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Abstract

Nowadays, a high number of pipeline drugs are poorly soluble and require solubility
enhancement by e.g., manufacturing of amorphous solid dispersion. Pharmaceutical
3D printing has great potential in producing amorphous solid oral dosage forms. However,
3D printing techniques differ greatly in terms of processing as well as tablet properties. In this
study, an amorphous formulation, which had been printed via Fused Deposition Modeling
and drop-on-powder printing, also known as binder jetting, was characterized in terms of
solid-state properties and physical stability. Solid state asse.<ment was performed by
differential scanning calorimetry, powder X-ray diffractior a..2 polarized microscopy. The
supersaturation performance of the amorphous solid c'3peision was assessed via non-sink
dissolution. We further evaluated both 3D printing v ~hriques regarding their processability
as well as tablet conformity in terms of dim:n-.ion, mass and content. Challenges and
limitations of each 3D printing technique wz-e iscussed. Both techniques are feasible for the
production of amorphous formulations. Re.ilts indicated that Fused Deposition Modeling is
better suited for production, as thz recrystallization tendency was lower. Still, filament
production and printing present:u a major challenge. Drop-on-powder printing can be a
viable alternative for the produc:ion of amorphous tablets, when a formulation is not printable

by Fused Deposition Modeling

Abbreviations: 3D, thre »-dimensional; 3DP, three-dimensional printing; ACN, acetonitrile;
API, active pharmaceutical ingredient; ASD, amorphous solid dispersion; CAD, computer-
aided design; CV, coefficient of variation; DoP, drop-on-powder; dpmm, dots per millimeter;
DSC, differential scanning calorimetry; FaSSIF, fasted state simulated intestinal Fluid; FDM,
fused deposition modeling; glass transition temperature, T4; HME, hot-melt extrusion; KTZ,
ketoconazole; pXRD, powder X-ray diffraction; SODF, solid oral dosage form; UPLC, ultra-

performance liquid chromatography



1. Introduction

The majority of new drug entities nowadays is poorly soluble. It is estimated that poorly
soluble compounds make up around 70 % of pipeline compounds (Ting et al., 2018). One of
the most used techniques to enhance their solubility is the production of amorphous solid
dispersions (ASD). The amorphous state is thermodynamically unstable and can be
stabilized by polymers. The incorporation of an active pharmaceutical ingredient (API) can be
performed e.g., by hot melt extrusion (HME) in which the API and polymer are transformed
into the amorphous state by means of thermal and mechaniral cnergy (Shah et al., 2014).
Regarding the production of solid oral dosage forms (SODT, a uiassical process chain would
be to mill the extrudate, add additional excipients and pcform tableting. In early clinical trials,
this can lead to issues as different dosages are .~ fvaluation, requiring different tablet
formulations. Formulation development can ke challenging especially in early stages of

development because only small quantit.c~ ¢° active pharmaceutical ingredient (API) are

available.

Novel manufacturing techniques, st ¢'i ..s three-dimensional printing (3DP), can be valuable
for the pharmaceutical industry, Jtue (o fast adaptability of the 3D tablet design. Among the
wide range of 3DP techniques. the most reported to produce SODFs are Fused Deposition
Modeling (FDM), due tFe g.od availability of affordable printers (Aradjo et al., 2019), and
drop-on-powder (DoP) p.inting, being the first 3DP printing technique to result in a FDA

approved pharmaceutical product (Vaz and Kumar, 2021).

FDM belongs to the material extrusion processes. Filament, the wirelike feedstock material,
is pushed through a heated nozzle and the 3D object is created through layer-by-layer
deposition of molten material. In FDM, the mechanical properties of filaments are of great
importance as they are decisive whether a formulation will be printable or not (Fuenmayor et
al., 2018; llyés et al., 2019; Nasereddin et al., 2018; Zhang et al., 2017). The mechanical
properties depend on different factors, such as the type and proportions of API, polymer and

additional excipients. FDM, as a melt-based manufacturing method, is well suited for the



production of ASDs. Amorphization of the API can be achieved either during HME or during
the printing process (Prasad et al., 2019). Several studies have demonstrated the possibility
to produce amorphous FDM-printed SODFs (Buyukgoz et al., 2021; Gottschalk et al., 2021,

Jamréz et al., 2018; Kissi et al., 2021; Prasad et al., 2019).

DoP printing can be referred to the additive manufacturing category binder jetting and is part
of the powder-based 3DP techniques. Ink droplets are generated and jetted onto powder
layers. The ink fuses the powder particles in-situ, leading to porous systems. Polymeric
binders are necessary to provide the required mechanical sta.‘lity of the tablet and can be
included in the ink (Chang et al., 2021; Yu et al., 2009) as we.'! as in the powder bed (Antic et
al., 2021; Infanger et al., 2019). There is also the po<swn.iity to include the API in the ink
(Clark et al., 2020; Wickstrom et al., 2015). Solver - ev.poration from droplets can be fast
and similar to other solvent evaporation method- like spray drying, ASDs can be produced.
However, this kind of binder jetting is mainly "esuicted to printing on edible paper or of oral
films instead of powder-based dosage fo. 5. Due to this fact, the achievable dosages in the
final SODF are low (Clark et al., 202y, Raijada et al., 2013; Wickstrom et al., 2015). The
incorporation of the API in the po*de - Y,ed enables high drug loads up to 70 % but is mainly
limited to highly soluble drug: (Ii.fanger et al.,, 2019; Wang et al., 2021). Recently, we
published a printing apprc~ch which uses milled extrudate as powder bed material to
produce higher dru, locdirngs and dosages up to 40 %, where the APl was already
amorphously incorporat.d in the powder bed (Gottschalk et al., 2022a) and on which we will

elaborate further in this study.

