Additive Manufacturing 77 (2023) 103803

Contents lists available at ScienceDirect = 1= k
Additive

MANUFACTURING

Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

ELSEVIER

Check for

Expanding the pharmaceutical formulation space in material extrusion 3D  [&&s
printing applications

Elke Prasad ™", John Robertson ", Alastair J. Florence ", Gavin W. Halbert *"

@ EPSRC Future Manufacturing Research Hub, University of Strathclyde, Technology and Innovation Centre, 99 George Street, Glasgow G1 1RD, UK
b Strathclyde Institute for Pharmacy and Biomedical Sciences, University of Strathclyde, 161 Cathedral Street, Glasgow G4 ORE, UK

ARTICLE INFO ABSTRACT

Keywords:

Melt extrusion

Filament free 3D printing
Affinisol™ 15LV

Oral solid dose form
Rheology

The two major drawbacks of filament based material extrusion printing in pharmaceutical manufacturing are a)
the additional manufacturing step of the filament prior to printing and b) the limited pharmaceutical formulation
space due to unsuitable (mechanical and rheological) properties. Although formulation strategies can address
some of these issues, they require heavily formulated or complex systems, which require time and resource to
solve/overcome. In this study we present a novel, filament free 3D printing system, obviating limitations of
unsuitable filament properties and opening up the pharmaceutical formulation space in material extrusion of
pharmaceutical oral solid dose forms (OSDs). Prasad et al. reported on a 30% w/w Paracetamol (PCM) in
Affinisol™ HPMC HME 15LV (30PCM-AFF) formulation, not printable on a conventional filament based material
extrusion printer. This formulation was processed on the filament free 3D printer to successfully print OSDs. In
initial rheological screening tests, process conditions for initial printing trials were identified. The operating
space of the filament free 3D printer and slicer settings in this process were investigated as well as the uniformity
of mass and dimensions of printed OSDs. A relationship of Slicer Infill percentage (microstructure) and tablet
core weight was also assessed, demonstrating the ability to create patient centred dose forms. Material recon-
ciliation showed good traceability of material during the manufacturing process.

1. Introduction

Additive manufacturing (3D printing) has, in recent years, gained
interest in the scientific community [1-4]. In the pharmaceutical field,
this technique enables not only personalisation of medicines in terms of
adjusting the dose of active pharmaceutical ingredient (API), but also
affords the possibility to fine tune product performance through
advanced micro-structure control of the tablet core [3,5,6]. The tech-
nology also offers a platform for early phase clinical trial dose escalation
studies employing a single formulation in a single manufacturing step.

The most common type of additive manufacturing technique is
‘filament fused fabrication’ (FFF) due to its lower cost, accessibility and
higher reproducibility [4]. FFF printers are commercially readily
available at relatively low cost. These printers operate with polymer
feedstock material in the shape of a filament (Fig. 1). Commercially
available filaments with ideal material properties for 3D printing, such
as Polylactic Acid (PLA) and Acrylonitrile butadiene styrene (ABS), are
not suitable for pharmaceutical applications.

For pharmaceutical applications, the feedstock material can be pro-
duced via a Hot-Melt-Extrusion (HME) manufacturing step prior to 3D
printing oral solid dose (OSD) forms [4]. This HME process allows to
manufacture filaments with drug loadings of up to 50% w/w in phar-
maceutically approved polymers [7-11].

During an FFF process, the filament feedstock material is fed into the
hot end of the printer via a spring-loaded pinch-wheel drive gear
(Fig. 1). As the drive gear wheels turn, the filament is moved forward
into the hot end, where the material is softened or molten. The upper,
solid part of the filament acts as a piston to push the softened/melted
material out of the nozzle onto a print bed or substrate laying down layer
upon layer of material to create a 3D object. In order for this process to
work, these filaments require very specific properties in size and shape,
but also suitable mechanical and rheological properties to successfully
convey the filament into the hot end and deposit material on the print
bed.

This process fails when the mechanical properties of the filaments
are not favourable, such as brittle fracture or ductile failure (Fig. 1) in
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Fig. 1. Schematic of Fused Filament Fabrication (FFF) process and filament
failure in the drive gear and hot end.

the drive gear [1,7,12-20]. The FFF process also fails when the rela-
tionship of mechanical properties to the melt viscosity is unfavourable
and the material buckles in the hot end of the printer [7].

The pharmaceutical formulation space for FFF 3D printing system is
often limited due to these unsuitable filament properties of simple (bi-
nary) formulations. In recent years, a number of studies aimed to define
specific mechanical filament properties for successful FFF application
[21], such as a minimum strain at a yield of 5% [22,23], a high Young’s
Modulus [24,25], or Flexural modulus [7]. However, this resulted in
limited success since a multitude of other factors impact the FFF process,
such as: the relationship of mechanical to rheological properties [26],
the heat transfer (of Non-Newtonian fluids) in the hot end [27], the
relationship of drag and pressure flow patterns with the ability to cause
backflow in the hot end [28], differences in shear between hot end wall
and the core of the filament, as well as the non-isothermal nature of the
process [27]. Overcoming these limitations requires time and resource,
as not only the formulation is refined, but also a filament manufacturing
process is developed.

