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ABSTRACT

Feed filament properties important for
successful fused deposition modeling 3D
printing of personalized dosage forms were
investigated using indomethacin as a model
drug and poly(e-caprolactone) as a matrix
polymer, with weight/weight ratios of 10/90,
30/70, and 50/50 %. First, these were melt-
mixed and extruded into filaments with
varying compositions using a co-rotating
twin-screw  extruder. The rheological
properties of the extruded filaments were
investigated and compared to those of the
pure poly(e-caprolactone). The viscosity of
the 10/90 and 30/70 mixtures was lower
than that of the pure polymer, whereas the
viscosity of the 50/50 mixture was
significantly higher, showing characteristics
typical for concentrated dispersions. Disk-
shaped model dosage forms were
successfully printed from all the studied
drug-polymer mixtures.

INTRODUCTION

Today’s pharmaceutical industry is
operating by a “one size fits all” principle,
allowing very little tailoring of a product
between different patients'. In reality, the
patients’ response to drugs and administered
dose can vary significantly, depending on
factors such as the gender, age, lifestyle,
ethnic  background, or a  possible
pathological state. In the medicine of the
future, the aim is to treat the patients
employing a  personalized approach,
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selecting the most suitable drug in a
precisely defined therapeutic dose according
to the individual requirements, determined
using highly sophisticated diagnostic tools”.
Manufacturing of such personalized drugs,
including, for example, combination drugs,
tailored variable doses, or drugs aimed for
different administration routes, demands a
new kind of flexibility from the process and
the equipment. 3D printing offers an
interesting option as a flexible small-batch
manufacturing platform typically required
for personalized dosage forms™.

Fused deposition modeling (FDM) is a
3D printing technique where the raw
material is fed into the heated printer nozzle
as a filament, by counter-rotating pulling
wheels. The filament melts as it enters the
nozzle, and the yet solid part acts as a piston
pushing the molten material through the
nozzle orifice. The nozzle moves in the xy-
plane at a set speed, while the printing
platform moves down allowing adding the
material layer by layer to form the structure
instructed by the CAD drawing file input6.

The printability using the FDM method
is affected by the feed material properties:
Firstly, in the pulling wheels at the filament
feed, where the filament has to be ductile
enough to allow some bending, and hard
enough not to be squeezed by the wheels.
Secondly, a steady flow has to be ensured
through the nozzle: A too viscous material
or large filler particles or their agglomerates
may clog the nozzle, whereas too runny



J. Aho et al.

material may drool out spontaneously from
the nozzle tip. In addition to the mechanical
and melt flow properties, the thermal
properties play an important role in cooling
and solidification of the printed structure’.
This work presents a pre-study for 3D
printing, focusing on the rheological
properties of drug containing feed filament
for printing dosage forms  using
indomethacin (IND) as a model drug and
poly(e-caprolactone) (PCL) as a model
thermoplastic polymer matrix material.

EXPERIMENTAL

MATERIALS

Poly(e-caprolactone) CAPA™ 6500
(My= 50 000 g/mol, T,,= 58-60 °C, and Ty=
-60 °C, reported by the polymer supplier
Perstorp, UK), purchased from Makerbot in
filament form, was used as a model matrix
polymer. Indomethacin y-form (T,,= 160 °C)
was used as a model drug. IND and PCL
were mixed in w/w ratios of 10/90, 30/70,
and 50/50.

METHODS

The physical drug-polymer mixtures
were melt mixed and extruded into filaments
using a lab-scale co-rotating twin-screw
extruder  (Xplore Intruments, The
Netherlands). The mixtures were first
homogenized at T=100 °C in re-circulation
mode for 5 min at a screw speed of 30 RPM,
after which they were extruded at 5 RPM
through a 1.5 mm circular die into a
filament and cooled at ambient conditions.

The rheological properties of the
extruded filaments were investigated in
steady-state rotational shear (SSRS) and
small-amplitude oscillatory shear (SAOS),
using AR2000 rheometer (TA Instruments,
New Castle, DE, US) with 25 mm parallel
plate setup and environmental test chamber.

