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Abstract: 3D printing offers the possibility to prepare personalized tablets on demand, making it an
intriguing technology for hospital pharmacies. For the implementation of 3D-printed tablets into the dig-
ital Closed Loop Medication Management system, the required tablet formulation and development of
the manufacturing process as well as the pharmaceutical validation were conducted. The goal of the
formulation development was to enable an optimal printing process and rapid dissolution of the printed
tablets for the selected model drugs Levodopa / Carbidopa. The 3D printed tablets were prepared by
direct powder extrusion. Printability, thermal properties, disintegration, dissolution, physical properties
and storage stability were investigated by employing analytical methods such as HPLC-UV, DSC and
TGA. The developed formulation shows a high dose accuracy and an immediate drug release for Levo-
dopa. In addition, the tablets exhibit high crushing strength and very low friability. Unfortunately, Car-
bidopa did not tolerate the printing process. This is the first study to develop an immediate release
excipient composition via direct powder extrusion in a hospital pharmacy setting. The developed process
is suitable for the implementation in Closed-Loop Medication Management systems in hospital pharma-
cies and could therefore contribute to medication safety.

Keywords: 3D Printing; Direct Powder Extrusion; Personalized Medicine; Formulation Development;
Closed Loop Medication Management; Immediate Release Tablet

1. Introduction

With further advancements in medicine, the need for individually dosed medications is becoming in-
creasingly apparent. Additive manufacturing (AM), which is often referred to as 3D printing (3DP), is a
computer-controlled process that comprises several different technologies. Some of these offer the pos-
sibility to be used in the manufacturing of pharmaceutics, for example, binder jetting, fused deposition
modeling (FDM), direct powder extrusion (DPE) and semi solid extrusion (SSE).

Current pharmaceutical literature on material extrusion techniques is focused on FDM (Chamberlain et
al., 2022; Goyanes et al., 2015a; Hoffmann et al., 2022; Kissi et al., 2021; Krueger et al., 2023; Windolf
et al., 2021) and SSE (Diaz-Torres et al., 2023; Liang et al., 2023; Rodriguez-Pombo et al., 2022;
Seoane-Viafio et al., 2021a; Tagami et al., 2021; Yan et al., 2020; Yu and Chen, 2020; Zhu et al., 2022).
Both technologies are readily available and offer the possibility of producing relatively small batches,
which limits the amounts of active pharmaceutical ingredient (API) and excipients needed to conduct
formulation studies.

In addition to the printer, FDM requires a hot melt extruder to manufacture the drug-loaded filament that
serves as a feedstock in the printing process. This not only limits the selection of excipients, as the
filaments need to match specific mechanical properties in order to be usable as feedstock, but also
increases thermal stress on the API. As an alternative, SSE enables the use of pre-filled syringes from
which a gel or paste is extruded but often requires a post-printing solidification process.

Abbreviations: 3DP, 3D printing; AM, additive manufacturing; AP, active pharmaceutical ingredient; BZ; Benserazide; CAD, computer-aided
design; CD, Carbidopa; CLMM, closed-loop medication management; CMA, critical material attribute; CPP, critical process paramater; CQA,
critical quality attribute; DPE, direct powder extrusion; DSC, differential scanning calorimetry; FDM, fused deposition modelling; HPLC, high-
performance liquid chromatography; LD, Levodopa; PAT, process analytical technology; SD, standard deviation; SSE, semi solid extrusion; Tg,
glass transition temperature; TGA, thermogravimetric analysis; Tm, melting temperature; UDB; unit dose bag
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In contrast, DPE can be viewed as a single-step process in which the powder blend is directly added to
the printhead, fed towards the heated nozzle by a single screw and subsequently extruded in order to
print the designed object in a layer-by-layer fashion (Goyanes et al., 2019). It has been reported that the
powder flow exhibits a considerable influence on the printing process in DPE (Boniatti et al., 2021). This
could pose a challenge for the implementation in hospital pharmacies as it limits the formulation options.
Hospital pharmacies are often not equipped to granulate powders quickly and efficiently and are there-
fore dependent on commercially available product qualities or additives to increase powder flow. Other
than that, DPE poses a viable option for the manufacturing of extemporaneous formulations in hospital
pharmacies, since there is no need for a complex and time consuming, preceding feedstock preparation
or post-printing process. Moreover, the printer can be used with only a few grams of the powder blend,
which allows a more cost-efficient formulation development and enables the manufacturing of very small
batch sizes in clinical practice. However, using DPE to manufacture solid oral dosage forms in a clinical
setting has not been established yet.

In general, AM is an intriguing technology for the implementation in hospital pharmacies. At times, the
medication for specific therapeutic approaches or patient groups is not commercially available and there-
fore needs to be manufactured by (hospital) pharmacies. Most commonly, if there is the need for indi-
vidually dosed solid oral dosage forms, capsules are prepared. To achieve an adequate level of content
uniformity, large numbers of capsules with a fixed dose need to be prepared, which makes frequent
dose changes based on the measurement of drug levels, biomarkers or current symptom control chal-
lenging. In contrast, AM facilitates the manufacturing of individually dosed solid oral dosage forms since
it offers the possibility of printing different doses on demand with a high level of precision and accuracy
of the doses (Seoane-Viafio et al., 2021b; Vaz and Kumar, 2021).

Furthermore, the digital nature of 3DP makes the integration of manufacturing personalized medicines
into an existing digital medication process in hospitals, such as the closed-loop medication management
(CLMM) (Baehr and Melzer, 2018), feasible and might therefore contribute to improving medication
safety for inpatients (Berger et al., 2022). However, there are no findings regarding the integration of
compounding personalized solid oral dosages by AM into a digital medication process in a clinical set-
ting.

Due to a shift towards precision dosing for numerous indications (Vinks et al., 2019) coupled with recent
advancements in digital health monitoring systems (Bayoumy et al., 2021; Bruno et al., 2020; Kim et al.,
2020; Pahwa et al., 2020; Powers et al., 2021), the benefits of personalized pharmacotherapy are be-
coming increasingly apparent. For instance, patients with Parkinson’s disease often require more than
four doses of Levodopa (LD) / Carbidopa monohydrate (CD) per day in different dosages (Fox et al.,
2018) that are often compiled from fragmented, marketed drug products (Forough et al., 2018). How-
ever, due to the symptoms (e.g., tremor and dysphagia) of the disease, patients often have problems
handling and swallowing (Buhmann et al., 2019) tablets and therefore may benefit from the flexibility of
AM to print individual doses and tablet geometries on demand. This might reduce the potential of med-
ication errors, as it eliminates the need to compile the intended dose with fragmented tablets, which
poses a two-fold risk. First, the wrong tablet might be split or some fragments could be lost due to
disease-related motor symptoms of the patient. Secondly, it has been shown that quarters of tablets
with a score-line are often not dose equivalent and the standard deviation (SD) of the dose is relatively
high (up to 19.3%) (Madathilethu et al., 2018), whereas in comparison, DPE often reaches SDs below
5% (Ong et al., 2020; Pflieger et al., 2022). In addition, the therapy of Parkinson’s disease with LD / CD
often requires an immediate drug release to achieve adequate symptom control. However, there is no
data on a rapidly disintegrating DPE formulation without an elaborate feedstock preparation, of doses
up to 200 mg, which is integral for the intended use of the tablets.

