rheological properties and mechanical
strength to ensure optimal processability in both HME and FDM printing [87,88]. These
two require viscosity matching to form layer uniformity in the barrel and die. However,
the filament viscosity for FDM has to be much lower than that for hot melt extrusion for
effective printing [61]. Since the filaments in FDM are influenced by the temperature-
dependent phase transformation, with the additional piston-like effect of the drive-gear-
driven filament column, as well as through a much smaller tip. The flow behaviors of the
filaments are normally illustrated as the viscoelastic properties under stress and heat. The
higher the storage modulus, the more elastic the sample, and the more difficult it will be to
flow from the nozzle of a printer [89]. This can lead to the nozzle clogging before printing,
and after printing, it will be the most rigid structure. Conversely, if this modulus is too low,
the polymer will space out and may not withstand oscillation.

At the extrusion temperature (Figure 3, left), all the printable formulations of IMC
(F1-F11) and of 10% THY (F12 and F13) exhibited dominantly elastic behavior (G" > G”),
while 30 and 60% THY (F14-F17) showed a more viscous character (G” > G’). It showed
the viscoelasticity difference in the non-melt drug acting as a filler from the melt-blending
formula. Since the THY did not melt at the extrusion temperatures (melting point ca. 273 °C),
it could act as a filler and reduce the interaction between the polymer and drug, resulting
in a lower viscosity [70]. At high filler content, some particles seemed to form networks
whose breaking down needs a specific amount of stress, which causes a considerable
increase in viscosity at a low deformation rate [47]. Van Renterghem et al. previously
proposed that, when the drug substance is not dissolved in the polymer and remains as a
crystalline substance in the polymer matrix, it acts as a solid filler and raises the viscosity
of the drug—polymer mixture [75]. Similar observations were also reported previously by
Suwardie et al. [14] and Yang et al. [76]. F10 and F11 showed more viscous characters
(G” > @) after the crossover temperature (161 and 167 °C, respectively). This suggested that
the increase in SLP and PVA/VA altered the interaction and entanglement of the filament
when compared to F1 and F12, with no crossover.

Nonetheless, MCC (F8) could be a good additive for HME and FDM. It has mostly been
used in a formulation undergoing extrusion spheronization, as it provides good binding
property, low friability and smooth surface properties [90]. This resulted from its filamentous
structure with a large surface and high internal porosity [91]. MCC could also generate
capillaries with other compacted compounds leading to wicking disintegration [92]. In other
word, the intra-interaction of MCC is much lower than with other disintegrants. Our results
showed clearly that the viscoelastic property of F8 was the lowest value, and its loss modulus,
G”, was stable between 150 and 200 °C. In contrast to other fillers, there were interactions
between the polymers and filler at some level; thus, their viscosities and viscoelasticity were
higher. It is likely that the introduction of disintegrants in HPC polymers was found to
monotonically increase the viscoelastic behavior compared to polymeric blends, and this is in
agreement with general trends for filled polymeric systems [47,65].
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Figure 3. Viscoelastic properties (storage modulus (G) and loss modulus (G”)) of 67.5-45% HPC:
polymer mixtures (a,b), 67.5% HPC:disintegrant mixtures (c,d) and 40-5% HPC:polymer mixtures
(e,f) upon increasing temperatures at 1 Hz (left) and at 200 °C (right).
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To demonstrate the relationship between the viscosity property and all FDM-printable
filaments, the oscillation frequency sweep test at 200 °C (Figure 3, right) was constructed.
We would expect that G” should be greater than G’ to facilitate the polymer blends flowing
through the nozzle easily and be simulated at a high frequency. The elastic-dominated trait
(G” < G’) at alow frequency sweep could lead to a rigid structure after printing [85]. All
17 polymer composites displayed a liquid-like behavior at a low frequency, except for the
F6 and F7 blends, but at a high frequency (100 rad/s), all systems (except F11) exhibited a
marked elasticity or more rigid-like structure after the crossover moduli. The phenomena
may be due to the crystalline network in the drug or solid filler, which may obstruct the
flow through the nozzle and produce clogging [30]; however, the printing process went
smoothly in practice. This contradiction was also shown in the mixture of polyethylene
oxide, PEG and THY [32]. Furthermore, an increase in the elastic modulus (G’) at a low
frequency could be presumed with the disintegrant agglomeration [93], effectively acting
as an inorganic filler. This is consistent with previous studies, which have reported that
increasing the filler content caused an increase in G’ at low w [94,95]. Thus, it could be
said that the initial increase in elasticity was not enough to enhance the viscosity of the
formulation at a low frequency [20].

