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3D printing offers new opportunities to customize oral dosage forms of pharmaceuticals for different patient
populations, improving patient safety, care, and compliance. Although several notable 3D print technologies
have been developed, such as inkjet printing, powder-based printing, selective laser sintering (SLS) printing, and
fused deposition modelling (FDM), among others, their capacity is often limited by the number of printing heads.
3D screen-printing (3DSP) is based on a classic flatbed screen printing that is widely used in industrial appli-
cations for technical applications. 3DSP can build up thousands of units per screen simultaneously, enabling mass
customization of pharmaceuticals. Here, we use 3DSP to investigate two novel paste formulations: immediate-
release (IR) and extended-release (ER) using Paracetamol (acetaminophen) as the active pharmaceutical ingre-
dient (API). Both disk-shaped and donut-shaped tablets were fabricated using one or both pastes to design drug
delivery systems (DDS) with tailored API release profiles. The size and mass of the produced tablets demonstrated
high uniformity. Characterization of the tablets physical properties, such as breaking force (25-39 N) and
friability (0.002-0.237%), adhering to Ph. Eur (10th edition). Finally, drug release tests with a phosphate buffer
at pH 5.8 showed Paracetamol release depended on the IR- and ER paste materials and their respective
compartment size of the composite DDS, which can be readily varied using 3DSP. This work further demonstrates
the potential of 3DSP to manufacture complex oral dosage forms exhibiting custom release functionalities for
mass production.

1. Introduction

Three-dimensional printing (3DP) is an emerging manufacturing
technology that is quickly gaining acceptance in the pharmaceutical
industry (Elbadawi et al., 2021; Jamroz et al., 2018). Its ability to
overcome the limitations of traditional production, such as enabling
personalized pharmacotherapy and mass customization, have shown
that it can be a useful tool to address dosing and treatment gaps among
patients (Beg et al., 2020; Khairuzzaman, 2018; Seoane-Viano et al.,
2021; Tracy et al., 2023; Trenfield et al., 2019).

3DP offers a wide range of opportunities to smartly modify oral
dosage forms in terms of size, shape, release profile, and dose modifi-
cation at scale. Developed initially for industrial applications, numerous
3DP technologies have already shown promise for pharmaceutical
development (Melnyk and Oyewumi, 2021), most notably: inkjet
printing (Cader et al., 2019; Kyobula et al., 2017), powder-based
printing (Infanger et al., 2019; Wang et al., 2006; Yu et al., 2007), se-
lective laser sintering (SLS) printing (Awad et al., 2019), as well as key
extrusion-based printing technologies like fused deposition modelling
(FDM) (Goyanes et al., 2015a; Khaled et al., 2014; Pietrzak et al., 2015),
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release; L, length; Rpm, rotations per minute; MCC, microcrystalline cellulose; SA, surface area; USP, United States Pharmacopeia; UV, ultraviolet; V, volume; W,
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and 3D screen printing (3DSP) (Enke et al., 2022; Moldenhauer et al.,
2021). Although all of these technologies are variations of additive
manufacturing, each 3DP technology uses a unique method to deposit
material layers and to cure them (Awad et al., 2020, 2018; Firth et al.,
2018; Robles Martinez et al., 2018; Trenfield et al., 2018). These tech-
nologies have varying potential to scale, from small-scale personalized
medicine approaches up to mass market production capacity.

Despite increased appeal, widespread implementation of the 3DP
technology for pharmaceuticals remains hindered by low mechanical
resistance of tablets, low printing resolution, limited material choices,
and a lack of appropriate regulatory frameworks (El Aita et al., 2019;
Varghese et al., 2022). There are currently only a few 3D printed med-
icines that are FDA approved and marketed. These include the fast-
release oral antiepileptic Spritam®, from Aprecia Pharmaceuticals
(USA) created using Binder Jetting/Drop on Powder technology (West
and Bradbury, 2018). Furthermore, Triastek have 3 different drugs (T19,
T20, T21) in development with IND approval produced with the com-
pany’s patented Melt-Extrusion Deposition (MED) technology, that
continuously converts powder feedstocks into softened/molten states
followed by precise layer-by-layer deposition (Triastek, Inc., 2022).