Therefore, this study aimed to demonstrate the feasibility of developing an excipient composition that
enables an immediate drug release and reliable printing properties within DPE, in a hospital setting.
Additionally, the resulting tablets should exhibit high hardness values and a storage stability sufficient
for our CLMM. For that purpose, LD and CD were identified as model APIs of high clinical interest
(Langebrake et al., 2023). The study presented here is a part of a larger project that comprises the tablet
formulation, manufacturing process development and analytics as well as the development of a digital
infrastructure and a machine learning based decision-support-system, which will be published sepa-
rately.

2. Materials and Methods



2.1. Materials

LD and CD were gifted by Desitin Arzneimittel GmbH (Hamburg, Germany). Benserazide-HCI (BZ) was
gifted by Deva Holding A.S. (Istanbul, Turkey). Mass values [mg] and dosages of tablets always refer
to Carbidopa and Benserazide base, respectively. Kollidon® VA 64 (vinylpyrrolidone-vinyl acetate co-
polymer) and Kollicoat® IR (polyvinylalcohol-polyethylene glycol graft copolymer) were gifted by BASF
SE (Ludwigshafen, Germany). Mannogem® XL Ruby (mannitol) and Compressol® SM (co-processed
Sorbitol and Mannitol) were donated by SPI Pharma (Wilmington, NC, USA) via Lehmann&Voss&Co.
KG (Hamburg, Germany). Sodium dihydrogen phosphate dihydrate (NaH2PQO4, Emsure®), di-Sodium hy-
drogen phosphate dihydrate (NazHPO4, Emsure®), phosphoric acid (HzPOas, LiChropur™), hydrochloric
acid (HCI, Titripur®) and water for HPLC analysis were purchased from Merck KGaA (Darmstadt, Ger-
many). Methanol in gradient grade (Chemsolute®) was purchased from Th. Geyer GmbH & Co. KG
(Renningen, Germany). FDS/Proud packaging material consisting of multiple layers (Polyethylene and
Cellophane 300, 20 um thickness each; Baxter code: P1601 [P2010]) was manufactured by Yuyuma
Co, Ltd (Osaka, Japan). Brown glass packaging was purchased from Zscheile & Klinger GmbH (Ham-
burg, Germany).

2.2. Methods
2.2.1. Blending of powders

For each batch, 50 — 100 g of a blend of APIs and the excipients were weighed and blended with a
FagronLab™ InvoMatic blender (Fagron GmbH & Co. KG, Glinde, Germany) at 50 rpm for 10 min. Table
1 shows the formulations that were evaluated.

2.2.2. Flowability

Flowability of batch P25/29-M was determined in triplicate following Ph. Eur. 10.6/2.9.16 (EDQM, 2021)
on a PTG S3 powder analyzer (Pharma Test Apparatebau AG, Hainburg, Germany) using nozzle 1.

2.2.3. Angle of repose

Three measurements of the drained angle of repose method according to Ph. Eur. 10.6/2.9.36 (EDQM,
2021) were conducted with batch P25/29-M on a PTG S3 powder analyzer (Pharma Test Apparatebau
AG, Hainburg, Germany).

2.2.4. Bulk density and tapped density of powders

Bulk and tapped densities of batch P25/29-M were measured using method 1 as described in Ph. Eur.
10.6/2.9.34 (EDQM, 2021). Tapped density was measured with an Engelsmann jolting volumeter type
EU42E2/114S-WF (J. Engelsmann AG, Ludwigshafen, Germany). The measurements were performed
three times. Hausner factor and Carr’s index were calculated as suggested (Carr, 1965).

2.2.5. Particle size analysis by laser light diffraction

Laser diffraction measurements were performed with an LS 13 320 laser diffraction particle size analyzer
equipped with a Tornado DPS module (Beckman Coulter Inc, Brea, CA, USA). Each API, excipient and
the blend of batch P25/29-M were measured five times. Particle sizes were calculated using the Fraun-
hofer method as suggested in Ph. Eur. 10.6/2.9.31 (EDQM, 2021)

2.2.6. Differential scanning calorimetry (DSC)

DSC analyses were carried out with a DSC 1 device (Mettler-Toledo, LLC, Columbus, OH, USA) oper-
ated with STARe Software V16.10. Every single component of the formulation as well as the powder
blend and the extruded filament (both P25/29-M) were analyzed. Three different methods were utilized.
Nitrogen was used as a purging gas at a flow rate of 50 mL/min. Every sample was heated to 250 °C
(10 °C/min) and kept at this temperature for 5 min. CD, LD, mannitol and the powder blend were also
heated (10 °C/min) to and kept at 185 °C (10 min), then cooled to 25 °C (20 °C/min) and kept at this
temperature for 5 min and reheated to 185 °C (10 °C/min) and kept at this temperature for 10 min. Ulti-
mately, CD and the powder blend were also heated to 182 °C (10 °C/min) and kept at this temperature
for 30 min.



2.2.7. Thermogravimetric analysis (TGA)

TGA analyses were carried out with a Discovery TGA (TA Instruments, Waters, LLC, U.S.A.) and data
was collected and analyzed with TA Instruments Trios software and percent mass loss or onset temper-
ature were calculated. Two different methods were utilized. Both APIs were subjected to a temperature
ramp of 10 °C/min starting at 40 °C and concluding at 300 °C in open aluminum pans. CD was addition-
ally subjected to an isothermal stress test at 180 °C for 30 min.

2.2.8. 3D printing of tablets (DPE)

The previously blended powders were 3D printed using a M3DIMAKER™ equipped with a DPE printhead
coupled with a 0.4 mm nozzle (FabRx Ltd., London, United Kingdom). Computer-aided design (CAD)
models of tablets were designed using Autodesk Tinkercad (Autodesk Inc., Mill Valley, CA, U.S.A.) and
processed with Repetier-Host software (Hot-World GmbH & Co. KG, Willich, Germany). To enhance
powder flow, the M3DIMAKER™ was modified with a custom-made stirrer (Figure 3).

Tablets were printed using the following parameters: printing temperature: 180 °C; first layer height:
0.6 mm, layer height: 0.15-0.30 mm (adaptive slicing), infill: 60-100%, travel speed 70 mm/s, first layer
speed 5 mm/s, perimeter speed 7.5-15 mm/s, infill speed: 15-20 mm/s with zero (Oblongs) or one (Cyl-
inders and Donuts) top layer, two bottom layers and two shells.

The following dose range was identified as clinically desirable: 60-170/15-42.5 mg LD/CD. Each of the
three shapes was printed in a small (60/15 mg) and large (170/42.5 mg) model. The CAD models had
the following measures for the different dosages and formulations: small Donut: diameter 10.5 mm,
height: 2.71-2.89 mm, inner hole diameter: 4 mm; large Donut: diameter: 12 mm, height: 5.75 mm, inner
hole diameter: 4 mm; small Cylinder: diameter 10.5 mm, height: 2.71 mm; large Cylinder: diameter
12 mm, height: 5.5-5.89 mm; small Oblong w/ reduced infill: 14x7x3.1 mm; large Oblong w/ reduced
infill: 21x8.5x 5 mm.