Both techniques, FDM and DoP printing, can be used to produce amorphous SODFs. In this
study we directly compare these techniques by using exactly the same raw material, a hot-
melt extruded ASD. We demonstrate opportunities and challenges that arise during material
processing and the influence of the different printing techniques on tablet properties and
physical stability of an ASD. The poorly soluble API ketoconazole (KTZ) was used as model
compound. Copovidone was used due to its versatile use as a matrix former for ASDs as

well as good binding capacities in DoP printing. Process development was described in an



earlier study on DoP printing (Gottschalk et al., 2022a) and FDM (Gottschalk et al., 2022b,
2021) and optimized printing conditions were applied. This study is meant to display the
advantages and disadvantages of each technique and act as a decision guide for drug

product development.



2. Material & Methods

2.1. Materials

KTZ was used as model compound. KTZ has poor solubility (0.08 mg/mL in phosphate buffer
pH 6.8 (Ullrich and Schiffter, 2018)) and melts at 151 °C (Kanaujia et al., 2011). KTZ was
purchased from LGM Pharma (Boca Raton, USA). Copovidone, which was used as matrix
polymer (Kollidon® VA64, vinylpyrrolidone-vinyl acetate copolymer), was purchased from
BASF (Ludwigshafen, Germany). Colloidal silicon dioxide was used as flowability enhancer

and was purchased from Evonik Industries (Essen, Germany)

Fasted State Simulated Intestinal Fluid (FASSIF) was pi'rch: sed from Biorelevant.com Ltd
(London, UK). Hydrochloric acid (HCI 0.1 M), acetoni*...> (~.CN, hypergrade, purity = 99.9 %),
sodium hydroxide solution (1 M), formic acid, ammc.iia c9lution (25 %), sodium chloride and
di-sodium hydrogen phosphate were purchase. frum Merck KGaA (Darmstadt, Germany).

All reagents used in this study were of ar.aly’.cal grade.

2.2. Extrusion and Filament production

The powder blend was preparea 'suig a Turbular® mixer (T2C, Willy A. Bachofen AG,
Muttenz, Switzerland). First, K77 (20 %) and copovidone (79 %) were blended for 15 min.
Hereafter, colloidal silicor aicvide (1 %) was added to the premix and blended for another

15 min.

Extrusion was performed on a Pharma 11 hot-melt extruder (Thermo Fisher Scientific,
Waltham, USA) with a 1.75 mm die with a length of 3 cm. The screw configuration consisted
of three mixing elements to achieve good mixing of the components. The detailed screw
configuration is displayed in the supplementary material (Table S1). Heating zone 1 was set
to 60 °C, zone 2 to 120 °C, zones 3-—7to 180 °C and the die to 175 °C. Feeding was
performed using a gravimetric feeder (Congrav® OP 1T, Brabender Technologie GmbH &
Co. KG, Duisburg, Germany) at 0.2 kg/h. The screw speed was set to 300 rpm. A conveyor

belt (Brabender Technologie GmbH & Co. KG, Duisburg, Germany) was used to adjust the



filament diameter to 1.75 mm by adapting the conveyor belt speed. The diameter was
measured using a laser axis measurement system (Odac Trio33, Zumbach Electronic AG,
Orpund, Switzerland). The intended filament diameter was 1.75 mm + 0.05 mm and only

filament within the specification was used for FDM printing.

2.3. Feed Force Testing

The feed force tester as described in Gottschalk et al. (2022b) was used to determine
suitable printing conditions on a Texture Analyser (TA-XT, Stable Micro Systems,
Godalming, UK). A test speed (piston movement speed) of 1.." mm/s was chosen, which
equals a printing speed of 30 mm/s. For further details se= C~*.schalk et al. (2022b). Tests
were performed in quintuplicate at 130 °C, 140 °C and ~50 <. The printing temperature was

selected, where the force of the last 40 mm of testiny dist ance was below 4 N.

2.4. Printing FDM

Printing was performed on an Ultimaker 5 (L' .timaker, Utrecht, Netherlands) equipped with an
Ultimaker print core (0.4 mm, BB). T:i.~ printer had been modified according to Gottschalk et
al. (2021) to enable the printing of L:it.e nlaments as well as printing with a filament diameter
of 1.75 mm. The tablet design v~ cylindrical and was created in Fusion 360 (Autodesk, San
Rafael, USA) with a height ¢* 2.4 mm and a diameter of 10 mm and saved as binary
stereolithography file fo mau (.stl). Slicing was performed using Simplify3D (version 4.0.1.,
Simplify3D, Cincinnati, U 3A). The nozzle was heated to 150 °C and the build plate up to
70 °C. Printing was performed at 30 mm/s, line width of 0.4 mm and layer height of 0.2 mm.
The infill density was 100 %. Printed tablets are referred to as FDM tablets in the following

text.

2.5. Milling

Part of the filaments was milled to achieve fine powder for DoP printing. Samples were milled
using an ultra-centrifugal mill (ZM 200, Retsch, Haan, Germany). A twelve-tooth rotor and a
sieve with a mesh size of 200 um with a distance ring were employed. Filaments were milled

at 10,000 rpm. Particle size was determined using a Camsizer X2 (Retsch, Haan, Germany)



equipped with the X-jet module and applying a dispersing pressure of 50 kP. Gap width was

set to 4 mm. Milled powder is referred to as DoP powder in the following text.