The formulation space for FFF suitable filaments for pharmaceutical
applications, particularly for immediate release formulations, is limited,
since many immediate release polymers, such as Polyvinyl alcohol
(PVA), Co-povidone (Plasdone S-630 Ultra, Kollidon-VA64) or polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol graft co-polymer
(Soluplus®), exhibit brittle mechanical properties [12,29,30]. Brittle
behaviour has also been described for Kollidon-VA64 and Eudragit EPO
[12,13]. Formulation approaches can overcome unsuitable mechanical
properties. In the case of brittle failure of feedstock filaments, incorpo-
rating plasticisers (mannitol, sorbitol, triethylcitrate (TEC), acetyl-
triethylactylcitrate (ATEC), triacetin, polyethylene glycol (PEG), poly
ethylene oxide (PEQO), polysorbate 80 (Tween 80), glycerol, stearic acid)
into the polymer matrix can alter mechanical properties [3,31-34].

Limitations in the formulation space can also occur for cases where
specific drug loading ranges result in heavily plasticised and very soft
(ductile) filaments. Prasad et al. reported on the printability of filaments
containing 10 — 50% (w/w) Paracetamol (PCM) in Affinisol™ HPMC
HME 15LV (Affinisol™, a Hydroxypropyl Methylcellulose (HPMC)
polymer) in a conventional FFF printer. Filaments with medium drug
loading from 25% to 40% (w/w) failed to print due to high ductility and
low mechanical strength [7]. These ductile filaments buckled in the hot
end of the FFF printer (Fig. 1). Similar ductile failures have been re-
ported in the literature [12,35], where filaments with low stiffness were
challenging to print and their printability or possible process conditions
strongly depended on their viscosity [36]. In these instances, the rela-
tionship of mechanical to rheological properties of the formulation,
described by Venkataraman et al. as the buckling ratio [37], were
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unfavourable.

These issues are often addressed by developing complex formula-
tions, by adding fillers, such as Lactose, Talc, tricalcium phosphate
(TCP) and microcrystalline cellulose (MCC) [38-41] or working with
polymer blends [13,42,43] to achieve suitable mechanical properties by
increasing stiffness and strength and improving rheological properties
[39-41,44-46]. Additional excipients, like lubricants or super dis-
integrants may also be added depending on the need of the formulation
[3,47].

In these instances, excipients are added solely to afford suitable
mechanical and rheological properties of the filament feedstock mate-
rial, potentially reducing drug loading and release profiles of final dose
forms [35]. Complex formulations are not desirable as multiple excipi-
ents require purchasing, testing and certifying prior to pharmaceutical
manufacture demanding additional time and resource. It is not only the
formulation development that adds to the increase in resources in many
instances, but also the filament manufacturing step and the associated
quality checks and stability testing of an intermediate product prior to
the 3D printing step. Mechanical properties may change over time due to
high water sorption capacity of polymers or APIs, with the absorbed
water acting as a secondary plasticiser, rendering the filament unsuit-
able for FFF application and may also facilitate microbial growth and
potentially altering drug stability [21,25,48,49]. Solid state drug sta-
bility with changes from amorphous to crystalline have shown to not
only affect the mechanical properties but also the release properties of
the filament [21]. Additionally, filament surface properties, diameter
and sphericity of filament can also have an impact on the printing
process and quality of the resulting product [50,51].

Recent developments in this area aimed to develop filament free melt
extrusion printers to overcome these issues. FabRx developed the
M3DIMAKER™, a small scale batch printer based on the principle of a
single screw powder extruder, processing powder blends into 3D printed
dose forms in a single step [52,53]. A study using a similar single screw
extruder was published by Pistone et al. [54]. Fanous et al. used powder
filled cartridges in combination with a pneumatic piston dosing system
to successfully produce 3D printed dose forms by melt extrusion [35].
Triastek developed a Melt Extrusion Deposition (MED™) system and
produced different dose form microstructures in combination with
different formulation compositions to target specific drug release pro-
files [55].

In this study we present a novel, filament free 3D printing system
(Intellectual Property Office UK, patent application number 2101534.2),
overcoming limitations of unsuitable filament properties, specifically
ductile filament failure. This eliminates the requirement for specific
mechanical properties of filament feedstock, therefore opening up the
pharmaceutical formulation space in FFF to a wider range of simple
(binary) formulations. A “non-printable” formulation (30PCM-AFF [7])
was processed on the filament free 3D printer to successfully print Oral
Solid Dose forms (OSD). In initial rheological screening tests, process
conditions for initial printing trials were identified. The operating space
of the filament free 3D printer and slicer settings in this process were
investigated as well as the uniformity of mass and dimensions of printed
OSDs. A relationship of Slicer Infill percentage (microstructure) and
tablet core weight was also assessed, demonstrating the ability to create
patient centred dose forms. Material reconciliation showed minimal
material requirements during start-up of the manufacturing process.

2. Materials and methods
2.1. Materials

Acetaminophen (Paracetamol, PCM) was purchased from Mallinck-
rodt Inc., USA: PCM powder grade, Polymorph Form I, Particle size D
(0.5) of 52.6 um. Hydroxypropyl methylcellulose (HPMC), grade Affi-
nisol™ 15LV, a water soluble, amorphous polymer with a molecular
weight of.
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less than 100 kDa, bulk density of 0.42kg/1 and D(0,5) of
104.49 pm, was kindly donated by Dow Chemical Company ("Dow"). All
chemicals were used as received.