2.2.9. Friability of uncoated tablets

Friability of the printed Donuts of batch P25/29-M was measured according to Ph. Eur. 10.6; 2.9.7
(EDQM, 2021), using an AE-2 friability tester (Biomation GmbH, Jugenheim, Germany). 100 rotations
were performed at 25 rpm. Afterwards, the tablets were dedusted, weighed and the loss of mass [%]
was determined.

2.2.10. Resistance to crushing

The measurements were performed according to Ph. Eur. 10.6; 2.9.8 (EDQM, 2021), using an Erweka
TBH 525 TD hardness tester (Erweka GmbH, Langen, Germany). The Oblongs were aligned so that the
force was applied longitudinally. If a measurement exceeded the maximum force of the device (500 N),
a crushing strength of 500 N was assumed for calculations and comparisons. Ten measurements were
recorded per batch.

2.2.11. Tensile strength

Tablet size measurements were conducted using a Digital ABS AOS Caliper (Mitutoyo Corporation,
Kawasaki, Japan). Together with the previously described crushing strength values (2.2.10.) tensile
strength (o) of the printed tablets was calculated for the Cylinders (Equation 1) as described by Fell et
al. (Fell and Newton, 1968):

2P 1)
=T

P = crushing strength [N]; D = tablet diameter [mm]; T = tablet thickness [mm]
For the calculation of the Donut’s tensile strength, it was decided to subtract the diameter of the inner
hole of the tablets from D in order to ensure a meaningful comparison. The Oblongs were calculated

using their width as D.

2.2.12. Disintegration



Disintegration analyses were conducted based on Ph. Eur. 10.6; 2.9.1 (EDQM, 2021), with a ZT41
disintegration tester (Erweka GmbH, Langen, Germany). In order to keep consistent analytical condi-
tions, the same medium (0.1 M HCI) as for dissolution experiments was used. Discs were used for
disintegration testing. For each constitution and shape, two tablet sizes were analyzed respectively. The
investigated tablet sizes represent the upper and lower end of the selected dose range.

To simplify the comparison of the different formulation's shapes and sizes, the average disintegration
rate (Equation 2) was calculated.

] _ Tablet mass [mg] (2)
" Disintegration time [s]

m
Average disintegration rate [_g
s

2.2.13. Dissolution & Content analysis

Dissolution experiments were carried out according to Ph. Eur. 10.6; 2.9.3 (EDQM, 2021) with a Prem-
iere 5100 Dissolution System (Distek Inc., North Brunswick Township, NJ, USA). 900 mL of 0.1 M HCI
was used as dissolution medium as suggested in Ph. Eur. 10.6; 5.17.1 (EDQM, 2021). Three different
shapes of P25/29-M were evaluated. For each shape, six tablets were analyzed in parallel. The paddle
speed was set to 100 rpm. Samples were taken after 5, 10, 15, 20, 30, 45, 60 and 90 min. A sinker was
used for analyses. For all small tablets and the large Oblongs a Distek “Japanese Basket” was used,
whereas a custom 3D printed polylactic acid (PLA) sinker (Figure 1) was used for the large Cylinders
and the large Donuts. If applicable, the dissolution profiles were compared using the f2 comparison
(Moore and Flanner, 1996).

The API content of the powder blend and the dissolution samples were analyzed and evaluated with a
Nexera XR HPLC system and LabSolutions software version 6.83 (both Shimadzu Corp., Nakagyo-ku,
Kyoto, Japan). The Nexera XR HPLC system consists of two degassing units (DGU-20A5R) and two
HPLC-pumps (LC-20ADXR) as well as an autosampler (SIL-20ACXR), a column oven (FCV-34AH), an
UV-Detector (SPD-M20A 230V) and a communication bus module (CBM-20A).

Samples were dissolved and diluted in 0.1 M HCI. Turbid samples were filtered through a 0.22 um PTFE
Filter. Prior to each analytical sequence, the column was equilibrated for 30 min and the autosampler
was purged for 5 min. HPLC samples were measured in duplicate with an injection volume of 20 pL. An
endcapped RP-18 column (LiChrospher® 100 RP-18 endcapped (5 pm), LiChroCART® 250-4.6 HPLC
Cartridge) coupled with an RP-18 guard column (LiChrospher® 100 RP-18 (5 um), LiChroCART® 4-4
Guard Column) (both Merck KGaA, Darmstadt, Germany) was utilized during analysis. The column oven
was set to 35 °C and the total flow rate was set to 1.25 mL/min. The mobile phase was a 90:10 mixture
of a hydrogen phosphate buffer (20 mM NaH2PO4 + 10 mM NazHPO4 at pH 4) and methanol. Both APIs
were detected at a wavelength of 280 nm and showed retention times of 2.94 min (LD) and 4.30 min
(CD). An external, six-level calibration was used. LD was calibrated in the range of 25-250 pg/mL,
whereas CD was calibrated in the range of 6.25-62.5 pg/mL. This method was modified on the basis of
the method presented by Raut and Charde (Raut and Charde, 2014) and validated according to ICH
Guideline Q2(R2) (ICH, 2022).

For LD and BZ analytics, a separate HPLC method was developed for the same equipment. The mobile
phase was a 95:5 mixture of the aforementioned hydrogen phosphate buffer (pH 2.5) and methanol. LD
was detected at 280 nm and BZ at 268 nm. Retention times were 3.41 min (BZ) and 4.41 min (LD). The
calibration for LD was the same as in the above-named method and BZ was calibrated in the same
range as CD. This method was developed in the hospital pharmacy and validated according to ICH
Guideline Q2(R2) (ICH, 2022).

2.2.14. Stability analysis

Small Donuts of P25/29-M were packed in FDS/Proud packaging material Unit Dose Bags (UDB) using
an FDS Il Proud 336 device (Baxter International Inc., Deerfield, 1l, USA) or brown glass stored in con-
stant climate chambers (KBF P 240 and KBF S 240; Binder GmbH; Tuttlingen, Germany). The constant
climate chambers were set to 25 °C/60% RH and 40 °C/ 75% RH as suggested for long-term and
accelerated stability testing (ICH, 2003). Samples packed in UDB were stored for 7 days or 28 days in
each of the previously mentioned conditions. Samples in brown glass were stored for 28 days in the
25 °C / 60% RH condition. After storage, the API contents of the samples were analyzed via HPLC as
described in 2.2.6. Each sampling time comprised three samples.



2.2.15. Statistical analysis

IBM SPSS statistics Version 27.0.1.0 (IBM Corporation; Armonk, NY, USA) was used for statistical cal-
culations. Results were compared with ANOVA. Significance was assumed for p-values < 0.05.

3. Results

It was possible to develop an immediate release excipient composition for DPE-based 3DP, which al-
lows printing of different shapes (Figure 1: 3D printed PLA sinker, scale in cm

Figure 2), in a hospital setting. The following subsections present detailed results regarding the pre-
manufacturing screening of the excipients and the powder blend. Moreover, the manufacturing process
as well as the thorough characterization of the resulting tablets are illustrated.