3DP technologies have the potential to greatly improve the oral route
for drug administration, which remains the preferred route by the ma-
jority of consumers worldwide (Infanger et al., 2019; Wang et al., 2006;
Yu et al., 2007). The global oral drug delivery market is forecasted to
grow substantially in coming years, from USD 98.3 billion in 2020 to
USD 148.2 billion in 2027 as the prevalence of chronic diseases accel-
erates (Research and Markets, 2022). The ability to precisely dose drugs
to different patient populations, especially for drugs with a narrow
therapeutic window, or for those drugs where side effects from both
over- and underdosing are common, would allow for improved treat-
ment regimens for these conditions, as well as a reduction in drug
expenditure costs (Jose and Gv, 2018; Norman et al., 2017; Peck, 2021;
Zhu et al., 2020).

However, the ability to provide a reliable and consistent product for
the mass market relies on the control of the resolution and reproduc-
ibility of the printed layers. This will vary based on the paste rheology,
speed of nozzle movement, nozzle thickness and the printing technology
used. Inconsistent layer thickness and print patterns, insufficient adhe-
sion between consecutive layers, and overly fragile tablets, can
dramatically hinder commercialization potential (Mirza and Igbal,
2019; Norman et al., 2017; Zhu et al., 2020). Although some of these
issues arise from the technology used, most arise from the material
properties of the formulation.

Previously, we have shown that 3DSP can be used to create a range of
different sizes and geometries for oral dose tablets with an extended-
release paste containing the drug Paracetamol (acetaminophen), high-
lighting the potential of 3DSP to fabricate more complex oral dosage
forms for mass production with high reproducibility (Moldenhauer
et al., 2021). 3DSP is a special type of extrusion printing that uses a
screen mesh to transfer printing pastes onto a substrate. This approach is
based on a classic flatbed screen printing that is widely used in industrial
applications (Jurisch et al., 2015; Kipphan, 2001). Compared to other
3DP technologies, whose capacity is limited by the number of printing
heads (Alhnan et al., 2016; Hsiao et al., 2018), 3DSP is not limited by the
number of printing heads and can build up a much greater number of
tablets simultaneously compared to other technologies, enabling the
mass customization of pharmaceuticals. The technology is capable of
printing small batches for R&D, up to commercial-scale production and
has been successfully tested for tablets ranging from 5 mm to 20 mm.

Here we investigate the feasibility of manufacturing composite drug
delivery systems with tailored drug release profiles using 3DSP tech-
nology based on pastes exhibiting different release profiles, in particular
extended-release (ER) and immediate release (IR) formulations. To this
end, pastes have been used alone or in combination to create 2-compart-
ment drug delivery system (DDS) with tailored API release profiles. We
report on the manufacturing of water-based pastes for 3DSP and
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measure the rheology of these pastes. Pastes were utilized to print ten
different tablet types and their dissolution profiles were measured.

2. Materials and methods
2.1. Chemicals

Paracetamol (acetaminophen) was obtained from Caelo (Hilden,
Germany). Avicel PH-105 was purchased from Dupont and glycerol and
Triactin from AppliChem (Darmstadt, Germany). Calcium sulfate was
supplied from Honeywell and talcum from Carlo ERBA. Silfar 350 was
obtained from Wacker Chemie. Hydroxypropyl cellulose (Klucel EF and
JXF), and Polyplasdone XL 10 was kindly provided by Ashland (Cov-
ington, KY, USA) and Starch 1500 by Colorcon (Dartford, UK). Phar-
matose 350 M was kindly provided by DFE Parma. The blue dispersible
color (TopMill® blue 260.36) was kindly supplied by Biogrund. Milli-Q
water (18.2 MQ cm) was used for all formulations and solutions. For
HPLC-measurements, HPLC-grade solvents from Chemsolute (water and
methanol) were applied.

2.2. Preparation of printing pastes

All pastes were mixed with a vacuum dissolver planetary mixer HRV-
S 2DP from Herbst Maschinenfabrik GmbH (Buxtehude, Germany) with
3 agitator tools in a 2-liter glass container.