2.2. Formulation composition and blending

Powders were passed through a 1 mm mesh sieve prior to weighing.
30% (w/w) PCM in Affinisol™ 15LV (PM 30PCM-AFF) was prepared by
mixing in a Pharmatech bin blender AB-015 equipped with a 5 L vessel
for 150-200 g samples. Blending was carried out at 25 rpm with an
agitator speed of 100 rpm for 20 min. Extrudate samples of 30% (w/w)
PCM in Affinisol™ 15LV (EX 30PCM-AFF) had previously been prepared
by Prasad et al. [7].

2.3. Rheology

Physical mixtures (PM 30PCM-AFF) and extrudates (EX 30PCM-AFF)
[7] were analysed on a Haake Mars III rotational rheometer equipped
with a 25 mm diameter parallel plate geometry. 500 mg of powdered
sample were compacted under vacuum (400 mbar) with a compaction
force of 3.9227 kN for 1 min using a manual hydraulic press to prepare
round, 25 mm diameter discs for analysis. In the case of extrudate
samples, 500 mg of pelletised extrudates were manually added to the
plate geometry. Zero gap height calibrations were performed prior to
rheological analysis. Measurements were performed in the linear
visco-elastic region (LVR) of materials.

2.3.1. Oscillatory temperature sweep

Oscillatory temperature sweep: Sample discs were loaded at 190 °C
and equilibrated at temperature prior to analysis. Temperature sweeps
were performed from 190 °C to 95 °C temperature, with a constant
deformation of 0.5% at a frequency of 1 Hz and a cooling rate of 5 °C/
min. The gap setting was normal force controlled at 0.1 N.

2.3.2. Oscillatory frequency sweep

Oscillatory frequency sweeps: Sample discs were loaded at test
temperature and equilibrated at temperature prior to analysis. Fre-
quency sweeps were performed with a constant deformation of 0.5%
across a frequency range from 0.1 to 100 Hz. Frequency sweeps were
performed at 140 °C, 150 °C, 160 °C, 170 °C, 180 °C, 190 °C.

2.4. Bulk density

Bulk density was measured by carefully adding approximately
100 mL of powder to a 250 mL glass measuring cylinder. The exact
volume and weight of the powder was determined, and the bulk density
calculated as p bulk = weight (g) / volume (mL) = [g/mL = kg/L].

2.5. Slicer software

’CURA for Startt’ slicer software (1.1.1) was used to convert STL files
(3D-object) into a suitable gcode file format for the filament free 3D
printer software. Manual modification of the gcode file was performed
to enable communication with the Duet 2 (Duet3D Ltd, UK) controller
interface.

2.6. HME - 3DP

Hot melt extrusion was performed on a Process 11 (Thermo Fisher,
Karlsruhe, Germany) twin screw extruder with a length (L) to diameter
(D) ratio of 40 % equipped with a custom made (3D-printer) die. The
screw configuration [29] consisted of: 14 feed screws - 6 x 60° F mixing
elements - 7 x feed screws — 3 x 30° F, 3 x 60 ° F, 4 x 90 ° mixing el-
ements — 13 feed screws - discharge element. A 2000 Series melt pressure
transducer with a pressure limit of 100 bar (Terwin Instruments Ltd,
Bottesford, UK) was attached to the HME die zone. The custom-made die
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contained a metering device which facilitated material deposition onto a
print bed. The metering device and print bed were controlled through a
Duet 2 controller (Duet3D Ltd, UK) (Intellectual Property Office UK,
patent application number 2101534.2).

Physical mixture of the formulation was fed into the HME process
using a Brabender Loss in weight (LIW) feeder machine (type DDW-N-
MT) equipped with twin concave screws (TC12/12) (Brabender, Duis-
burg, Germany) and calibrated for maximum output prior to processing.
HME process torque data was expressed as % of maximum torque (12
Nm). The 3D printer bed was equipped with a Tresbro Creality 3D
Printer Flexible Magnetic Hot Bed (Shenzhen, China).

2.6.1. Initial printing trials

The print head of the filament free 3D printer was equipped with a
0.4 mm diameter, round nozzle. The process temperature for initial
printing trials was based on the rheological properties of 30PCM-AFF
physical mixture and extrudate. A simple 3D object, a cylinder (diam-
eter 13 mm, height 4 mm, Fig. 7A), was chosen to identify suitable
process parameters and slicer settings (Table 1). A slicer Infill percent-
age of 50% was used to print tablets and the uniformity of mass and
dimensions was assessed.

Uniformity of dimensions was assessed by measuring the tablet di-
mensions using digital callipers (0.01 mm, Axminster, Devon, UK).
Uniformity of mass was assessed by individually weighing 10 dosage
forms on a 2DP analytical balance. The average mass (avg), standard
deviation (stdev) and relative standard deviation (% RSD) were calcu-
lated. The minimum and maximum % deviation from the average tablet
mass was also reported.

2.6.2. Printing at 145 °C, complex tablet shape

In an effort to prevent discolouration of the printed structures, sub-
sequent printing studies were performed at 145 °C. In addition, a more
complex, pharmaceutically relevant, tablet shape, an elliptical shape
with rounded edges (Fig. 7B), was used.