3.1. Powder screening

In order to ensure a constant feed rate, the flowability of the powder formulation is of high importance.
Flowability has been reported to be a considerable challenge in DPE (Boniatti et al., 2021). The formu-
lation P25/29-M showed passable powder flow characteristics according to Carr’'s Classification
(20.92% + 1.08%), angle of repose (41.1° £ 0.12°) and Hausner factor (1.26 + 0.02) (Carr, 1965). The
values were calculated from bulk (0.46 g/mL) and tapped densities (0.58 g/mL). The powder flow hung
up during the measurements and had to be mechanically induced. Consequently, the flow time could
not be measured. Median particle sizes of d50 = 15.3 um (CD) up to d50 = 345 pm (mannitol) were
measured, while the blend P25/29-M showed the following values: d10 =19.2 um, d50 = 96.1 um,
d90 = 258 um. During printing, core flow behavior of the powder resulted in insufficient and inconstant
feeding of the DPE printhead by the screw. To eliminate this problem, the utilized DPE printhead was
structurally modified. For this purpose, a wire was bent into the shape of an open noose and fitted to the
coupling element of the printhead. The wire functions as a force feeder (Figure 3) by constantly moving
the powder bed and thereby ensuring that the screw transports the powder blend to the heating zone
and, subsequently, the nozzle of the DPE printhead. Through this modification, a constant powder feed
rate was achieved, which was necessary to print tablets with uniform weight and API content.

3.2. Thermal screening

As DPE is based on melt extrusion and, thereby, a thermally stressing process, it is essential to inves-
tigate which temperatures the APIs of interest tolerate. This, in turn, helps with the choice of suitable
excipients and enables the selection of the printing parameters.

Literature states that LD has a melting temperature (Tm) of 284-285 °C (Ledeti et al., 2018) and CD
melts at 207 °C (Ajit et al., 2018). Additionally, some sources state that CD decomposes at the Tm. To
confirm literature data, DSC (Figure 4) and TGA (Figure 5) experiments were carried out.

The DSC diagram of LD shows a glass transition at 179.6 °C followed by a molecular relaxation. As
expected, no melting peak was found, as the analysis was stopped 34 °C below the literature melting
point of 284 °C. The DSC diagram of CD shows a large endothermic event spanning from ca. 100 °C to
about 165 °C and a second event slightly above 200 °C, which is, as described in the literature, followed
by a decomposition. The thermogram of LD has no mass loss until about 275 °C, whereas the thermo-
gram of CD shows a mass loss of about 8% between ca. 90-140 °C.

Based on the API data, the excipients were chosen. The excipients, as well as the powder blend
(P25/29-M) and the resulting filament were subjected to the same DSC (Figure 6) method as the APIs.
According to literature, Kollicoat® IR has a glass transition temperature (Tg) of 45 °C and a Tm of 208 °C
(Kolter et al., 2012). DSC showed a glass transition at about 48 °C and an endothermic event with an
onset at 203 °C. Literature states that Kollidon® VA64 has a Tq of 101 °C (Kolter et al., 2012). The DSC
diagram shows a glass transition at about 100 °C. Mannitol is a well-characterized substance with a Tm
of 165-170 °C (Juptner, 2022). DSC analysis revealed a sizeable endothermic event with an onset of
165.9 °C.

After dissolution experiments CD (DSC and TGA) and the powder blend (DSC) were subjected to alter-
native thermoanalytical methods, which exposed the samples to an increased temperature (isothermal)
for a prolonged time. The DSC diagram of CD (Figure 7) shows that after an exposition to 182 °C for 7-



8 min, CD begins to decompose, whereas no events can be found in the diagram of the powder blend
(Figure 7). The thermogram of CD (Figure 8) shows a loss in mass of more than 20% over the first 10
min, followed by a decelerated mass loss until the end of the analysis.

3.3. Manufacturing process and formulation screening

Printability was considered reliable, when continuous polymer melt extrusion, an adequate build plate
and between-layer adhesion as well as a high uniformity of tablet weight were achieved. Moreover, an
appreciable hardness as well as an immediate release profile and a precise API content were the most
Critical Quality Attributes (CQASs) of the Quality Target Product Profile (QTTP) of this tablet that was
intended for clinical use (ICH, 2009; Yu et al., 2014). Printing temperature, feed rate and infill pattern
were identified as the most Critical Process Parameters (CPPs). Solubility of the formulation, decompo-
sition temperature of the APIs and excipients as well as flowability of the powder blend were identified
as the most Critical Material Attributes (CMAS).

The constitution of the formulation was constantly optimized. The percentage of the BCS class | APIs
was gradually increased from 25-35.56%. Kollidon® VA 64 and Kollicoat® IR were selected as polymer
components providing adequate water solubility. Mannitol, Compressol® SM or citric acid monohydrate
were added as a plasticizer.

Initially, the plasticizers were optimized (Table 1). Afterwards, the polymer ratios were evaluated for their
influence on the disintegration speed of the formulation and its build plate adhesion before, finally, the
impact of three different shapes (Cylinder, Donut, Oblong) on the disintegration and later dissolution
behavior was investigated.

Experiments with the three plasticizers showed that Mannitol- and Compressol® SM-containing formu-
lations were printable, while the citric acid-based formulations could not be extruded. P25/29-M was
used to evaluate the influence of the different shapes.

The Cylinder was used as the initial shape in printing experiments. Afterwards, the Donut with a higher
SA/V ratio (surface area to volume) was introduced (Goyanes et al., 2015b; Windolf et al., 2021). Ulti-
mately, it was considered promising to experiment with the infill. The reduction of the infill results in a
drastically increased SA/V at the cost of the tablets being considerably larger. Rather than increasing
the diameter of the Cylinder, it was chosen to increase the area by introducing the oblong shape, as this
shape is somewhat capsule-like and should therefore be easier to swallow than a large cylindric tablet
(Buhmann et al., 2019).

Prior to DPE printing, the API contents of the powder blend P25/29-M were analyzed via HPLC, which
confirmed the uniformity of the blend (see chapter 3.6.).

3.4. Hardness

The tested tablets (all P25/29-M) showed average crushing strength values (Table 2) ranging from
62.0 N + 18.3 N for the small Donuts up to 465.5 N + 58.3 N for the large Cylinders. The true average
value of the Cylinders might be considerably higher, since seven of the ten samples were not crushed
by the maximum force of the measuring apparatus of 500 N. Therefore, 500 N was used as a value for
the samples to calculate the results. Nevertheless, the large Cylinders showed significantly (p < 0.001)
higher values than each other batch. The small Cylinders also showed significantly higher crushing
strengths than all Donuts and Oblongs. The crushing strengths of the large Donuts were significantly
higher than those of the small Oblongs and the small Donuts. The large Oblongs show significantly
higher values than the small donuts, while the small Oblongs show no significant differences to the two
previous batches.