2.6. Printing DoP

A custom-made powder bed printer was used for DoP printing of tablets. The printer
consisted of a powder reservoir, a roller for powder deposition, a building platform, which can
be controlled in xyz-direction, and a fixed printhead, a modified HP C6602 cartridge. The
printer setup is described in detail in Gottschalk et al. (2022a). The same computer-aided
design (CAD) file as in 2.4. was used for printing of DoP tableis. Slicing was performed with
an in-house developed script. Tablets were printed at 30 dAci~ per mm (dpmm) in printing
direction with an ink containing ethanol and water (70:29) wi>o) and an infill density of 100 %.
The parameters had been determined in a previous “tud; and have been selected since the
settings led to best results regarding mechanirar properties and solid state. Printed tablets

are referred to as DoP tablets in the followi~q «>xt.

2.7. Tablet Dimension and Mas~

Tablet height and diameter were d2fz2nuined using a digital caliper (TWIN-Cal IP67, TESA
Technology, Renens, Switzerlen for all printed tablets. Measurements were performed in
triplicate. Tablet mass of all te."lets was determined using an analytical balance (ME235S-

OCE, Sartorius, Goetting 2n, \sermany).

2.8. Differential Scaimning Calorimetry (DSC)

Blend, filament, tablets and DoP powder were analyzed regarding their solid state with a
DSC 1 (Mettler Toledo, Giel3en, Germany). Filament (approximately 500 mg) and tablets (3
each) were ground using mortar and pestle. Approximately 7 — 8 mg were weighed into
100 pL aluminum pans and sealed. The lid was pierced prior to the analysis using the
automatic piercing unit. A pierced pan was used as reference. Two heating cycles from 0 —

170 °C were applied at 10 K/min.



2.9. Powder X-Ray Diffraction (pXRD)

PXRD measurements were performed on tablets, filament and DoP powder to determine the
solid state using a D2 Phaser (Bruker, Billerica, USA) equipped with an SSD160 detector in
1D mode. A full opening of 4.875° was used. A copper anode at 30 kV and 10 mA was used
to generate X-rays. Reduction of KB radiation was done by nickel foil. Sample preparation
was performed on a zero-background holder with well. Sample rotation speed was set to 5
rpm and sample was scanned from 6° to 35° with a step size of 0.02° and measurement time

of 6 s per step.

2.10. Polarized Light Microscopy

Ground tablets, filament and DoP powder were analyze.' in white and polarized light under a
microscope (IX73P1F, Olympus, Tokyo, Japan) at 5x ~n4 10x magnification for the detection
of crystalline traces. In addition to that, the po vc'ar raw materials were assessed regarding
their particle size in white light at 10x mac.n cau~n. Microscopical images were recorded and

evaluated using Olympus cellSens Standaru software (version: 1.18).

2.11. Content

KTZ concentration was deterr inel using ultra-performance liquid chromatography (UPLC).
The method is described ir (Gu.ischalk et al., 2021). FDM and DoP tablets were assessed
as well as the correspncndirg feedstock materials (filament and DoP powder). Regarding
filament, coherent pieces were analyzed instead of milled samples to assess possible effects
on API distribution in the filament. Samples were weighed into small glass vessels and
diluted with a mixture of ACN and MilliQ water (50:50) to a concentration of 0.2 mg/mL

(assuming a drug load of 20 % KTZ). Tests were performed in triplicate.

2.12. Non-sink Dissolution

Non-sink dissolution of tablets, filament and milled filament was performed in FaSSIF.
FaSSIF was prepared by using FaSSIF powder at a concentration of 22 mg/mL in phosphate
buffer pH 6.5. Ground samples as described in 2.7. were accurately weighed on a micro

balance (MCA6.6S-2S00-M Cubis®, Sartorius, Goettingen, Germany) into 2 mL Eppendorf



caps (approximately 3 mg). By adding 1.2 mL of heated FaSSIF (37 °C) the experiment was
started. First, samples were vortexed for 30 s (Vortex-Genie® 2, Scientific Instruments,
Schwébisch Gmind, Germany) and placed in an incubator (Thermomixer comfort,
Eppendorf, Hamburg, Germany) heated up to 37 °C. Prior to each sampling point, samples
were centrifuged at 15,000 rpm (Mikro 200R, Hettich, Tuttlingen, Germany). At each
sampling point 50 pL of supernatant was removed and diluted with 50 uL of ACN to prevent
precipitation. The cycle of vortexing, incubation and centrifugation was repeated after each
sampling. The removed volume was not replaced. Sampling Inints were 5, 10, 15, 20, 30,
45, 60, 90 and 120 min. The maximum possible API conc :ntiction was 500 pg/mL. Tests

were performed in triplicate.

2.13. Sink-Dissolution

Dissolution was performed according to the Ph. e.r. 2.9.3. and 5.17.1. in a dissolution tester
(Smart AT7, Sotax, Aesch, Switzerland) e~uned with paddles (USP dissolution apparatus
2). Paddle rotation speed was set to 10c rom. DoP and FDM tablets (n = 3, respectively)
were dissolved in 900 mL of 0.1 N H7l a. 37 °C. 3 mL of sample was drawn at 5, 10, 15, 30,
45, 60, 90 and 120 min. Sink-u.Rsuiution was performed with the aim to investigate
differences in terms of drug re.>ase from the different dosage forms. As the surface area to
volume ratio strongly infliencer, the release (Windolf et al., 2021), the same tablet designs
were compared. Howe ‘e, as printing resulted in different tablet weights the absolute API
mass differed, being approximately 48 mg for FDM printed tablets and approximately 30 mg

for DoP printed tablets.

2.14. Three-point Bending Test

The three-point bending flexural test is commonly applied to assess and compare the
mechanical properties of filaments for the FDM process. We used a Texture Analyser TA-XT
equipped with a three-point bending rig (Stable Micro Systems, Godalming, UK). The gap
between the supports was 30 mm. The test punch was moved at 5 mm/s prior to the test and

reduced to 0.1 mm/s upon contact with the test specimen. Filament diameter was assessed



using the laser measurement system (section 2.2) prior to the test and stress and strains
were calculated for each run. Tests were carried out in tenfold. The strain at break was
determined to evaluate the brittleness of the material. Data were acquired using Exponent

software (version 6.1.16.0).