2.6.3. Operating space — slicer settings at 145 °C

The operating space for slicer settings were investigated covering a
layer height range of 0.2-0.6 mm and a print speed of 20 mm/s and
40 mm/s (Table 2).

2.6.4. Infill percentage versus tablet weight

The relationship of slicer Infill percentage to tablet core weight was
investigated, ranging from 20% to 70% Infill percentage. Tablets with
varying Infill percentage were printed in triplicate. The weight of each
tablet was recorded on a 2DP analytical balance and the average
determined.

2.6.5. Optical imaging of tablets

Optical images were obtained using a Leica M165 optical microscope
equipped with Leica MC170HD camera set. Images were analysed using
LAS v.4.8 software (Leica).

Table 1
Printing settings for initial printing trials of tablet structure A at 165 °C.

Tablet structure A
Layer height

Print temperature 165 °C

Print speed 0.2 mm 0.4 mm

20 mm/s Tablet A, Tablet A,
50% Infill 50% Infill

40 mm/s Tablet A, Tablet A,
50% Infill 50% Infill
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Table 2
Printing settings for tablet structure B at 145 °C.

Print temperature Tablet structure B, Layer height

145°C
Print speed 0.2 mm 0.3 mm 0.4 mm 0.5 mm 0.6 mm
20 mm/s Tablet B, Tablet B, Tablet B, Tablet B, Tablet B,
50% 50% 20 - 70% 50% 50%
Infill Infill Infill Infill Infill
40 mm/s Tablet B, Tablet B, Tablet B, Tablet B, Tablet B,
50% 50% 50% Infill 50% 50%
Infill Infill Infill Infill
3. Results
3.1. Rheology

3.1.1. Oscillatory temperature sweep

The complex viscosity of neat Affinisol™ 15LV polymer across the
investigated temperature range, increased from ~2.0 - 10% Pass at
190 °C to ~7.5 - 10° Pa-s at 105 °C (Fig. 2). Between 105 and 95 °C, a
plateau in complex viscosity was reached (Fig. 2), exemplifying a so-
lidification of the formulation. This plateau was not observed when 30%
w/w PCM was added to Affinisol™ 15LV. Instead, a downward shift of
the complex viscosity curve due to the plasticising effect of PCM in the
polymer matrix was observed. This downward shift was particularly
pronounced at lower temperatures (140-95 °C). As a small molecule
PCM can insert between polymer chains and reduce polymer-polymer
interaction and enable increased movement of polymer strands. A pre-
vious study has shown a plasticising effect of 30% w/w PCM drug
loading compared to neat Affinsol™ 15LV polymer. This was seen as
changes to the mechanical properties of extruded filaments as well as a
reduction in glass transition temperatures [7].

The extruded 30% w/w PCM-AFF sample followed a similar trend,
although showing even lower complex viscosity values (Fig. 2). This was
very likely due to the material exposed to mixing under shear and
pressure in the Hot-Melt-Extruder (opposed to exposure to temperature
only), resulting in increased mixing and distribution of PCM molecules
in the polymer matrix, reducing polymer-polymer interactions.

Kolter reported a range of complex viscosity values of 8 10* to 10*
Pa-s as suitable for extrusion on small scale extruders (Kolter et al.,
2012). In order to meet this viscosity range, a process window of 190 —
155 °C would apply to the neat Affinisol™ 15LV polymer. This viscosity
range was observed for the 30PCM-AFF PM from 190° to 135°C and the
30PCM-AFF extrudate from 190° to 125°C.

As macromolecules, the properties of polymers lie between that of
elastic solids and viscous fluids [56]. When stress is applied to polymers,
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Fig. 2. Oscillatory temperature sweep from 190 °C to 95 °C: Complex viscosity
versus Temperature (from high to low). Affinisol™ 15LV (green), PM 30PCM-
AFF (blue) and EX 30PCM-AFF (red).
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the resulting strain in the macromolecular network is time dependant.
The resulting stress can be separated into the individual contributions of
elastic and viscous behaviour of the polymer matrix. The Elastic
Modulus represents the energy that is stored in material when stress is
applied and also referred to as Storage modulus (G'). The energy that is
lost via dissipation is referred to as the Viscous or Loss modulus (G”). For
HME and 3D-printing applications, it is desirable when the polymer
system is amenable to flow i.e., the viscous properties of a polymer
dominate. When the elastic properties of the system dominate, HME can
be problematic and e.g., die swell can occur. At the G'/G” crossover point
(G' = G”), the contribution of viscous and elastic properties are equal. At
high temperatures (190 °C) all polymer systems showed behaviour
dominated by viscous contributions (Fig. 3). The difference between
viscous and elastic contribution for neat Affinisol™ 15LV across the
entire temperature range was very small, seen in a low tendency to flow
(even when the Loss Modulus dominated at temperatures > 160 °C,
(Table 3). In contrast, both the PM 30PCM-AFF and the EX 30PCM-AFF
sample showed a larger difference for viscous and elastic contributions,
seen as a system that is more likely to flow when G” dominated
compared to the neat polymer (Table 3).

3.2. Oscillatory frequency sweep

Oscillatory frequency sweeps of EX 30PCM-AFF samples showed a
shear thinning behaviour (140 - 190 °C, Fig. 4A). At low temperatures
and increasing angular frequency, the Elastic Modulus increased and
dominated, whereas at high temperatures, the Viscous Modulus domi-
nated until the angular frequency exceeded ~5 rad/s (Fig. 4B).