Tensile strength with partly modified calculations (section 2.2.11.) favored the cylindrical tablets as well
(small: 5.48 N/mm? £ 1.67 N/mm?; large: 4.85 N/mm?2 + 0.65 N/mm?). Again, the value for the large Cyl-
inders was restricted by the measurement device and would normally be even higher. Tensile strength
for the small Oblongs was 3.10 N/mm? £+ 0.31 N/mm? and, therefore, significantly higher than the large
Oblongs at 1.85 N/mm? + 0.47 N/mm?, which show the lowest values. Both Donut formulations (small:
2.18 N/mm?2 = 0.64 N/mm?; large: 2.26 N/mm? + 0.27 N/mm?) show no significant differences to either
of the Oblongs.



Tablets of both tested Donut batches showed very low friability. The small Donuts showed 0.025%,
while the large Donuts showed an even lower value of 0.017%.

3.5. Disintegration

Disintegration times and rates (

Table 3) of every printable formulation were evaluated.

Statistical evaluation of the disintegration time shows four significantly different groups. The first group
consists of the two Oblongs (11-13 min); the second group spans the small Cylinders and small Donuts
as well as the large Donuts (21-30 min); the third group is the large Cylinders of powder blend P20/34-
M (=43 min) and the final group consists of the remaining large Cylinders (53-54 min).

Comparing the disintegration rates, three formulations stick out: the large Oblongs showed a significantly
higher disintegration rate (p < 0.001) than every other formulation. Additionally, the large Donuts as well
as the small Oblongs, which were statistically similar, stand out. The large Cylinders of P20/34-M were
also similar to the small Oblongs but showed a significantly lower disintegration rate than the large
Donuts. The remaining formulations were largely comparable.

3.6. Dissolution & Content analysis

Dissolution times and content of all shapes of P25/29-M were evaluated. Each shape was investigated
in a larger (LD/CD: 170 mg/42.5 mg) and smaller (LD/CD: 60 mg/15 mg) dose. Every tablet dissolved
completely during the experiments. Additionally, the powder blend was analyzed for its API content.

Content analysis of the powder blend showed recoveries of 104.47% + 0.43% (LD) and 100.53% * 0.3%
(CD). For the tablets, LD recoveries of 103.2 + 4.3 % (small) and 100.1 + 1.2 % (large) for the Cylinders,
104.7+2.8 % (small) and 102.1 +2.4% (large) for the Donuts and 102.6 +3.4 % (small) and
102.5 + 1.7 % (large) for the Oblongs were found. Whereas only 69.4 + 10.8 % (small) and 66.2 + 2.3 %
(large) from the Cylinders, 64.9+1.5% (small) and 59.5+3.2% (large) from the Donuts and
66.7 + 6.5 % (small) and 62.6 + 1.4 % (large) from the Oblongs of the theoretical CD content could be
recovered.

The dissolution diagram of LD (Figure 9) shows that the six shapes can be classified into two groups.
The three small shapes as well as the large Oblongs exhibit a very rapid dissolution. The small Donuts
(10 min: 88.01% * 10.73%) and Oblongs (10 min: 87.53% + 12.63%) as well as the large Oblongs
(20 min: 85.44% + 13.49%) release more than 80% of their LD in less than 10 min, whereas the small
Cylinders (10 min: 78.80% + 8.47%; 15 min: 98.20% * 5.52%) release 80% slightly slower. The large
Cylinders (45 min: 85.68% + 5.76%) and Donuts (45 min: 97.82% + 5.83%) reach that threshold be-
tween 30 min and 45 min. In each case, about 100% of the theoretical LD dose was recovered. The 2
comparison of the large cylinders and large donuts results in a value of 55.30.Due to the low recovery
of CD from the printed tablets the dissolution behavior has to be evaluated carefully. The diagram of CD
(Figure 10) shows final concentrations of about 60 — 70 %. However, the dissolution behavior regarding
the CD seems comparable to that of LD.



Following the dissolution experiments and the subsequently adapted thermoanalyses to further investi-
gate the thermolability of CD, extrusion experiments with BZ were conducted. For these experiments,
the CD (P25/29-M) was substituted with BZ. The formulation was extruded between 125-155 °C and the
extrudate was analyzed via HPLC. BZ recoveries were 29.52% (125 °C) to 24.61% (155 °C) compared
to the powder blend.

3.7. Stability analysis

Stability experiments were conducted to evaluate the formulations stability in its designated primary
packaging. After storage in constant climate chambers, the API contents were determined:

Compared to the results of the small Donuts in the previous section that were tested without storage,
only the 40/75 °C/%RH; 7 in UDB sample showed a significantly (p = 0.004) lower LD content. All other
samples show no significant differences to the initial samples, including the 40/75 °C/%RH; 28 samples.

CD content did not decrease significantly for 25/60 °C/%RH; 28 in brown glass and 25/60 °C/%RH; 7 in
UDB, while 25/60 °C/%RH; 28 in UDB, 40/75 °C/%RH; 7 in UDB and 40/75 °C/%RH; 28 in UDB showed
significantly lower CD contents.

4. Discussion

In this study, we were able to show that DPE printing in a hospital setting is feasible. Four of the five
developed excipient compositions were successfully printed. The formulation P25/29-CA (plasticizer:
citric acid) was not printable. Additionally, it has to be mentioned that CD did unexpectedly not tolerate
the printing process, whereas the printing of LD was possible without loss.

The main goals of the study were to formulate an immediate release formulation that allows a reliable
printing process within DPE. For the potential use in clinical practice, a sufficient storage stability and
good hardness values to ensure personnel and therapy safety were considered crucial as well. To
achieve this, different plasticizers were employed and polymer ratios were optimized.4.1. Powder
screening

Sound powder flow properties are a hallmark of high-quality pharmaceutical powders, intended to be
used as an intermediate product for subsequent manufacturing processes like tabletting, capsule filling
and 3DP. During DPE it is crucial to ensure a consistent powder flow, since the process parameters of
the melt extrusion process and the movements of the DPE printhead need to be perfectly concerted in
order to guarantee an uninterrupted process.

The powder blend P25/29-M showed passable flow properties in all conducted measurements. This is
to be expected regarding the sizes of API particles (d50 = 51.8 um (LD); d50 = 15.3 um (CD)) and their
large quantities of 28% w/w (LD) and 7.56% w/w (CD) within the blend. On the one hand, small particles
show high cohesion, which worsens the powder flow (Abdullah and Geldart, 1999). On the other hand,
it is crucial to select small API particles to ensure a statistically equal distribution of the APIs in the
powder blend. Additionally, it can be assumed that the small particle size and large specific surface area
of the APIs promote a rapid and uniform dispersion or solution of the APIs in the polymers . Moreover,
bulk density of the powder blend is low (0.46 g/mL), which is associated with high friction in the powder
bed and a deterioration of the powder flow. The powder hung up during the flow time measurements in
the funnel of the powder analysis device, which resembles the shape of the powder reservoir of the
utilized DPE printhead. This indicated that the powder flow during the printing process would probably
be insufficient as well. It was observed that the screw of the printhead created a cylindrical, core powder
flow-resembling empty space between itself and the powder bed. This led to insufficient extrusion and
ultimately resulted in the abortion of the printing processes. The addition of fine particulate silica as a
glidant was tested. This, however, did not sufficiently enhance the powder flow. A constructed force
feeder mounted onto the printhead accomplished this task (Figure 3), resulting in constant powder flow,
a smooth, uninterrupted printing process and autonomous build plate adhesion of the extruded mass.
Moreover, it was a key improvement in the process which ensured auniform weight (see Table 3) and
content (between 100.12 + 1.20 % 104.72 + 2.84 % for LD) of the resulting tablets.