2.15. Material Density

Density of the hot-melt extrudate was analyzed using a nitrogen pycnometer (Ultrapyc 1200e
gas expansion pycnometer, Quantachrome, Boynton Beach, USA). The target pressure was
1.4 bar. Extrudate was milled using a Tube Mill Control (1.”A, Staufen, Germany) at
25,000 rpm. Tests were performed in triplicate and apprevin.~ely 4 —5 g of sample were

analyzed in each run.

2.16. Storage conditions

Samples of each feedstock material (filament a." 1 IoP powder) and tablets (FDM and DoP)
were placed in glass vessels and storer. for 2, 4 and 12 weeks in a desiccator in a climate

chamber (KBF 240, Binder, Tuttlinge:.. Germany) at 40 °C.



3. Results and Discussion

3.1. Processing

In FDM, filament diameter homogeneity is of great importance as fluctuations greater than
1.75 m + 0.05 mm may lead to deviations in tablet mass (Ponsar et al., 2020). The filament
diameter during extrusion is displayed in Figure 1. It shows that the diameter was not always
in the range of 1.75mm £0.05 mm. The filament diameter was manually adapted by
adjusting the speed of a conveyor belt. A small die swell was observed at the extruder die,
wherefore stretching of the extrudate strand was necessary. T< fin'' the appropriate conveyor
belt speed is difficult and a trial-and-error process. Oscill au, 9 rluctuations in diameter were
observed approximately every 30 — 60 s. These signals Jid not correlate with other extrusion
parameters such as torque, die pressure or actua. *iiroughput as these were constant
(supplementary material Figure S1). Earlier e trus'on experiments on the Pharma 11 had
also shown these oscillations and it is assu.neu that these are likely a result of the pulsatile
material transport in twin-screw extruders, v.hich is correlated to high screw speeds (Ponsar
et al., 2020). High screw speeds .1 290 rpm were used in this setup as they have been
reported to be a critical parameter “or the production of ASDs. They provide mechanical
energy input and facilitate mc'ec 'ar dispersion of the API in the polymer matrix (Keen et al.,
2014) as well does the v'sc 91 kneading zones. It was shown that the use of three kneading
zones in the screw con.’ quration, which was the case in this study, leads to discontinuous
material transport and fluctuations in filament diameter (Chamberlain et al., 2022). For the
following experiments it was important to use fully amorphous material. In case of FDM
printing it was assumed that the short residence in the hot end would not provide sufficient
thermal energy to amorphize the API. Since the extruded material was also used as starting
material for DoP printing, it was necessary that the APl was fully amorphous and well
distributed in the polymer matrix since crystalline traces and local supersaturation likely result
in recrystallization upon contact with the ink. Due to that, higher diameter fluctuations were

accepted during extrusion. However, FDM printing of tablets was performed only with



selected filament within the specification of 1.75 mm + 0.05 mm to reduce tablet mass

deviations.

The FDM printing temperature was determined using the feed force tester. Forces below the
printer force limit of 4 N were achieved at 140 °C. Even though the melt flow was suitable at
140 °C, printing had to be performed at 150 °C as the material did not stick to the build plate.

Tablets detached during printing, stopping the printing process.

Handling indicated that filament was very brittle. The strain at break determined via the 3-
point bending test was low (2.5% + 0.6 %) and further ~ec.~ased during storage at
accelerated conditions to 1.5 - 1.7 % (Table 1). The der..?sc in breaking strength was a
result of fine hairline cracks (supplementary material v ‘aure S2), which had formed during
storage in a desiccator at 40 °C, most likely a result  * <ubsequent drying (see chapter 3.3.).

In FDM, suitable mechanical properties of the fi'arent are crucial for their printability.

Table 1: Strain at break in 3-point bending test of f.am' nts uver storage (Mean strain at break and SD, n = 10)

TO 2weeks 4 weeks 12 weeks

Strain at break (%) 2.5 1.5 17 1.7
SD (%) 0.6 0.5 n2 0.2

The brittleness of the material was Jr.ne:icial for the production of DoP powder bed material
as it facilitated milling to a sl particle size without, e.g., the use of liquid nitrogen.
However, milling was only poscible batchwise as the fine particles did block the sieve after
approximately 1 h. The milli.g chamber reached up to 50 °C during milling. Milled powder
proved easy to in handlir 3 during printing. As described in Gottschalk et al. (2022a), milled
extrudate was easily spreadable over a broad range of settings and resulted in a smooth
powder bed. The only drawback here was the hygroscopicity of the material combined with a
high surface area of the finely milled material. Water sorption led to attachment of particles to

the roller-recoater system, which had to be removed manually before each layering process.

3.2. Tablet Properties

Due to the different manufacturing processes, tablet appearance differed strongly between
FDM and DoP printed tablets. FDM tablets had a glassy appearance and were transparent

(Figure 2). Grooves from the printer nozzle were clearly visible on the tablet surface and



tablet edges were sharp. In contrast, DoP tablets were white and had a powdery surface.
Edges were slightly rounded compared to FDM tablets. Darker lines on the tablet surface
were a result of the slicer setting. The intension was to produce a slight overlap of the jetted
ink to prevent tablets from falling apart at potential printing gaps. This is discussed in detail in
Gottschalk et al. (2022a). The shape of these tablets was slightly elliptical when comparing to
FDM printed tablets. FDM tablets were produced by printing two circular shell layers and a
rectilinear infill pattern, while DoP tablets were produced by depositing the ink as stripes,

since the twelve nozzles were arranged in line.