The immediate-release paste was formulated according to the
composition in Table 1 at room temperature. A 10 wt% aqueous gel of
Klucel EF Pharma was prepared. The appropriate amount of this binder
gel (Table 1, Klucel EF Pharma) was then added into the 2-liter glass
container of the planetary mixer. In the next step, all other ingredients
were added into the glass container. The final paste was mixed for 20
min at 2500 rpm under 70 mbar vacuum.

The extended-release paste was formulated according to the
composition in Table 2 under room temperature conditions. Klucel JXF
Pharma with the necessary amount of water was processed to yield a 10
wt% gel solution. Subsequently, the prepared gel was transferred into
the 2-liter glass container of the planetary mixer. All remaining in-
gredients were added into the glass container. The extended-release
paste was mixed for 20 min at 2500 rpm under 70 mbar vacuum.

2.3. Rheology measurements

Rheology measurements were performed on a Kinexus Rheometer
(Netzsch), equipped with a plate-plate geometry and a passive solvent
trap. A 500 pm gap was selected. Measurements were performed at
25 °C. In the 3-Step-Shear rate test, shear rates of 0.1 s~! (for 1.5 min),
100 s~ ! (for 0.5 min) and 0.1 s ! (for 6 min), were performed.

The approximate shear rates (Schroder, 2018) in the flooding process

Table 1
Composition of the immediate-release paste.
Component Chemical name Function Wt%
Paracetamol N-(4-Hydroxyphenyl)- API 33.8
acetamid
Klucel EF Pharma Hydroxypropylcellulose Binder 2.5
Polyplasdone XL Crospovidone Disintegrant 3.7
10
Avicel PH-105 Microcrystalline cellulose Filler 3.0
Pharmatose 350 M Lactose Filler 5.3
Calcium sulfate Calcium sulfate Filler, Absorber 4.2
Glycerol Propane-1,2,3-triol Humectant 3.0
Talc Magnesium silicate Anti-tacking 0.3
agent
Silfar 350 Polydimethylsiloxane Anti-foaming 0.3
agent
MilliQ Water Water solvent 43.9
Total 100.0
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Table 2
Composition of the extended-release paste.
Component Chemical name Function Wt%
Paracetamol N-(4-Hydroxyphenyl)- API 20.6
acetamid
Klucel JXF Pharma  Hydroxypropylcellulose Binder 5.8
Avicel P-105 Microcrystalline cellulose Filler 2.7
Triacetin Propane-1,2,3-triyl triacetate  Plasticizer 1.4
Glycerol Propane-1,2,3-triol Humectant 1.9
Talc Magnesium silicate Anti-tacking agent 1.6
Silfar 350 Polydimethylsiloxane Anti-foaming 0.3
agent
TopMill® blue Dye based on indigo Blue dispersible 0.1
260.36 color
MilliQ Water Water Solvent 65.6
Total 100.0

were calculated by:
;Y
"=

where v stands for the speed of squeegee, and h stands for the wet film
thickness.

For the printing process, the shear rates can be calculated as the
shear rates in slot die extrusion using:

. _ 60
Tar = b1

with Q stands for the color application (volume flow of paste through the
mesh while printing), and b and h stand for slit width and slit height,
respectively.

2.4. 3D screen printing of tablets

Tablets were fabricated on a prototype lab production unit XHS STS
3D from Exentis Group AG as depicted in Fig. S1. The lateral tablet di-
mensions are determined by the used screen layouts (for example, see
Fig. 1). Machine preparation for the printing process included mounting
and alignment of the screen (manufactured by Buschkamp GmbH) and
the squeegees, as well as the software set-up. Printer settings used were
as follows: flooding and printing squeegee speed 100 mm s~ %, off-
contact distance 2 mm, height increment for screen elevation 15 um,
dryer power 65% and drying time per layer 15 s (infrared-dryer). Tablets
were printed on tempered glass plates (300 x 300 x 5 mm) with satin-
finished surface. After printing was completed, the tablet-holding glass
plates were further air-dried at room temperature overnight before the
tablets could be easily removed with a razor blade. The lab printer can
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be equipped with one glass plate. The entire process to print and dry one
tablet batch (one batch corresponds to 169 tablets) with the one paste
takes approximately 1 to 1.5 h. To print tablets build of 2 pastes, the
entire process needs 2 to 2.5 h due to addition cleaning steps of the
screen and squeegees. Characterization of tablet morphology and mass
uniformity was performed as previously described (Moldenhauer et al.,
2021).