As seen in F12-F17, the drug load and polymer type affected the crossover frequency.
At 30 and 60% THY concentrations, PVP/VA-based formulations (F14 and F16) had higher
crossover frequencies than the EPO-based formulations (F15 and F17, Table 3). It is not
always true that the crossover frequency decreased with an increase in drug loading due
to the drug’s solubility in the polymer [14]. On the other hand, tan , the ratio of loss and
storage moduli, showed noticeable transition of viscoelasticity, as shown in Figure 4. A
value above one indicates that the sample is predominantly viscous, and below one, it is
predominantly elastic [20]. Generally, the results revealed that the tan § values decreased
upon decreasing temperature and approached one. The formulations with low amount
(less than 40%) of HPC (Figure 4c) led to the dominant viscous over 150-200 °C. In other
words, high drug loading (60% THY, F16 and F17) in filaments retarded the composites to
solidify, resulting in tan & values of 1.4 and 2.0 at 150 °C, which are higher than those of
low drug loading (30-10%, F12-F15) and placebo (Figure 4a,b).

Table 3. Crossover temperature and crossover frequency for all formulations.

Crossover Temperature (°C)

Code at Fixed Frequency (1 Hz) Crossover Frequency (Hz) at 200 °C
F1 NC 5.09
F2 NC 0.50
F3 194 2.34
F4 NC 0.74
F5 190 5.03
F6 189 NC
F7 200 NC
F8 178 1.59
F9 NC 5.03
F10 161 0.50
F11 167 NC
F12 161 0.23
F13 161 7.38
F14 150 10.8
F15 150 0.34
F16 NC 3.43
F17 NC 0.23

NC—no crossover.
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Figure 4. Tan delta vs. temperatures of (a) 67.5-45% HPC:polymer mixtures, (b) 67.5% HPC: disinte-
grant mixtures and (c) 40-5% HPC: polymer mixtures.

When considering our oscillation temperature sweep, the higher temperature makes
the filament more liquid-like, and it should be printable when having a G” more than G’.
It could be a more suitable tool to predict the behavior of HME-FDM printable filament
for true-behavior filler dispersion type, as seen in the results of F14-F17. In contrast to
HME, where the extrusion process should be based on the tan & value of 1, the preferable
temperature for printing should have the tan 6 value above one which may facilitate
the flow of the polymer composite through the small printing nozzle. Moreover, the
oscillation frequency sweep test could not determine which formula is printable for FDM.
This proposed study provides an alternative to using rheological assessment to understand
the FDM printing process of different formulations, even though no clear relationship was
observed between the rheological properties and the printing behavior [33].

Future work is needed to study a more robust rheological dataset and its relationship
between the material physical properties. From the polymer perspective, exploring the
viscoelastic behaviors of polymer composites may lead to the insightful understanding on
key material properties to foresee new composite systems for material-extrusion printing in
the future. Moreover, viscosity is also related to the surface tension, due to the cohesion of
the molecules in the fluid, and the surface tension is a property of the liquid, such that their
surfaces behave similar to a thin film because of the inward pulling force exerted on the sur-
face of the fluid. The increase in viscosity, due to the cohesion of the molecules in the fluid,
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would also increase the surface tension. Ding et al. proposed that the viscosity of polymer
composites and the interfacial tension decreases with an increase in the temperature [96].

4. Conclusions

Material-extrusion printable filaments are required to flow at a high temperature
inside the heated nozzle during printing. A rheometer was used to determine the complex
viscosity and viscoelastic properties of the 17 blends for successfully printed immediate-
and-controlled-release tablets. A decrease in the complex viscosity was observed for all
polymer composites with an increase in temperature. A drop in viscosity by one order
of magnitude was shown when increasing 50 °C temperature from 150 to 200 °C over
the angular frequency. The influence of the shear rate on the viscosity can be seen from
the slopes of the graphs. All formulations showed shear thinning behavior with a broad
slope of complex viscosity from —0.28 to —0.74. A higher temperature showed less of an
impact than the shear rate on the viscosity. However, the results demonstrated that the
windows of processing viscosity were between 10 and 1000 Pa-s at a high frequency. No
clear difference in viscosity and shear thinning character was seen between immediate and
controlled release systems. Solid fillers, such as high drug or disintegrant content, could
modify the viscosity, shear thinning and viscoelastic profiles, thus obtaining characteristic
and intrinsic values for each formulation. HPC can be used in various ratios to obtain
printable filaments, while MCC can be an alternative additive to lower the storage modulus
and loss modulus among the disintegrants. Interestingly, high drug loading with 60% THY
in filaments retarded the composites to solidify, resulting in tan 6 values of 1.4 and 2.0.
These new findings could be applied for developing other FDM-printed drug products in
the future.
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