4.2. Thermal screening



The DSC (Figure 4) and TGA (Figure 5) results suggest that no problems were to be expected with LD
during the printing process, as no degradation was found up to 250 °C.

The large endothermic event observed for CD represents the release of the water of CD monohydrate.
The molecular mass of anhydrous CD (226.23 g/mol) is 92.6% of the molecular weight of the monohy-
drate (244.24 g/mol), which corresponds well with the found reduction in mass to 92.55%. DSC con-
firmed the Tm. However, as CD clearly starts to decompose slightly before the Tm at about 195 °C (Figure
5), the printing temperature had to be limited in order to establish a cushion. Therefore, the aim of the
printing pre-experiments was to find an excipient combination, which enables a printing temperature of
at least 15 °C below the onset of the decomposition (i.e., 180 °C).

DSC measurements (Figure 6) of the polymers and mannitol confirmed literature data regarding T¢ and
Tm.

As expected, the glass transition of Kollidon® VA64 as well as the melting of Mannitol and Kollicoat® IR
were observed in the DSC diagram of the optimized powder blend P25/29-M. The decomposition of CD
was also found again, albeit at higher temperatures, whereas the release of the monohydrate is no
longer visible. This was probably a result of the relatively small percentage of CD (7.56%) in the powder
blend.

Lastly, the DSC diagram of the extruded filament showed some different results. There is a glass tran-
sition at about 80 °C; this reduction of Kollidon® VA64s T4 was probably a result of the added mannitol,
as the addition of plasticizers is known to reduce Tg values of polymers (Honary and Orafai, 2002).
Additionally, the melting peak of mannitol was not found. The plasticizer did probably not recrystallize
due to the formation of a solid dispersion/solution after being melted together with the polymers. The
endothermic event at the beginning of the decomposition could have been the beginning of the melting
process of Kollicoat® IR, as the individual DSC of this polymer also showed a very broad melting peak,
which is most probably due to the nature of polymers being blends of different chain lengths.

After dissolution, experiments showed a loss in CD. Both CD as well as the powder blend were subjected
to an alternative DSC method to evaluate if the prolonged exposition to the printing temperature triggers
decomposition.

DSC and TGA clearly showed that CD decomposes at distinctly lower temperatures than expected. It
has to be noted that the thermogram (Figure 8) starts at about 95% mass, as the monohydrate of the
CD evaporated during the initial heating phase, which is not pictured in the thermogram.

Interestingly, the isothermal DSC data of the powder blend suggests a protective effect on the CD, as
no decomposition or other events were visible over the course of 30 min.

4.3. Manufacturing process and formulation screening

HPLC analysis confirmed the uniformity of the powder blend, which is crucial in order to achieve tablets
of uniform content and mass.

Regarding the DPE process, three of four CQAs were achieved within the development of the formula-
tion and manufacturing process. Consistent and reliable printability of the formulations on a glass plate,
without manual aid or adhesion enhancement, was achieved through careful factorial optimization of the
development process and the composition of the formulation. Moreover, the printhead was modified
with the stirring device to ensure a constant material feed rate in the printhead (Figure 3). In order to be
useful for compounding in a hospital pharmacy, it was seen as crucial to develop a highly automated
process that requires little to no intervention from qualified personnel. This would occupy time of the
qualified personnel of a hospital pharmacy. Especially printing the first layer on a glass surface without
manual adhesion aid could only be achieved through careful optimization of the feed rate without over-
extrusion, which would probably have resulted in bulkier tablets and weight inconsistencies. Through
constant optimization of the constitution of the formulation and the shape, an immediate release profile
and an outstanding hardness were achieved as well. Although extensive effort was spent on the thermal
screening, only LD was able to tolerate the printing temperature, which was identified as a CPP. CD
degraded partially during the printing process. Since the printing temperature was constantly monitored
as a Process Analytical Technology (PAT), variations of the printing temperature were excluded for the



degradation, since the temperature of the heating element was very consistent. In consecutive experi-
ments, filaments were extruded at lower temperatures. Unfortunately, none of the formulations offered
the possibility to decrease the extrusion temperature below 150 °C, where degradation of CD was still
present. Below 150 °C, the viscosity of the formulation was too high for the printer to extrude. Besides
reduced CD content, an unidentified degradation product was visible during HPLC analyses. However,
the dissolution data of LD shows that the process was very precise regarding the LD content of the
tablets. Moreover, the immediate release profile was clearly shown. Further analysis tools such as NIR,
which has just been reported as a modification for the used printer (Seoane-Viafio et al., 2023), or an
in-process balance, which is now an available upgrade for the printer, could also be desirable PAT tools
for further development.

Instead of using design of experiments, an iterative, factorial approach was used to develop the process,
since DPE allows extremely small batches below 10 g formulation and swift changes of the process
parameters through the software.

Regarding the formulation, the APl amount was increased up to 35.56%, since the BCS class | APIs
promote a quick dissolution of the whole formulation. Moreover, doses as high as 170/42.5 mg LD/CD
require a high percentage of API to limit the size of the tablets and ensure an appreciable swallowability.
Mannitol as a plasticizer has been used in the concentration of 10% for FDM printing (Windolf et al.,
2021). Several different polymers were screened in advance of the study. Some of these are known to
exhibit a retarding influence on the release of the API, for example, hydroxypropyl cellulose (15-35% of
the tablet) [41]. Therefore, they were not viewed as suitable due to the requirement of an immediate
release tablet, although some of these showed a reliable printability. Subsequently, the water-soluble
polymers Kollidon® VA 64 and Kollicoat® IR were selected and used in different ratios. Kollidon® VA 64
is known as a water-soluble and brittle polymer with a low T4 (Fuenmayor et al., 2018; Shi et al., 2021;
Solanki et al., 2018). Therefore, it was necessary to include a plasticizer and Kollicoat® IR as a second
polymer with less brittle characteristics and a higher melt viscosity that promotes adhesion on the built
plate during extrusion (Kolter et al., 2012). Its acceptable water solubility is an important aspect for the
formulation’s immediate release characteristic. Moreover, Kollicoat® IR's flexible character improved the
hardness characteristics of the tablet and reduces their friability. Only a combination of both polymers
led to the fulfillment of all these characteristics.