The printability was tested by producing
model disks (diameter 9 mm, thickness 1.5
mm) from the extruded filaments with each
composition using a MakerBot Replicator 2,
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(Makerbot, New York, NY, US) 3D printer.
The printer nozzle temperature was set to
100 °C and the printer head speed to 90
mm/s.

Evaluation of the shear rate in the printer
nozzle

In order to estimate the feed filament
viscosity in the 3D printing process, the
volume flow rate through the printer nozzle
was calculated from the pre-set nozzle speed
vy, 1.e., the speed at which molten material
is deposited from the nozzle. The volume
flow rate Q can be calculated using the
radius of the nozzle exit, 7;,:

Q = mrivy, (1)

The corresponding apparent shear rate at the
nozzle wall can be then calculated as:

. 4Q
Ywa = 3 (2)

Ty

With the printer nozzle radius of 0.2 mm
and speed of 90 mmy/s, ¥,,,=1800 s™.

RESULTS
Rheology

For pure PCL, 10/90, and 30/70 mixtures
the empirical Cox-Merz rule was found
valid (Fig.1.), thus, estimations of the shear
viscosity at high shear rates, encountered in
the FDM on the basis of SAOS
measurements. The decrease of viscosity
(plasticization) compared to the pure PCL
further indicates that most of the IND
content is likely to be dissolved in PCL at
the studied temperature®. No clear
Newtonian plateau could be observed in
SSRS for the 50/50 mixture, and the
viscosity at low shear rates was roughly
two-fold compared to the pure PCL. These
observations indicate that the solubility of
IND in PCL was exceeded and the
undissolved IND content caused the mixture
to have flow properties to approach
concentrated dispersions. The steady-state
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shear viscosity and complex viscosity did
not show a good overlay, thus the Cox-Merz
rule was not valid. Therefore, the flow
properties at high shear rates encountered in
the printing process are likely to deviate
from the measured complex viscosity and
cannot be directly evaluated from the SAOS
results.

104
- .oooo9999999999000
- AAAAAAAMAAAAMAAALAL, %0
A
A O
o "tttttlttllﬁ'lﬁege A0
T 103 Bg.,a°
= 8,.4°
. ﬁeA
~ fC ]
A n PCL A |n*|PCL
® n,10/90 O In*110/90
= 4, 30/70 O |n* 30/70
. ° ns‘so/so | ‘o Inl 50/50
102 102 10" 10° 10" 102 103

7, o s rad/s]

Figure 1. Shear and complex viscosity of
PCL and extruded IND-PCL mixtures

Printability
All the custom-made extrudates proved

to be printable at the same pre-set conditions
as the pure PCL. However, the poor
controllability of the filament thickness
during extrusion led to some variation in the
dimensions and surface quality of the
printed objects (Fig.2.).

Figure 2. Extruded filaments and the model
disks (diameter 9 mm, thickness 0.5 mm)

printed from them: (a) PCL, (b) 10/90, (c)
30/70, (d) 50/50.

Indomethacin is a white powder in its
crystalline state, but turns yellow when it is
amorphous or molecularly dispersed. Thus,
the pale yellow color of the extrudates and
printed tablets is indicating that at least a
part of the indomethacin is amorphous
and/or dissolved in PCL.

CONCLUSIONS

The rheological properties of the
extruded IND-PCL filaments  were
compared to those of the pure PCL. The
10/90 and 30/70 mixtures had a lower
viscosity than the pure polymer, whereas the
viscosity of the 50/50 mixture was
significantly higher, showing dispersion-like
rheological behavior. All the studied
mixtures were successfully printed using
FDM 3D printing technique.

Further work will include the assessment
of FDM 3D printability using different
pharmaceutically relevant polymers as
matrix materials, and the characterization of
rheological, as well as mechanical and
thermal properties of the drug-polymer
mixtures.
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