Ten different types of tablets were printed in total, of which 5 were
disk-shaped tablets (9 mm x 2 mm, d x h) and 5 were donut-shaped
tablets (10 mm x 4 mm x 2 mm, d, x d; x h). For each form, the
following compositions were chosen IR only, ER only and IR to ER ratios
of 1:1, 1:3 and 3:1.

2.5. Tablet hardness and friability testing

Resistance to crushing of tablets was determined according to the Ph.
Eur. 2.9.8 (10th edition). Five tablets of each size and shape were tested
with a Pharmatest PTB 511E. Data are reported as average + standard
deviation. Friability was tested as described in Ph. Eur. 2.9.7 (10th
edition) with a change of the mass from 6.5 g to 2.5 g. Approximately
2.5 g tablets of each size and shape were dedusted with compressed air
and weighed. Tablets were placed in the friability tester Pharmatest PTF
100 and rotated 100 times at a constant speed of 25 rpm. Following
testing, the tablets were removed, dedusted and weighed. The friability
as weight loss in % was calculated.

2.6. Mass uniformity

The weight variation test is carried out to ensure uniformity in the
weight of tablets. The individual weight of 20 tablets from each
formulation is determined and the average/variation is calculated to
estimate mass uniformity.

2.7. Dimension uniformity

The dimension variation test is carried out to ensure uniformity in
the dimension of tablets. 20 tablets from each formulation were
measured with a Digimatic Caliper CD-15APX (certificated) and the

average/variation is calculated to estimate dimension uniformity.

2.8. Disintegration testing

Disintegration was tested according to Ph. Eur. 2.9.1(10th Edition).
Six tablets of each size and shape were tested with a Pharmatest
AutolEZ, an automatic disintegration time tester using discs. As test
medium demineralized water (750 mL, 37 °C) was used. Data are re-
ported as average + standard deviation.

Fig. 1. Screen layout for disk-shaped tablet geometries (left) and donut-shaped tablet geometries (right). The magnifying inlets reveal the tablet geometries and the
mesh in more detail. The screen size is 584 x 584 mm with a printing area of 180 x 180 mm, which can accommodate the printing of 169 tablets simultaneously.
Disk-shaped tablets have a diameter of 9.165 mm. Donut-shaped tablets have an outer diameter of 10 mm and an inner diameter of 4 mm.
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2.9. Inyvitro dissolution testing

Dissolution experiments were performed according to the USP
monograph “Acetaminophen tablets” section dissolution of the US
Pharmacopeia. A Vankel® VK 7000 dissolution paddle apparatus
equipped with a VK750D heater were used for the dissolution experi-
ments. Dissolution was performed using 900 mL phosphate buffer, pH =
5.8 at 37.0 + 0.5 °C, with stirring at 50 rpm. Sink conditions were used.
Wire claps were used to fix the tablets at the bottom of the vessel during
the experiment.

Analysis (n = 6) was performed using a Thermo® Evolution 300 UV/
Vis spectrophotometer equipped with flow-through cuvettes run by an
Ismatec® IPS multichannel peristaltic pump. Absorption at A = 243 nm
was measured continuously over 8 h using the Thermo vision Pro soft-
ware. A calibration curve in the range of 0.0147 — 1.1 mmol/l Para-
cetamol was made, which correlated with R = 0.9999.

3. Results and discussion
3.1. Printing tablets of different geometry and size

3D screen printing is a special form of additive manufacturing
technology which utilizes a screen-mesh to simultaneously print a
defined number of tablets layer-by layer, allowing for improved scal-
ability and enabling mass production/customization of drug delivery
systems compared to other available 3D printing technologies. 3D screen
printing is based on the transfer of the API-containing printing paste
through distinct openings of the printing screen onto a given substrate.
The layout of the printing screen can be designed in a flexible manner,
for example, to accommodate multiple units of a single geometry and
size or, alternatively, multiple units incorporating different geometries
and sizes.