Printing using the same CAD file resulted in different tabler masses (Table 2). Mean FDM
tablet mass was approximately 1.6x higher than Dol’ .~h'at mass. In FDM, the molten
material solidifies, resulting in very dense objects witl, only few voids (Gottschalk et al.,
2022b). The mass-to-volume ratio (1.21 g/ml} corresponds approximately the material
density (1.23 g/mL) of the intended 3D desig:* Fine powder material, which is used for DoP
printing, has a smaller bulk density ana, ~urresponding to that, tablets had a lower density
(0.8 g/mL compared to 1.2 g/mL assun..ng mean values for tablet dimension and mass from

Table 2).

The tablet height and diameter >f FDM tablets were slightly elevated compared to the CAD
design (approximately + . n..a in terms of tablet height and + 0.4 mm in terms of diameter)
Elevated height is poss.~ly a result of the bumpy tablet surface, whereas the elevated tablet
diameter is possibly a result of the nozzle pushing the softened material to the sides. DoP
tablet height differed between the batches and was also slightly higher compared to the CAD
file design in most cases. Elevated height of DoP tablets is possibly a result of the polymer
swelling upon contact with the ink. Copovidone is known to swell upon contact with water
(Antic et al., 2021). The tablet diameter was only slightly lower (approximately 0.15 mm) than

the target design.

Regarding the deviations in tablet mass and dimensions, differences were observed between

the various batches of DoP tablets (Table 2). A maximum of twelve tablets was printed in one



run. The number of suitable tablets of each run differed because some of the tablets stuck to
the build plate and broke during removal. Tablets had to be printed in a way that the ink in
the first layer was in contact to the build plate to reduce warping (Gottschalk et al., 2022a).
Further, printing had to be performed on different days to reach the number of tablets
necessary for the stability testing, whereas FDM tablets were printed within one day. Here, a
number of ten tablets was defined as one batch to facilitate comparison between FDM and

DoP tablets and evaluate whether there are trends during printing.

Regarding DoP tablets, a mass increase was observed betwee . the different prints. The total
difference between the first and the last batch was appro.ims.tely 20 mg. The variations
within one DoP tablet batch were significantly lower than *h< variations of the FDM tablets
(p < 0.05). As described in section 3.1., copovidor e iIs very hygroscopic and the powder
surface area was large. The powder cartridge b~ peen stored over-night in a plastic bags,
therefore it is likely that the increase in mac™ is a result of water sorption. The CVs of the
FDM batches were higher in most cases, *7.nging from 1.0 % - 4.4 %, which can probably be
attributed to filament diameter deviatior,o Filament was produced in a range of 1.7 — 1.8 mm,
which can result in mass deviatics v to 5.8 % in theory. Mass conformity is crucial in the
production of high dose SOD’s as tablet mass deviations will result in dosage fluctuations
(Ponsar et al., 2020). An o,.*imized extrusion process and filament uniformity may contribute
to the mass confor . ity of printed tablets. Other factors contributing to impaired mass
conformity related to the printing process may be inconsistent filament forward propulsion as
a result of high viscosities in the nozzle, which can be excluded since optimized conditions
according to the feed force tester were used. However, it might be possible that oozing
occurred, since a higher printing temperature was necessary to ensure that tablets adhered
do the build plate. Adding to that, the build plate height may be another factor. It has been
shown that printed mass differed significantly when the build plate was leveled by different
operators (Melocchi et al., 2016) and on different days of leveling (Alhijjaj et al., 2019). In this

study leveling was performed by one person at the start of printing and was not altered until



all FDM tablets required were printed. However, it is possible that build plate height changes

slightly during removal of printed tablets.

Table 2: Dimensions and weight of DoP and FDM tablets for the respective batch. Number of tablets denotes the
usable tablets from a batch and the total number printed in a batch. Batch numbering: first number refers to the
day of printing and second number to the printing order on that day

Tablet Batch Number of Mean cv Mean cv Mean cv
type tablets height (%) diameter (%) mass(mg) (%)
(mm) (mm)
DoP 1.1 3/3 2.43 2.65 9.82 1.60 138.7 0.1
2.1 7/12 2.44 2.12 9.86 0.75 143.8 0.9
2.2 8/12 241 1.75 9.80 0.45 145.3 1.2
3.1 11/12 2.40 1.49 9.84 0.36 148.1 1.5
3.2 12/12 2.46 2.17 9.8% 0.68 149.7 1.0
3.3 12/12 2.46 1.60 9 8. 0.53 149.6 1.0
4.1 10/12 2.50 1.22 9.85 0.49 156.3 1.1
4.2 12/12 2.49 1.30 9.86 0.44 160.8 1.2
FDM 1.1 10 2.48 1.82 —10.36 0.63 239.9 1.8
1.2 10 2.48 1.49 10.43 0.74 240.6 1.0
1.3 10 2.50 24z 10.49 0.53 242.0 2.8
1.4 10 2.53 3.52 10.44 0.71 238.4 4.4
T‘:Iizt - - 2.40 - 10.00 - - -

3.3. Solid State and Physical St ility

Every step in the process chain can iifl.ence the solid state and physical stability of an ASD.
Therefore, all steps from filamant, milled DoP powder and printed tablets were considered.
Assessment of polarized i icroncopic images as well as DSC measurements indicated that
the feedstock materi~ls tere fully amorphous, demonstrating that extrusion was successful
in producing amorph~.us material and furthermore, that milling did not promote
recrystallization. Reheating of amorphous filaments during FDM printing did not affect the
solid state either. However, small birefringence was occasionally observed for DoP printed
tablets (Figure 3). This effect was already described in our previous study and is due to local
overwetting of ink. The analytical methods DSC and pXRD were not capable of detecting
these small amounts of crystals, concluding that the amount was below the limit of detection
of 2 % and 5%, respectively, which was determined in a previous study (Gottschalk et al.,
2021). During storage over twelve weeks, samples remained amorphous in polarized light or,

in case of DoP tablets, no further increase of recrystallization was observed, which can be



attributed to the porous structure of the tablets. The porous structure prevents the spread of

recrystallization by forming crystallization barriers in form of voids.