Process conditions for the HME-3D-printing process were selected in
order to maintain a rheological behaviour with dominating viscous
modulus within the ideal complex viscosity range reported by Kolter
[57]. In order to keep shear stresses in the extruder low, a screw speed of
50 rpm was chosen.

Two process temperatures, 165 °C and 145 °C, were selected. The
higher process temperature of 165 °C, was chosen, since the associated
complex viscosity lay within the ideal complex viscosity range and it was
above the G'/G” crossover temperature. Although the frequency sweep
data indicated a wider range of dominating viscous behaviour at tem-
peratures > 165 °C (Fig. 4), polymer discolouration and degradation at
these temperatures has previously been reported [7]. The reported dis-
colouration from amber to charred-black appearance of the polymer
may adversely affect patient compliance when targeting OSD manu-
facture, but also affect drug release. However, the previous study only
performed a visual assessment of the extruded polymer and further
studies are required to characterise polymer degradation and associated

— Affinisol™ 15LV G' in Pa
= = = Affinisol™ 15LV G" in Pa
——30PCM-AFF PM - G' in Pa
— — =30PCM-AFF - G"in Pa
——30PCM-AFF EX -G'in Pa
— — -30PCM-AFF EX - G"in Pa

1.E+07 -

1.E+06 -

1.E+05 -

Elastic modulus G' (Pa),
Viscous modulus G" (Pa)

1.E+04 -

1.E+03

90 110 130 150 170 190
Temperature (°C)

Fig. 3. Oscillatory temperature sweep — Elastic (G, solid lines) and Viscous (G”,
dashed lines) modulus versus temperature. Affinisol™ 15LV (green), physical
mixture (PM, blue) and extrudate (EX, red) samples of 30PCM-AFF.
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Table 3
Oscillatory temperature sweep — G, crossover for Affinisol™ 15LV, physical
mixture (PM) and extrudate (EX) samples of 30PCM-AFF.

Material G, Temp (°C) G G, (Pa) Complex viscosity at G,
= crossover (Pa-s)
Affinisol™ 160.3 3.5.10* 8264
15LV
PM 30PCM- 149.2 2.610* 5845
AFF
EX 30PCM-AFF  159.5 1.2.10* 2801

effects in detail.

The lower processing temperature of 145 °C was selected in order to
reduce polymer discolouration and to assess contrasting rheological
behaviour, with dominating Elastic Modulus.

3.3. HME-3DP

3.3.1. Initial printing trials

Initial printing studies were performed at 165 °C where the impact of
slicer settings, such as layer height and print speed, on print quality was
assessed. A simple tablet structure, a cylinder 13 mm by 4 mm, with a
50% Infill was printed (Fig. 5). Printing with a layer height of 0.2 mm,
resulted in inconsistent material deposition, seen as a strong disruption
of the infill pattern and a rough tablet surface (Fig. 5 A). In contrast,
printing with a layer height of 0.4 mm resulted in good material depo-
sition with highly controlled spatial resolution of the infill pattern
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(Fig. 5B).

The uniformity of mass and dimension of tablets was good with
relative standard deviation (RSD) values below 1.6% (Table 4). How-
ever, over time, discolouration of the material was observed.

3.3.1.1. Process data. HME process data, torque and die pressure, were
recorded during initial printing trials. The HME torque values recorded
whilst processing at 165 °C were very consistent, ranging from 14% to
17% (Fig. 6). The associated die pressure when filling the metering
device, ranged between 24 and 29 bar.

Batch reconciliation for the initial printing batch was performed by
monitoring the weight of the LIW feeder, weighing the produced tablets
and waste material from purging the filament free 3D printer and HME.
Batch reconciliation showed that approximately 10 g of material were
required for start-up of the process (Table S 2).

Table 4

Uniformity of mass for Cylinder 13 mm x 4 mm (50% Infill) printed with
30PCM-AFF at 165 °C (n = 10). Average, standard deviation (stdev), relative
standard deviation (%RSD), minimum (MIN) and maximum (MAX) tablet
weights, diameters and heights.

Tablet weight (mg) diameter (mm) height (mm)
average 388.04 12.60 3.87
stdev 6.16 0.11 0.07
%RSD 1.59 0.91 1.94
MIN 379.30 12.46 3.77
MAX 397.70 12.84 3.97
1.E+5 -
cg
0o
(23]
S5 S
g =
35 1.E+4 4
€ E ]
20 ———140C G’
§ K - = —140C G"
su 150C G'
150C G"
—160C G'
- = =160C G"
1.E+3 T T .
0.1 1 10 100
B Angular frequency (rad/s)

Fig. 4. Oscillatory frequency sweep of EX 30PCM-AFF at 140 (blue), 150 (orange), 160 (grey), 170 (yellow), 180 (dark blue) and 190 °C (green): A) Complex
viscosity (Pa-s), B) Viscous (G”) and Elastic (G) modulus versus angular frequency (rad/s).

Fig. 5. 30PCM-AFF tablet structure A printed with a layer height of A) 0.2 mm and B) 0.4 mm at 20 mm/s and 165 °C and an infill percentage of 50%. Scale

bar 5 mm.
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Fig. 6. HME process data from initial printing trials at 165 °C. Maximum tor-
que (%, blue, square) and Maximum die pressure (bar, orange, circle) versus
number of die fills.