In this study, two screens with different layouts (disk and donut)
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were used (Fig. 1, Table S1). The resulting tablets therefore have a disk
or a donut shape. The lateral tablet dimensions (diameter D, length L,
width W) are specified by respective 2D layouts on the printing screen.
However, the tablet height is dependent on the number of printed layers
and their thickness (Table S2).

The feasibility of 3D printing a pharmaceutical DDS strongly depends
on the rheological features of the ink. However, there is limited un-
derstanding on how to screen materials for rheological features and the
limits that should be set as reference values for viscoelastic properties.
Ideal printing inks should have a high viscosity, flowability under shear
stress, and recovery of the viscosity to avoid further flow once the ink is
deposited on the substrate or the precedent layer. Maintaining repro-
ducibility and homogeneity of the ink formulation is a significant
concern. Melt- or solution-based ink could phase separate during pro-
longed print periods, leading to inconsistencies in final tablets.

3DSP requires API loaded pastes to have specific rheological prop-
erties during the different printing phases to ensure successful printing.
The printing process can be divided into 3 phases. In the first phase, the
screen is flooded with the paste and the paste is distributed over the
screen. The paste should fill the mesh openings. Filling is facilitated by
shear thinning behavior of the paste. Once stress imposed by the
squeegee ends, the paste is kept in the mesh openings by capillary forces.
During the second phase, the printing phase, forces applied must thin
the paste enough to extrude it through the mesh openings and transfer it
onto the printing plate. As soon as the paste is on the printing plate,
phase 3 begins. Here, the paste must regain its strength as quickly as
possible to allow a stable form to build-up.

In order to investigate the physico-chemical characteristics of pastes
and their suitability for 3DSP, rotational shear measurements were
performed to provide insight on their shear rate dependent viscosity
(Macosko, 1994). Both IR and ER pastes exhibited a decrease in viscosity
as shear rates increased. This was already observable at shear rates of <
0.1 s7! (Fig. 2A). This decrease is due to disentanglement and
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orientation of the macromolecules such as hydroxypropyl cellulose
(HPC) in the flow field (Masrat et al., 2016; Ramachandran et al., 1999).
The difference in the shear viscosity curves can be explained by the
different additional excipients used in paste formulation. In the IR paste,
crosslinked N-vinyl-2-pyrrolidone is leading to a higher viscosity at low
shear rates. This and the smaller molecular weight of the binder in
comparison to the binder of the ER paste, leads to an increased shear
thinning behavior. The large molecular weight of 140 kD of the ER
binder and the microcrystalline cellulose (MCC) in the ER paste exhibit
slightly different behavior, resulting from the organization of the MCC
particles in the flow field (Ioelovich and Leykin, 2006). Increasing shear
rates break up the contact between the MCC particles and thus a shear
thinning can be observed at shear rates greater than 0.03 s™*.

Since the shear rates to which pastes are exposed during the 3D
screen printing process are remarkably higher (approx. around 10% s7!
for the flooding process and 10°f s~! or the printing process) than what
can be measured with this setup, the process was simulated by a 3-step
shear rate experiment (Fig. 2B). Here, a low shear rate of 0.1 s lis
applied for 1.5 min. A higher shear rate of 100 s ! is then applied for 0.5
min to resemble the flooding/printing process in 3DSP. The shear
thinning properties of the pastes causes the viscosity to drop. The re-
covery of the pastes viscosity, and thereby their dimensional stability
after removal of the shear force, can be observed when the shear rate is
again lowered to 0.1 s~ .

A strong difference was observed in the recovery of both IR and ER
pastes. The ER paste exhibits thixotropic behavior, whereas the IR paste
shows a fast recovery of its viscosity before increased shear. However,
the initial viscosity at low shear rates is not reached even after 10 min.
Nevertheless, the recovery of the initial viscosity of the ER paste is in the
range of 101 s and thus still suitable for 3D printing as shown in printing
tests. This incomplete but fast recovery might be due to irreversible
changes in the microstructure of the paste. We attribute this to the
presence of crosslinked N-vinyl-2-pyrrolidone (Polyplasdone Ultra 10)
in the IR paste, which builds a strong elastic network due to crosslinking.
By applying shear force, the structure might be altered to a large extent
by breaking entanglements of polymer chains. However, the remaining
crosslinks feature a strong driving force for regaining the shape and
strength after the removal of the shear force.