Non-sink dissolution (Figure 4) confirmed the presence of small crystalline traces in DoP
printed tablets as the supersaturation declined faster (101 pg/mL after 120 min dissolution for
stability samples before storage) compared to the other materials (161 — 181 pg/mL after
120 min dissolution for stability samples before storage). Anwar et al. (2015) described that
the presence of small crystal nuclei can induce precipitation in a supersaturated solution.
Similar supersaturation profiles were obtained for stored s:.mples, indicating no further
recrystallization occurred during sample storage. There was on'y one exception in case of
FDM tablets after two weeks of storage, where supersatuar.tic. reduced faster. It is likely that
this was due to content fluctuations in the filament, which will be discussed in the following
section. Since the material was ground and hom~aenized for non-sink dissolution, error bars

are also low.

The storage conditions might have contrib.*2d to the good physical stability of the material.
Samples had been stored at 40 °C 7., ~ acsiccator, since pretests had shown that storage at
75 % r.h. led to strong recrystall’za.~n due to water sorption. Copovidone is known to be a
hygroscopic polymer. Humidi*v \.> an ASD can lower the glass transition temperature (T,4) and
increase the mobility of = .2l facilitating recrystallization (Patel and Serajuddin, 2022).
However, storage at eic ated temperature and dry conditions resulted in subsequent drying
of the materials, indicated by an increase of T4 (Table 3) in all cases. The T4 was lowest for

DoP tablets, which can be attributed to the use of a water-based ink and residual moisture.

Table 3: Tqs of materials during storage

Samples Ty (°C) £ SD (n = 3)
Filament FDM tablet DoP powder DoP tablet

T0 519+44 555+24 542+09* 340+121*
2weeks 59.1+05 61.6+0.3 66.5+ 4.5 58.3+0.5
4weeks 66.6+1.1 651+22 56.1+9.9 64.2+0.7
12weeks 68.3+15 723+1.0 746+04 69.4 + 0.6*

*Data were shown in previous study (Gottschalk et al., 2022a)



3.4. Content and Drug Release

In order to ensure the correct dose of 3D printed SODFs, it is necessary that the API is well
distributed in the polymer matrix. Local supersaturations of API in the polymer can further
lead to enhanced recrystallization. The content and content uniformity were evaluated during
the whole process chain. Table 4 displays the blend content prior extrusion, the filament
content and the content of the remaining material in the feeder after extrusion. The mean
content of the blend was slightly higher than the targeted content but also showed high
deviations. This was probably related to the high differences 1> oarticles size of the different
material. The particle size of KTZ ranged between 1 —5 um whereas in case of copovidone
particles up to 200 um were observed using a micrac~op2. We observed a significant
increase (p < 0.05) of drug content of the remaining mc*erial in the feeder and a significant
decrease of filament content during extrusion (p < 0.J5), widicating segregation of the powder
blend during extrusion. It is likely that due tc the Zohesiveness of the smaller KTZ particles
and adhesion to the feeder walls, sma.. nc.tions of KTZ remained in the extruder, thereby
reducing the filament content and incre ?sing the content of the remaining powder material in
the feeder. This is supported by an nrrease of powder screw speed from approx. 25 rpm
to 29 rpm towards the end of extru~ion. As the drug load in the feeder will increase over the
whole process, filament ccnter.. will increase at the end of extrusion. Since extrusion was
performed approximetely 40 'C below the degradation temperature of KTZ (221 °C, Kanaujia
et al. (2011)) and no imurities were observed in UPLC chromatograms, it is unlikely that

content decrease was due to degradation.

Table 4: Content of powder blend, flament and of blend in feeder after extrusion (Mean + SD).

Blend Filament Feeder after extrusion

(n=12) (n=9) (n=3)

Content (%) 103.6+1.8 98.6+1.3 106.0+0.8

Content of feedstock materials and tablets are displayed in Figure 5. In two cases, the

deviations of FDM tablets and filaments were higher compared to the other samples (ranging



from 3.5 — 6.6 %), indicating inhomogeneities in the filament. Content deviations were very
low for DoP powder material and DoP tablets being mainly in a range of <1 % (with a
maximum of 2.7 %). DoP powder material was milled post extrusion and blended, which

probably contributes to the content uniformity.

The mean content of DoP powder and tablets was in all cases lower than the targeted
content, whereas FDM filament and tablet content was higher in many cases. Comparing the
feedstock materials, DoP powder showed a significantly lower content than the filament at TO
(p < 0.05). It is likely that the increased powder surface of the L ~P powder accelerated water
sorption during handling and intermittent storage of the sar nle', as no indications on drug
degradation were observed. Water sorption increases the *2'let mass and leads to a lower
apparent drug content. Filaments on the other har«, h.ve a lower surface area-to volume
ratio slowing down water sorption. Furthermore, *~< drug content of DoP printed tablets at TO
was significantly lower (p < 0.05) than drug cc atenc of the DoP tablets, whereas no significant
differences were observed after storage i the samples. Printing was performed using a
water-based ink and it is likely that res,J'ual moisture of the ink remained in the tablets. The
drying process was not optimized in W5 study. Samples post-dried during storage, which is

also supported by the increasin T4 of the samples (Table 3), wherefore content equalizes.