3.3.2. Printing at 145 °C, complex tablet shape

In an effort to minimize discolouration, process temperature was
reduced, guided by previous work on this API-polymer system [58], to
the minimum possible temperature of 145 °C. A more intricate, phar-
maceutically relevant tablet shape (elliptical shape, 20 mm * 12 mm *
5 mm, rounded edges) was designed and printed. The size and volume of
this tablet design was aimed to be in the region of a size 0 hard gelatine
capsule.

3.3.2.1. Operating space - slicer settings at 145 °C. The limitation in
terms of slicer settings on print quality of elliptically shaped tablets were
investigated. Layer height settings ranged from 0.6 mm to 0.2 mm with
associated linear print speeds of 20 mm/s and 40 mm/s.

Printing with a speed of 20 mm/s resulted in better quality infill than
40 mm/s, which was very likely due to the higher shear rate in the
system at 40 mm/s. When assessing shear thinning behaviour of this
formulation, strong shear thinning behaviour was observed at 140 °C
with low complex viscosity values and high elastic modulus contribu-
tions (Fig. 4). In addition, the faster print speed is associated with
shorter cooling times and therefore lower complex viscosity when the
material is deposited. Slower cooling can also affect the tenacity, or
stickiness, of the material, with material sticking excessively to adjacent
deposited beads, resulting in disrupted material deposition and spatial
resolution.

Poor quality infill was observed for a small layer height of < 0.2 mm
(Fig. 8A). The deposited bead of material was too thin and the associated
complex viscosity too low to support its own weight. The associated high
contribution of elastic modulus under these print conditions may have
also disrupted layer formation in the printed object. Tablets completely
lacked the infill pattern and presented with distorted elliptical di-
mensions. Layer height 0.6-0.4 mm resulted in good quality infill. In
this case, the combination of material throughput, shear rate and cool-
ing time were ideal for controlled deposition of the material, seen in
high spatial resolution of the infill pattern. Layer height of 0.3 mm was
better than 0.2 mm, but not as good as layer height of 0.4 mm. However,
if a tablet was printed with a complete shell, the quality would still be
acceptable. Particularly if subsequent processing steps may be added to
product manufacture, such as a coating step. The fastest print was per-
formed with a layer height of 0.6 mm and a print speed of 40 mm/s,
taking 1 min 31 s to produce a tablet core weight of 418.2 mg (50%
Infill).

3.3.2.2. Infill percentage versus tablet weight. Tablet structure B (Fig. 7)
was printed with a layer height of 0.4 mm and 20 mm/s print speed at
145 °C. Tablet structures were printed without top or bottom layer in
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Fig. 7. 3D-printed tablet shapes: A) Cylinder, 13 mm x 4 mm; B) elliptical
tablet shape, 20 mm x 12 mm x 5 mm, with rounded edges.

order to assess the quality of the infill. The relationship between tablet
core weight and slicer Infill percentage settings was assessed by printing
tablets with Infill percentage settings ranging from 20% to 70%. The
average weight, standard deviation and relative standard deviation (%
RSD) are reported in Table S 1, with % RSD values < 5% (n = 3). Linear
regression analysis showed a good fit for the linear relationship between
tablet core weight and Infill percentage with an r? = 0.9983 (Fig. 10).
The dose forms produced, typically have an amber to light brown
appearance. This coloration was due to the Affinisol™ 15LV as previ-
ously shown [7].

3.3.2.3. HME process data — Printing at 145 °C. The HME process
parameter values recorded whilst processing at 145 °C were not as
consistent as when processed at the higher temperature of 165 °C.
Torque values ranged from 22% to 32% and die pressure values when
filling the metering device, ranged between 22 and 32 bar, with two
outliers at 43 and 46 bar at the start of the process (Fig. 11). The
rheological characterisation of the material at 145 °C showed domi-
nating elastic modulus behaviour (Fig. 3) and also high sensitivity to
shear (Fig. 4) compared to higher process temperatures (such as 165 °C),
which may explain the high pressure variations observed during the
process. In addition, the flow of polymer melt material in the metering
device undergoes directional changes during processing very likely
exacerbating the adverse (undesirable) rheological behaviour (at
145 °C) that very likely contributed to pressure fluctuations.

Batch reconciliation was performed on two days of printing at
145 °C. The equipment remained assembled for day 2 printing, therefore
less material (8.6 g) was required for start-up of the equipment.

4. Discussion

The objective of this study was to demonstrate/investigate how a
novel, filament free 3D printing system opens up the pharmaceutical
formulation space and also simplifies the manufacturing process
through a single manufacturing step reducing time and resource.

Manufacturing 3D printed tablets by means of the novel, filament-
free 3D printer presented in this study, combines the two-step process
of filament extrusion by HME and successive 3D printing process into a
single step. The filament free 3D printer is composed of a small-scale
extruder, equipped with a metering device to enable controlled layer
by layer deposition of material onto a mobile print bed. The process
development for this filament free 3D printer required consideration of
the HME process parameters, but also of 3D printing process parameters,
where due to the smaller nozzle sizes much higher shear rates are ob-
tained. Standard practice for identifying a suitable HME process tem-
perature is to work 20-40 °C above the glass transition temperature (Tg)
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Fig. 8. Tablets 3D printed with 30PCM-AFF at 145 °C (0.4 mm nozzle): Layer height A) 0.2 mm, B) 0.3 mm, C) 0.4 mm, D) 0.5 mm, E) 0.6 mm. Scale bar 5 mm.