To get further insight into the microstructure of the samples, oscil-
latory shear tests were conducted as previously described (Barnes, 2000;
Rhon, 1995). By measuring the shear modulus in dependency of the
applied strain (Fig. 2C), the viscous (loss modulus G’’) and elastic
(storage modulus G’) nature of the sample can be evaluated. If G’ > G,
the sample is of elastic nature. If G > G’, the sample is viscously
dominated. For the IR paste, it can be observed that up to a strain of 0.7
% the paste behaves “solid-like”, meaning it is elastically dominated. At
higher strains G’ decreases and G’’ increases and thus the sample is of
viscous nature. This linear viscoelastic region (LVER) shows that the IR
paste can be elastically deformed before the onset of structural break-
down at G’ = G”’. The LVER also gives insight into the stability of the
paste. The elastic nature prevents sedimentation and could possibly
extends shelf life. In contrast, the ER paste shows G> > G’ over the
whole range of measured strains, representing its viscous nature. In
frequency measurements of the IR paste (Fig. 2D), characteristics of a
viscoelastic solid can be observed. The ER paste, in contrast, can be
characterized as a viscoelastic liquid, consisting of weakly associated
dispersion of particles. At low frequencies, “liquid-like” behavior is
dominant. The frequency at G*> = G’ is equal 1/t, with t being the
relaxation time, in this case T = 0.083 sec. This is the time scale on which
stored elastic stresses are relaxed through rearrangement of the micro-
structure and converted to viscous stresses.

Overall, the variation in ingredients causes the two pastes to differ
strongly in their rheological behavior. However, both are processable in
3DSP based on their shear thinning and structural recovery after stress
removal.
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3.2. Physical properties of printed tablets

Varying combinations of IR and ER pastes were used to create 10
tablet types (Fig. 3 example tablets; Fig. S2, schematic representation of
pastes used). Manufacturing a batch for one component tablets needed 1
h to 1.5 h and a batch of two compartment tablets needed 2 to 2.5 h. The
designed lateral tablet dimensions are summarized in Table S1. Physical
parameters of printed disk-shaped tablets (Table 3) and donut-shaped
tablets (Table 4) were measured. Compared with the lateral di-
mensions given from the screens, the measured ones were slightly
smaller. Disk-shaped tablets differ on at maximum —4.5% from the
screen layout and donut-shaped tablets showed a difference of —1.8%.
The tablet height does not deviate greater than 7%. The decrease of the
size of the tablets can be explained with the water evaporation during
the printing process, which can be corrected by calculation the size
reduction into the screen design. After production, the masses of the
printed tablets were determined and showed an overall difference in the
range of 2% and 7%. These data are comparable with other 3D screen
printed tablets and provide evidence for the high precision of 3D screen
printing (Goyanes et al., 2015b; Khaled et al., 2018; Korte and Quod-
bach, 2018; Robles Martinez et al., 2018).

These data show that tablets with a high degree of mass uniformity
can be produced using the 3DSP technology presented. In terms of
reproducibility of geometry and size as well as mass uniformity, 3DSP
delivers results with the same high level of quality as other 3D printing
techniques (Goyanes et al., 2015b; Khaled et al., 2018; Korte and
Quodbach, 2018; Robles Martinez et al., 2018). Most importantly, re-
sults obtained comply with relevant regulatory requirements. Specif-
ically, the specifications given by the Eur. Ph. for uncoated tablets allow
deviations of up to + 7.5% for average mass for tablets of 81-249 mg,
and up to &+ 10% for average mass for tablets < 80 mg.