During this study, the ratios of the polymers were optimized to achieve reliable printability through an
ideal melt viscosity, a quick disintegration and sufficient tablet hardness. The polymer ratio P25/29-M
proved to provide a quick tablet disintegration as well as the most reliable printing process. P25/29-M
was preferred to P25/29-CSM, since the latter did not show a faster disintegration, while the included
Compressol® SM (co-processed Sorbitol and Mannitol) might increase the formulations vulnerability
towards humidity since sorbitol is more hygroscopic than mannitol (Chen et al., 2020; Rice et al., 2020).
P25/29-M was therefore selected exclusively for further development and optimization of the different
shapes. P25/29-CA could not be extruded, since the sample's viscosity was too high for the screw to
extrude the formulation. The plasticizing effect of citric acid has been demonstrated for hot melt extru-
sion, although higher concentrations than 10% were found to show a greater effect (Schilling et al.,
2010).

Over the course of disintegration experiments, the tablets formed a sphere-like shape. This prolonged
the disintegration time, as a sphere combines maximal volume with minimal surface. Consequently, the
Donut shape was introduced. The hole in the middle of the tablet increases the SA/V ratio and prevents
the mechanistic formation of a sphere. Finally, the Oblongs were printed and showed the most noticea-
ble results in disintegration experiments. Resulting from their reduced infill, they offer the highest specific
surface of all tablets.

4.4, Hardness

The DPE printing process, the selected tablet excipients and their employed quantities differ vastly from
conventionally manufactured compacted tablets. Conventional tablets are compacted out of powder or
granules with high compaction force, which creates solid bonds between the powder particles where
brittle fragmentation, plastic and elastic deformation play a role (Humbert Droz et al., 1983; Nordstrém
et al., 2012; York, 1992). DPE printed tablets gain their hardness through solidification of the melt-ex-
truded mass without compaction. Overall, the tablets show very appealing hardness values. Especially
the addition of the more flexible polymer Kollicoat® IR and the plasticizer mannitol should be responsible
for the increase in hardness as well as the reduction of the formulation's brittleness, which leads to



decreased friability (Gong and Sun, 2015). Decreased friability is especially important for a tablet that
was developed to be used in a hospital setting, since the personnel is exposed to the tablet through
manual handling without primary packaging during manufacturing, packaging and administration to the
patient. To account for a worst-case scenario, only the small Donuts and the corresponding large shape
were evaluated in friability testing, since the small Donuts showed the lowest crushing strengths.

As expected, the Cylinders show the highest resistance to crushing values. The Donuts and Oblongs
show lower hardness values than the Cylinders, which are nonetheless very satisfying. Since both forms
lack some stability because of empty space within the shape through the hole or reduced infill, they
brake at lower forces. The friability results of the Donuts were very convincing and considered sufficient.
In conclusion, the other formulations were not tested.

4.5. Disintegration

Due to its considerably lower time and material consumption than dissolution experiments, disintegration
testing was used as a surrogate method for quickly screening all printable formulations for their potential
to produce immediate release tablets (Fu et al., 2020; Nickerson et al., 2018), which was identified as a
CQA.

The formulations mainly consist of water-soluble polymers and, as a result of the manufacturing process,
most likely exhibit a minimal porosity of the individual extrudate strands. Therefore, no disintegration
typical for compacted tablets was expected but more of an erosion process of the slightly swelling sur-
face, comparable to lozenges. This expectation was met and led to the introduction of the disintegration
rate, which enables a better comparison of the different formulations while additionally being a rough
guide for their dissolution time.

Most of the tablets stuck to the respective discs, due to swelling of the surface. This reduced the surface
area that is in contact with the disintegration medium and thereby most likely decelerated the process.
Additionally, the discs have holes and the tablets did not adhere uniformly, which resulted in differing
influences on the singular tablets and thereby increased the standard deviations of the respective mean
disintegration times. The large Oblongs were the only tablets that did not stick to the discs, which means
that the disintegration tests of these were influenced to a lesser degree. Disintegration testing was solely
considered a screening method, so disintegration times were considered promising. The Ph. Eur. (Chap-
ter 5.17.1) mentions the release of at least 80% of the API in 45 min or less as a general acceptance
criterion for immediate release tablets (EDQM, 2021). Considering the mean disintegration times
(< 54 min), even if potentially negatively influenced, it seems likely that every screened formulation could
yield an immediate release tablet.

The interchange of the plasticizer mannitol to Compressol® SM did not exhibit an influence on the dis-
integration rate. Therefore, P25/29-M was considered the most auspicious powder blend, as it exhibited
the best printability and every formulation showed promising disintegration times.

Hence, P25/29-M was selected as the powder blend, which would be used to examine the influence of
the tablet shape. As expected, the Donut resulted in an accelerated disintegration, which became es-
pecially obvious for the large tablets, as the disintegration rate was significantly higher than that of the
large Cylinders of every other powder blend. When the Oblongs were examined, the acceleration was
even more distinct. The large Oblongs disintegrated significantly faster than the small tablets of every
other formulation, which is equally shown in their significantly higher disintegration rate.

These results show the immense influence that is exerted by the different tablet shapes. However, this
had to be expected, as the Donuts and Oblongs have a higher SA/V ratio than the Cylinders. Ultimately,
this strengthens the position of 3DP in tablet manufacturing, as the oblong shape with a reduced infill
cannot be produced by classical tabletting via compaction.

4.6. Dissolution & Content analysis

Dissolution data shows that it is possible to manufacture immediate release tablets with DPE. Four of
the six investigated formulations released more than 85% of the LD in less than 15 min. This is particu-
larly appealing, because a BCS-based biowaiver approach defines these values as a threshold at which
an f2 comparison is unnecessary to demonstrate similarity between two products (ICH, 2020). Still,



although the dissolution was considerably slower, the other two formulations are to be considered im-
mediate release formulations, as they released more than 80% of the LD in less than 45 min (EDQM,
2021) (see section 4.5.). With an f2-value of 55.30 between the large Donuts and Cylinders, these for-
mulations can be considered similar regarding the release of LD.

Unfortunately, the printing process seemed to trigger the decomposition of CD, as only about 60-70%
were recovered from the completely dissolved tablets, although LD was recovered completely. There-
fore, it was found necessary to further evaluate the thermal stability of CD (Section 4.2.). Nonetheless,
the dissolution behavior of the remaining CD seemed to be comparable to that of LD, which had to be
expected as both substances are BCS class | drugs.

Ultimately, it was expected that the different shapes exhibit a considerable influence on the dissolution
behavior, due to their different SA/V ratio and disintegration results and that the influence would be more
apparent with larger tablets. These expectations were thoroughly confirmed, as the time needed to re-
lease 80% of the LD from the large Oblongs was about a quarter of the time needed for the large Cylin-
ders.

After identifying the decomposition of CD, it was found necessary to investigate if the alternative DOPA
decarboxylase inhibitor BZ tolerates the printing process. The extrusion experiments with BZ showed
that it seems to be even more thermolabile than CD. More than 70% of the substance was lost during
extrusion, compared to 30-40% of the CD that was lost at much higher extrusion temperatures. There-
fore, BZ was not viewed as an alternative and no further experiments were conducted.

4.7. Stability analysis

The stability test gathered valuable data regarding the formulation’s vulnerability towards increased hu-
midity and temperature.