Fig. 9. Tablet shape B printed with 30PCM-AFF at 145 °C with different Infill percentage: A) 20%, B) 30%, C) 40%, D) 50%, E) 60% and F) 70% Infill. No top or

bottom layers were printed. Scale bar 5 mm.

of the polymer [30,59]. This approach requires investigation of a large
temperature range and lacks information on the viscoelastic properties
of materials: the tendency of material to flow at temperature and under
shear. Here, a rheological assessment of the formulation was performed
instead. A broad temperature range exhibited ideal complex viscosity
values (8 * 10% to 10* Pa:s, Fig. 2) for processing a 30PCM-AFF formu-
lation on a small scale extruder [57,60].

Ideal viscoelastic properties of polymers during the 3D printing step
differ from HME. For 3D printing, the material requires low enough
viscosity to be extruded through a nozzle where the material is exposed

to high shear rates [60], but as the material exits the nozzle and the
shear is removed, good shape stability is required to prevent dripping or
oozing [60-62]. After material deposition, the material must also be
able to adhere to the print substrate in a manner that allows the release
of the printed object, once the process is complete. The material must
also be able to interdiffuse across the interface of adjacent layers to
facilitate good layer to layer adhesion and mechanical stability [63].
This process involves flow and polymer chain diffusion and occurs in a
time-dependant manner [21,64].

Than et al. [60], reported shear thinning behaviour of polymeric
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Fig. 11. HME process data from initial printing at 145 °C. Maximum torque (%,
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systems suitable for FFF ranging from 295 to 31445 Pa-s (at 0.1 rad/s) or
13-1099 (at 100 rad/s). These findings were in line with previous
studies by Isreb, Ilyes and Coogan suggesting that polymeric systems
with a complex viscosity > 8000 Pa-s [65], > 1200 Pa-s [14] at
100 rad/s facilitated successful FFF printing. Elbadawi et al. [66]
developed a rheological model, defining the in situ complex viscosity for
printable formulations in the region of 10% Pa-s, which was also in
agreement with in-line viscosity measurements by Coogan et al. [67].
The 30PCM-AFF formulation in this study also exhibited shear thinning
behaviour (Fig. 4) in line with these findings. The shear thinning effect
was more pronounced at 140 °C (with a change from 2.1 * 10* Pa-s at
0.1 rad/s to 1.1 * 10 Pa-s at 100 rad/s) compared to 160 °C (with a
change from 7.7 * 10° Pa-s at 0.1 rad/s to 6.8 * 102 Pa-s at 100 rad/s).

However, it is not only the complex viscosity that impacts the
printability or extrudability of polymeric systems. The viscoelastic
properties, as in the elastic modulus (G') and the viscous modulus (G”),
impact the success of 3D printing processes. Calafel et al. proposed that
the viscous modulus (G”) should dominate over the elastic modulus (G
for successful printing of polymeric systems [64]: dominant elastic
behaviour (G' > G™) caused by a crystalline network caused clogging in
the nozzle of an FFF printer. Assessing the viscoelastic properties of
30PCM-AFF across a wide temperature range (Fig. 3), identified 165 °C
as the lowest temperature where the viscous modulus of the material
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dominated, material being amenable to flow and therefore desirable for
extrusion [56,64]. When the formulation was tested at different fre-
quencies, non-Newtonian, shear thinning behaviour was observed
(Fig. 4). This behaviour was beneficial for shape stability when the
material exits the nozzle during 3D printing: as the shear from the nozzle
is removed, the viscosity increases preventing oozing and dripping from
the nozzle [61]. Materials exhibiting high shear thinning also have a
lower tendency to back-flow in the nozzle [27,28,60]. This was reflected
in initial printing trials where simple, cylinder shaped tablets were
printed (Fig. 7A) with very good uniformity of mass and dimensions
(Table 4). Associated HME process data was indicative of a stable pro-
cess, with only small variations in torque and die pressure values over
the duration of tablet manufacture at 165 °C (Fig. 6). Printing at 165 °C
failed at high print speeds of 40 mm/s and at layer heights of 0.2 mm
(Fig. 5). Failure at the faster print speed was most likely due to the
increased shear rate in the print nozzle during extrusion, resulting in a
complex viscosity lacking sufficient structure to support deposited layers
of material on the print bed.

In contrast, 3D printing of 30PCM-AFF via filament feedstock in a
conventional FFF printer failed [7], despite low complex viscosity values
(305 Pa-s) and high contributions of viscous modulus (Fig. 3) associated
with the higher process temperature of 190 °C. Printing via filament
feedstock may have been possible at lower print speeds, since reducing
the print speed has shown to reduce the pressure drop in the hot end of
an FFF printer [12]. However, this would increase the thermal load of
the material potentially leading to drug and / or polymer degradation.
The filament free 3D printer in this study was capable of printing this
problematic formulation at significantly lower temperatures in a single
manufacturing step.