Table 5 summarizes the results of friability, hardness, and disinte-
gration testing of all types of tablets. The friability of all tablet types is
significantly lower than 1% and therefore conform with the Eur. Ph. The
disk-shaped tablets revealed a higher hardness compared with the
donut-shaped tablets. In addition, the tensile strength by Fell & Newton
for disk-shaped tablets is presented (Fell and Newton, 1970). Here,
values ranging from 0.91 and 1.38 MPa were obtained, which is within
the range of tablets generated with other 3D printing methods (Chang
etal., 2021; Shi et al., 2021). In general, tablets containing IR-paste have
a higher hardness compared to tablets with the ER-paste. Overall, the
breaking force appears to be high, and the printed tablets showed a high
resistance to crushing considering the size of the tablets. However,
donut-shaped tablets showed a significant lower hardness due to their
design and break very easily by applying force in the lateral direction of
the hole. Furthermore donut-shaped tablets demonstrated a faster
disintegration time compared to disk-shaped tablets due to their higher
surface-to-volume ratio. Interestingly, the difference is higher for IR-
tablets compared with ER-tablets. Mixed tablets show also in their
disintegration time the relationship of their ratios of IR- and ER-
compartments. Therefore, more IR-compartment leads to a faster
disintegration time. Overall, galenic testing of 3DSP tablets yielded re-
sults comparable with that of conventionally pressed tablets. Fig. 4
shows the disintegration time in dependency of the tablet geometry and
the ratio of IR- and ER-compartment. It could be demonstrated that the
donut-shaped tablet always has a faster disintegration compared to the
disk-shaped tablet. Moreover, the greatest difference in the disintegra-
tion times could be seen between the tablet with 25% ER-compartment
(IR/ER 1.5/0.5 tablet) and the tablet with 50% ER-compartment (IR/ER
1/1 tablet). This means the ER-compartment requires a critical thickness
to influence the disintegration to longer times.

3.3. In vitro dissolution studies

It is already well established that the higher the surface-area-to-
volume ratio (SA/V ratio) of a tablet, the faster API release will take
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Fig. 3. Photographs of non-coated the 3D screen-printed tablets in disk- and donut-shape on millimeter paper. IR and ER pastes were made to produce ten different
tablets. To improve visualization in combination tablets, the ER paste was colored blue. From left to right: IR, ER, IR/ER (0.5 mm:1.5 mm), IR/ER (1.5 mm:0.5 mm),
and IR/ER (1 mm:1 mm). Non-coated tablet cores are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 3

Physical parameters of printed disk-shaped tablets: Diameter D, length L, height H, surface area SA, volume V, surface-area-to-volume-ratio SA/V, mass m and density
p. Ten tablets of each geometry and size were weighted and measured with a digital caliper. SA, V, SA/V and p were calculated applying the relevant formulae.

Measured values are given as average with standard deviation.

Shape (Size) D [mm] H [mm] SA [mm?] V [mm?] SA/V [mm™1] m [mg] p [mg mm 3]
IR disk 8.75 + 0.1 2.09 + 0.02 177.7 125.7 1.41 118.03 + 2.77 0.94
ER disk 8.92 + 0.08 1.97 + 0.08 180.2 123.1 1.46 130.12 + 7.3 1.06
IR/ER 0.5/1.5 9.00 + 0.08 1.99 + 0.15 183.5 126.6 1.45 135.53 + 3.51 1.07
IR/ER 1.5/0.5 9.04 + 0.07 2.08 + 0.09 187.4 133.5 1.40 126.14 + 6.82 0.94
IR/ER 1/1 8.83 + 0.08 2.03 + 0.05 178.8 124.3 1.44 122.25 + 2.61 0.98
Table 4

Physical parameters of printed donut-shaped tablets: Diameter D (outer, inner), length L, height H, surface area SA, volume V, surface-area-to-volume-ratio SA/V, mass
m and density p. Ten tablets of each geometry and size were weighted and measured with a digital caliper. V, SA/V and p were calculated applying the relevant
formulae. Measured values are given as average with standard deviation.