Drug release from tablet< “va_ rast and all dosage forms released 80 % of KTZ within 15 —
30 min (Figure 6). Druy, reiease was similar even though DoP tablets had a higher porosity.
Copovidone is a well soluble polymer and KTZ was amorphous. Fast dissolution and the
small size of the tablets are possibly the reason that no differentiation was possible. Both
types of tablets eroded in a similar manner upon contact with the dissolution medium. It is
likely that in case of DoP tablets the dissolution medium led to swelling of the polymer on the
tablet surface, making the dissolution independent from the tablet porosity. This effect was

described for compressed amorphous melt extrudate by Fliigel et al. (2021).



3.5. Comparison of Techniques

The choice on which 3DP techniques to employ depends greatly on the material properties.
In case of a brittle formulation, the filament production and printability will be more difficult
and may require additional equipment to enable printing. The production of filaments is
challenging, especially the production of amorphous filament at high drug loads, as the
parameter settings for ASDs (high screw speeds) and filament (low screw speeds) can be
contradicting and need extensive investigation of a sweet spot. Several techniques have
been employed to bypass the step of filament production by, -2.g., direct powder extrusion
(Goyanes et al.,, 2019; Zheng et al., 2021) or moadificat on Hf the feeding mechanism
(Gottschalk et al., 2021). The use of filament as an inte1.mec.ate is especially beneficial for
production of dosage forms as the solid state r:du~es the risk of operator exposure
(Quodbach et al., 2021). However, even though the .nate.ial in this study was in a solid state,
it imposes the danger of small splinters durir.g 1..:dling of the filament or detaching tablets

from the build plate when material is too ~rit*.e.

In case of an ASD being to brittle *or “DM, DoP printing presents a suitable alternative
printing technique. However, ar «dawonal milling step is necessary to achieve printable
powder bed material. To reducc the number of processing steps and further bypass thermal
stress during HME, also the <’ of spray-dried ASDs would be conceivable. Still, a thorough
assessment of possioie inno and printing parameters is necessary (Gottschalk et al., 2022a).
The high surface area combined with high hygroscopicity of copovidone presented a
challenge during the manufacturing process, which makes it necessary to perform
manufacturing at controlled conditions. Furthermore, a powder-based process naturally
requires additional safety precautions. On the other hand, milling of extrudate is easier than
the production of homogenous filaments for FDM printing and formulation development is
facilitated as the process is mainly independent from the mechanical properties of the

formulation.



In DoP, the printability of customized inks was reported to present a major challenge and
intensive formulation development is required to achieve optimal properties in terms of
surface tension, viscosity and density (Prasad and Smyth, 2016). This study used a simple
ink composition, which occasionally led to malfunction of individual nozzles, wherefore it was
necessary to replace the print cartridge. This was sufficient for the number of tablets
produced in this study. Three cartridges were used to print the whole number of tablets. At a
larger scale, the ink needs to be optimized for the respective printhead in order to ensure the
longevity of printheads. In addition, this study used organic so’vents in the ink composition to
ensure faster evaporation and prevent recrystallisation. The res=2nce of residual amounts of
solvent in the tablets is likely, wherefore, tablets would he ve t. be additionally tested to meet
the limits of the ICH Q3C (R8) on residual solveri.. in pharmaceuticals. In this study a
mixture of ethanol and water was used. Ethanol, being ~ class 3 solvents, is a solvent with
low toxic potential. However, the compariscn ‘a ‘he prior study indicated that the more
volatile solvent methanol resulted in less re crystallization at higher drug loads. The use of
more volatile solvents may be nececosary to increase the drug loading or for APIs with a
higher recrystallization tendency. Fuir.neimore, residual water was not fully removed during
drying. Drying of tablets is a critic?l process and the impact of residual moistures in the DoP

tablets should be further invesu ated.

Great differences t.twe=n the two techniques are the appearance and dimensional
properties of the table... FDM tablets showed poor resolution compared to DoP printed
tablets. The resolution in DoP printing is mainly dependent on the particle size of the powder
material (Infanger et al., 2019) whereas the resolution in FDM depends on the nozzle size
(Kinski and Pietkiewicz, 2020) and the viscosity of molten material. A nozzle with a diameter
of 0.4 mm was used in this study. Smaller nozzles are available but it has to be considered
that this would also result in a higher printing duration. The poor resolution of FDM tablets
has been widely described (Brambilla et al., 2021) and a study amongst children revealed
that FDM tablets were favored least compared to tablets produced by selective laser

sintering, semi-solid extrusion and digital light processing due to their rough and hard



appearance (Januskaite et al., 2020). This eventually results in impaired patient compliance
wherefore printing parameters and tablet geometries in FDM have to be chosen wisely and
might require post-processing. Contributing to that, tablet mass variations of FDM tablets
were higher compared to DoP in most batches, which was possibly a result of the filament
quality. As filament extrusion is very challenging another approach could be to optimize FDM
printers for the production of SODFs by equipping them with control mechanism that adapt to
changes in filament diameter and deposited mass. DoP tablets were not as dense as FDM
tablets due to the lower bulk density of the powder bed. Higcner porosity can be beneficial
regarding API release but also challenging when high doses »f APl have to be applied.
Several approaches have been reported for powder-ba :ed irinting processes to increase
powder material density, such as the use of powde: *i. bimodal particle size distribution
(Sofia et al., 2018). From these observations we cor clu''e that FDM tablets are rather suited
when high doses have to be applied due to the.. hiyjher mass-to-volume ratio, whereas DoP
tablets are suited for the application of poror.s systems. For both printing techniques, the 3D

design has to be adapted to the respe ~tive material density to achieve the required dose.