LD content of 40/75; 7 in UDB decreased significantly. This was most likely caused by a slightly lower
weight of the three samples (average weight 207.7 mg) compared to the other samples (average weight
216.9 mg). Moreover, the 40/75; 28 in UDB showed no significantly lower content, despite having been
exposed to the most stressful conditions for the longest time. This leads to the conclusion that LD should
tolerate both conditions and packagings for at least 28 days. This is completely sufficient for the intended
clinical supply with CLMM, where tablets would be printed daily according to the patient’s needs.

CD showed moderate stability if packed in brown glass and in the mildest storage condition 25/60; 7 in
UDB. In 25/60; 28 in UDB and in both accelerated condition samples, meaningful amounts of Carbidopa
degraded during the study. It has been shown that carbidopa is vulnerable to degradation processes
such as oxidation and hydrolysis (Choudhary, 2018; Subramanian et al., 2020). The manufacturer of
the UDBs investigated their moisture permeability thoroughly (Akasaki, 2016). According to these inves-
tigations, 3-15 g/m3 permeates the UDBs at 20 °C / 60% RH and 30 °C / 90% RH in 24 h, respectively.
This exposure, which should be lower or absent in the brown glass packaging, led to a significant de-
crease of CD content. However, the 25/60; 7 in UDB indicates that CD is stable enough for the intended
use in CLMM, since the tablets are prepared daily and storage is very short for personalized tablets.
Moreover, the pharmacy's environment must be monitored and kept under 25 °C.

5. Conclusions

It was possible to develop an excipient composition that enables reliable DPE printing without baseplate
modifications or baseplate heating. The printed tablets are characterized by an immediate release and
outstanding hardness values; the latter make them particually suitable for inpatient care of a hospital
with CLMM, which is exemplified by a sufficient storage stability.

Thus, the implementation of DPE into the CLMM is feasible. However, the model APIs showed that not
every substance is suited for the DPE technique, as, in contrast to LD, CD did not tolerate the manufac-
turing process. This was unexpected, as careful thermal screening was carried out prior to formulation
experiments. This highlights the importance of CPPs and CMAs during the early development stages
and the risk assessment. Finally, other BCS class | APIs with sufficient thermal stability should be print-
able with the optimized formulation.

Patents



As a result of this project, the patent application EP23156479.0 was filed on February 14t 2023.
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Figure Captions
Figure 1: 3D printed PLA sinker, scale in cm

Figure 2: Pictures of DPE printed tablets, scale in cm; a): small and large cylinder of P20/34-M, P25/29-
M, P30/24-M and P25/29-CSM. b): Donuts and Oblongs of P25/29-M

Figure 3: DPE printhead, modified with force feeder
Figure 4: DSC diagrams of the APIs (only first heating cycle); top - LD, bottom — CD
Figure 5: TGA thermogram of the APIs

Figure 6: DSC Diagrams of the excipients (only first heating cycle), powder blend and filament; top to
bottom: Kollicoat® IR, Kollidon® VA64, Mannitol, powder blend, filament

Figure 7: Isothermal (182 °C) section of DSC runs (exotherm up); top - CD, bottom - powder blend
Figure 8: Isothermal (180 °C) TGA thermogram of CD
Figure 9: Dissolution diagram (LD) of the six different tablets of formulation P25/29-M (n = 6)

Figure 10: Dissolution diagram (CD) of the six different tablet of formulation P25/29-M (n = 6)



Tables

Table 1: Formulations evaluated during the study

Formulation

Levodopa Carbidopa Kollidon® VA64 Kollicoat® IR Plasticizer

[%0] [%0] [%0] [%0] [%0]

P20/34-M 28 756 20 34.44 10
(Mannitol)

P25/29-M 28 7.56 25 20.44 10
(Mannitol)

P30/24-M 28 7.56 30 24.44 10
(Mannitol)

10

P25/29-CSM 28 7.56 25 2044 (Conressol® SM)

10

P25/29-CA 28 7.56 25 29.44 Qivic acid)

Table 2: Crushing strengths of all tablet shapes of Formulation P25/29-M in descending order

Shape - Size

Crushing strength + SD [N]

Cylinder — large
Cylinder — small
Donut — large
Oblong — large
Oblong — small

Donut — small

465.5 + 58.3

236.5+70.5

172.9+21.7

131.7+30.8

107.0 £ 10.7

62.0 + 18.3




Table 3: Disintegration data of the different constitutions and shapes (n = 6)

Tablet weight

Disintegration time

Disintegration rate

Formula- g a0e SD SD SD
tion .
[mg] [mm:ss] [mg/s]
216.62 + 6.81 1363 + 195 0.16 £ 0.02
P20/34-M Cylinder
610.07 £ 9.21 2562 + 546 0.25+0.05
216.78 +4.90 1285 + 214 0.17 £ 0.04
Cylinder
603.50 + 7.44 3189 + 274 0.19 £ 0.02
209.93+3.75 1362 £+ 78 0.15+0.01
P25/29-M Donut
616.95 + 16.69 1756 + 384 0.36 + 0.07
227.08 +2.30 762 + 107 0.30+ 0.05
Oblong
598.57 + 6.85 689 + 104 0.89+0.15
216.08 + 4.96 1678 + 154 0.13+0.01
P30/24-M Cylinder
588.67 + 4.44 3223 + 395 0.19+0.02
P25/29. _ 225.78 £ 7.99 1324 + 145 0.17 £ 0.02
CSM Cylinder
620.58 + 6.88 3226 + 103 0.19+0.01

Table 4: LD and CD contents (mean + SD) of small Donuts of P25/29-M, measured after storage in
different conditions in different packaging (UDB = Unit Dose Bag).

Storage condition and packaging

0,
[°C/%RH; days] Levodopa content [%)]

Carbidopa content [%]

Post-production values 104.72 £ 2.84 64.91+1.54
25/60; 7 in UDB 101.48 £ 1.23 61.31+£1.40
25/60; 28 in UDB 103.26 + 2.08 57.00£5.12
25/60; 28 in brown glass 103.65 + 2.10 62.33+£1.82
40/75; 7 in UDB 97.84 £ 0.39 52.87 £ 0.58
40/75; 28 in UDB 101.95+1.83 46.97 + 2.02
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Figure Captions
Figure 11: 3D printed PLA sinker, scale in cm

Figure 12: Pictures of DPE printed tablets, scale in cm; a): small and large cylinder of P20/34-M, P25/29-
M, P30/24-M and P25/29-CSM. b): Donuts and Oblongs of P25/29-M

Figure 13: DPE printhead, modified with force feeder
Figure 14: DSC diagrams of the APlIs (only first heating cycle); top - LD, bottom — CD
Figure 15: TGA thermogram of the APIs

Figure 16: DSC Diagrams of the excipients (only first heating cycle), powder blend and filament; top to
bottom: Kollicoat® IR, Kollidon® VA64, Mannitol, powder blend, filament

Figure 17: Isothermal (182 °C) section of DSC runs (exotherm up); top - CD, bottom - powder blend
Figure 18: Isothermal (180 °C) TGA thermogram of CD
Figure 19: Dissolution diagram (LD) of the six different tablets of formulation P25/29-M (n = 6)

Figure 20: Dissolution diagram (CD) of the six different tablet of formulation P25/29-M (n = 6)
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