A reduction in process temperature below 165 °C was sought due to
the observed discolouration of the polymer during initial extrusion ex-
periments. The lowest extrusion temperature of 30PCM-AFF mixture on
a small scale extruder had previously been reported as 115 °C [58]. This
low extrusion temperature was most likely possible due to the high
screw speed of 200 rpm and the associated shear thinning behaviour of
the formulation (Fig. 4), resulting in a reduced complex viscosity suit-
able for a small-scale extruder. In addition, since Affinisol™ 15LV has
previously been reported as shear sensitive to degradation [7], this study
aimed to keep the screw speed low. As a consequence, further printing
studies were performed at 145°C, a compromise to prevent dis-
colouration but also reduce the overall contribution of the elastic
modulus during extrusion and 3D printing.

The reduction in process temperature to 145 °C did not affect the
quality of prints. In fact, a more complex, more pharmaceutically rele-
vant, elliptical tablet shape with rounded edges was printed successfully
and an excellent relationship of Infill percentage to tablet core weight
was established (Fig. 10). The operating space for “layer height” in the
Slicer Software was also identified and limits established (Fig. 8).

Despite the good quality and reliable printing performance at 145 °C
(Fig. 10), the associated process data (torque and die pressure) showed
large variations (Fig. 11), indicative of an unstable process. Backfilling
of the HME channel, with material exiting the vent port were also
observed at lower temperatures. This was most likely due to the visco-
elastic behaviour of the polymer matrix. At 145 °C, the elastic modulus
dominated the overall behaviour of the polymer system (Fig. 3, Fig. 4). A
dominating elastic modulus has been reported to potentially cause
problems during HME processes [30,56] but also during extrusion
through an FFF printer nozzle [64]. However, this did not affect filling of
the metering device (and potential impact on the uniformity of mass of
printed tablets).

Conventional FFF printers operate with standardised filament di-
ameters of 1.75 mm (or 2.85 mm) with linear print speeds ranging from
3 to up to 90 mm/s [7,8,12,39,47]. The maximum linear print speed
cannot exceed 90 mm/s since printers cannot accelerate to higher speed
for small objects, such as an OSD [68]. Although the linear print speed is
most commonly reported in 3D printing studies, it is the volumetric flow
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rate of the material during the printing process which gives a better
representation of the material throughput in the printer. The volumetric
flow rate relates to linear print speed and the area of the filament
diameter in the printer. The maximum linear print speed for the
30PCM-AFF formulation resulting in good quality material deposition
was a linear print speed of 20 mm/s (Section 3.6.1 and 3.6.2), equiva-
lent to a volumetric flow rate of 370 mm?®/s (with a nozzle size of
0.4 mm and a layer height of 0.3 mm). Material deposition of the fila-
ment free 3D printer is faster than the corresponding volumetric flow
rate of 216 mm>/s of a conventional FFF printer (with a filament
diameter of 1.75 mm at a linear speed of 90 mm/s) Table 5.

The filament free 3D printer presented in this study also offers a fully
customisable HME mixing profile (with an integrated 3D printing step).
This type of system offers the possibility to work with a wider range of
formulation approaches. Tablet cores of ~400 mg were printed in times
ranging from 90 s with a layer height of 0.6 mm to 5 mins with a layer
height of 0.2 mm. The uniformity of mass was good with an RSD < 5%,
in line with pharmacopeial limits, despite a process that had not been
fully optimized. The filament free printer also operates in continuous
mode, allowing for flexible batch sizes. Batch reconciliation was good
for both processing temperatures (Table S 2), with only 10 g of material
required for start-up of the process. However, this could be reduced with
shortening of the barrel length of the extruder.

The advantages of filament free 3D printing are, as described above,
abundant. This case study demonstrates how a non-printable, ductile
feedstock filament formulation was processed on a novel, filament-free
3D printer in a single manufacturing step. In the traditional two step
manufacturing process (of filament and subsequent printing of the 3D
object), the 3D printing step requires significantly higher process tem-
peratures than the filament extrusion step, since the solid filament re-
quires softening or melting via heat transfer in the hot end in a time
dependant manner [2,21]. A single manufacturing step at reduced
process temperature, reduces the temperature load of the material
during the manufacturing process.

This study, relates material properties to HME-3D printing process
parameters and print quality for a novel filament free 3D printer,
identifying a valid process space for processing a 30PCM-AFF
formulation.

5. Conclusion

The application of rheology screening to the HME 3D printing pro-
cess development for a novel, filament free 3D printer, facilitated
detection of appropriate processing conditions needing less material.

Single step 3D printing process of a 30PCM-AFF formulation, with
unsuitable properties for processing via filament fabrication and FFF
printing, generating pharmaceutically acceptable oral dose forms was
demonstrated. The operating space for HME process parameters and
slicer settings for successfully processing the formulation on the novel
printer were established.

This study illustrates how a filament free 3D printer opens up the
pharmaceutical formulation space, facilitating a single, streamlined
melt extrusion process with reduced thermal load of the material.

This work forms part of the broader aim of the EPSRC Future
Manufacturing Research HUB at CMAC. The project aims to implement
integrated continuous, laboratory scale manufacturing platforms by the
means of crystal engineering of a model drug, coupled with polymer
processing steps to deliver enhanced physical properties for bio-
pharmaceutics performance. It forms the basis for future work within
the HUB, how coupling crystal engineering with polymer processing
may facilitate future performance-based design and continuous manu-
facture of structured particulate products [29].
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