Both 3DP techniques were capab'~ ii. mroducing amorphous and physically stable SODFs. It
has to be pointed out, though tha. even small traces of crystallinity, as in the case of DoP
tablets, resulted in a slight,,* impaired supersaturation performance, which may reduce oral
absorption. The DoP *ac.nir,ue is prone to recrystallization when using an ASD as powder
bed material wherefore .ery high drug loads might be difficult to achieve. Higher drug loads
are likely feasible in FDM but the effects of the APl on the processing conditions and

mechanical properties of filaments have to be considered.

The storage stability of the feedstock materials is more important than the stability of 3D
printed tablets, as tablets for on-demand production will not have long shelf-life. With FDM,
the quality of filaments during storage must be ensured, to prevent changes in terms of
dimensional and mechanical properties such as embrittlement, which was observed in this

study.



In FDM, a homogenous drug distribution in the filament is crucial since inhomogeneities in
filaments can result in over- or underdosing of tablets. This study indicated small variations of
drug content uniformity in filaments produced on a small-scale extruder. However, at different
extrusion setups or for different formulations, variations could be more pronounced and
hence, more critical. In case segregation of a blend is likely, it may be necessary to include a
granulation step prior to extrusion to ensure content uniformity. For DoP printing, the usage
of a hot melt extruded single-phase material is beneficial as content fluctuations can be
balanced out by milling of the extrudate and subsequent hom »aenization. Another benefit is
that segregation of DoP powder components during the menufacturing process is not
possible since the API is embedded in the polymer. Even thow gh it appears that optimization
of the extrusion process is not as necessary as in FD'.:, it .3 also important in DoP printing of
ASDs that the API is equally distributed in the poiymer as local supersaturations will

recrystallize to a greater degree upon contact "m.1 th.e ink.

The choice of 3DP technique will also uorand on the respective APIL. Due to FDM printing
being a thermo-intensive process, acaradation of temperature-sensitive APIs may be
possible. If water-based inks are ''se.' ‘a1 DoP, this will present a challenge to APIs sensitive
to hydrolysis. These two scenxrios wvere not covered in this study to ensure comparability of

the two techniques.

4. Conclusion

In this study, we demonstrated that printing of an ASD was successful using the printing
techniques FDM and DoP printing. Tablets with a high drug load were achieved in which the
API was amorphous and physically stable. We elaborated on the advantages and drawbacks
of each printing technique and the respective aspects that have to be considered in the
manufacturing process. If mechanical properties allow the production of flexible filaments,
FDM is preferable for the production of high dose ASDs due to the lower chances of
recrystallization. It has to be considered, though, that production of filament is challenging

and operators should pay particular attention to filament uniformity. DoP printing presents a



good alternative for brittle ASDs. DoP tablets were further advantageous compared to FDM
tablets in terms of mass uniformity. However, high drug loaded ASDs and formulations that
are sensitive to moisture and recrystallization will be difficult to be printed with DoP printing
as well as high doses due to the higher porosity of SODFs. The choice of manufacturing
process with an ASD depends on the API, targeted dose and physical stability in the
respective polymer matrix. Each 3DP technique has its potential that can be leveraged for

different applications.
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Figure 1: Filament diameter during extrusion

Figure 2: FDM and DoP tablets

Figure 3: Microscopic images of ground filament, tablets and DoP powder at 10x magnification at TO
and after 12 weeks of storage at 40 °C in desiccator (images of DoP tablets from Gottschalk et al.,
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Figure 4: Non-sink dissolution of filament, tablets and DoP powder (mean concentration +

SD,n=3)
Figure 5: KTZ content for filament, tablets and DoP powder (mean drug content £ SD, n = 3)

Figure 6: Sink-dissolution of FDM and DoP tablets (mean releese = SD, n = 3)
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Highlights

1. Direct comparison of the 3D printing technigues drop-on-powder and Fused
Deposition Modeling using the same raw material.

2. Feasibility demonstrated for direct printing of high-dose and physically stable
amorphous solid dispersions using both techniques.

3. Mechanical properties of formulation greatly influence the processability in both
techniques.

4. Results indicate an improved mass uniformity for drop-on-powder printed dosage

forms.



Diameter (mm)

2.01

Diameter limit
+0.05 mm

54

56 58 60 62
Time (min)

Figure 1

64 66



FDM tablets

DoP tablets

Figure 2




E=3

white light

polarized light white light | polarized light

Filament

FDM tablets

DoP powder

DoP tablets

Figure 3



=== KTZ solubility in FaSSIF (37 °C) === Maximum concentration

Figure 4

Filament FDM tablet
500 - 500
,—\51400 \ ,—\51400 I
€ 300 £ 300 .
S K<) N
§ ~— § EesSs Nl
= T T = % L
8 200 1 S 8 200 1 - Ty
c i p c ~ —~3
[e] ~— T3 o \\S
100 100
0 ; 0 ;
0 15 30 45 60 75 90 105 120 0O 15 30 45 60 75 90 105 120
Time (min) Time (min)
DoP powder DoP tablet
500 500
) ; = i
2 400 < 400
ke ke
2 2
£ 300 S 300
=SS!
£ \%Eg\ £
@ ] e N @ ]
$ 200 ~ 1 8 200
= -~ 5 !
O § & e
100 100 ~
0 . 0 .
0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
Time (min) Time (min)

—— TO0 —— 2weeks —— 4 weeks —— 12 weeks




Content (%)

110 1

100 1

90

80 -

Filament

FDM tablet DoP powder DoP tablet

. TO . 2 weeks . 4 weeks . 12 weeks

Figure 5



Release (%)

FDM tablet DoP tablet

100 -t | . 1001 P s
751 751
X
()]
(%]
50 8 50
Q
14
254 254
0 T T T T 0 y T T T
0 60 120 180 240 0 60 120 180 240
Time (min) Time (min)

—o— TO —&— 12 weeks

Figure 6