Shape (Size) D, [mm] D; [mm] H [mm] SA [mm?] V [mm?®] SA/V [mm '] m [mg] p [mg mm~3]
IR donut 10.09 + 0.13 3.94 £0.13 2.14 £ 0.05 2299 145.0 1.58 138.61 + 6.91 0.96
ER donut 9.82+0.13 4.21 +0.14 2.06 £ 0.06 214.4 127.3 1.68 134.13 + 9.68 1.05
IR/ER 0.5/1.5 10.00 + 0.1 4.02 +£ 0.1 2.1 +0.05 224.2 138.3 1.62 142.35 + 5.86 1.03
IR/ER 1.5/0.5 9.94 £+ 0.07 4.21 £ 0.17 2.24 £ 0.04 226.9 142.6 1.59 118.44 +£1.88 0.83
IR/ER 1/1 10.18 + 0.07 3.89 + 0.09 2.1 +£0.05 231.8 146.0 1.59 143.22 + 4.86 0.81
Table 5
Results from friability, hardness, and disintegration testing of disk- and donut-shaped tablets.
Disk Donut
Tablets Friability [%] Hardness [N] Tensile strength [MPa] Disintegration [mm:ss] Friability [%] Hardness [N] Disintegration [mm:ss]
IR 0.237 39.0 + 3.0 1.36 4:41 + 0:45 0.160 16.3 £ 0.7 2:37 £ 0:26
ER 0.002 25.1 +1.8 0.91 102:51 + 9:15 0.016 —* 81:32 + 8:02
IR/ER 0.5/1.5 0.009 299 +1.7 1.06 85:17 + 19:34 0.124 —* 50:25 + 8:22
IR/ER 1.5/0.5 0.099 341+19 1.15 17:57 + 1:40 0.072 —* 13:00 + 1:54
IR/ER 1/1 0.066 37.8 +2.0 1.34 64:01 + 5:32 0.053 —* 38.42 + 6.46

* Donut-shaped tablets break in the middle and get further pressed together, afterwards hardness is measured.

place (Brooke and Washkuhn, 1977; Ford et al., 1987; Reynolds et al.,
2002). Our group has already shown a correlation of the rate of Para-
cetamol release to the SA/V ratios for different sizes and designed ge-
ometries (disk, donut, cuboid, oval and grid) of tablets using a delayed
release paste (Moldenhauer et al., 2021). These data are on par with
drug release profiles obtained from other 3DP technologies such as
binder jetting, fused deposition modelling and semi-solid extrusion
(Goyanes et al., 2015c, 2015b; Khaled et al., 2018, 2014).

To see if this paradigm was upheld for DDS made of pastes with
different API release profiles and composite DDS exhibiting 2-compart-
ments built with each of the different pastes, respective DDS were sub-
jected to dissolution testing. Overall, API release from 3DSP tablets for

the tested tablet geometries and pastes paralleled the SA/V (disk-shaped
tablets: ~ 1.4 mm ! and donut-shaped tablets: ~ 1.6 mm™ 1) ratios,
which was more evident for ER paste formulation (Fig. 5). Moreover, IR
tablets (both donut and disk) showed faster API-release compared to ER
tablets of the same geometry (Fig. 5). More importantly, API release
could be controlled by fabricating 2-compartment DDS by varying the
size of the ER- and IR compartments. IR tablets (donut) took 15 min to
reach over 80% API release, whereas the ER tablets (donut) needed 95
min for over 80% API release. The API release of the 2-compartment
tablets was between these two extremes and depended on the ER/IR
ratio. IR/ER 1.5/0.5 donut required 25 min for over 80% API release,
whereas IR/ER 0.5/1.5 tablets 80 min for over 80% API release. IR/ER
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1/1 tablets needed 45 min for over 80% API release. Similar data were
obtained for the disk geometry. In this context, it was important to note
that the 2 compartments did not separate from each other during
dissolution testing. API release of the different DDS was also analyzed
based on percentage of API release per time interval. Tablets made of the
ER paste showed a lower maximum, but a longer release compared to
the IR paste tablets. Composite tablets containing both IR- and ER
compartments demonstrated a broadening of the peaks and a lower
maximum as a function of the tablets ER proportion (Fig. 6).

4. Conclusions

The current study describes the fabrication of a 2-compartment DDS
using 3DSP. In the example presented, the two compartments differ by
their API release profiles. The IR formulation enables 80% of Paraceta-
mol release (from the donut geometry) to occur within 15 min, whereas
the ER formulation is characterized by 80% drug release by 95 min. By
varying the polymer, it will be possible to design and generate ER pastes
characterized by more extended drug release. By integrating IR and ER
formulations into a DDS and varying the proportions of the resulting ER-
and IR compartments, the drug release profiles can be further tailored to
a medical need based on the drug and the indication.

A key feature of 3DP technologies is the ability to readily vary ER/IR
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proportions within the composite DDS by adapting the number and/or
thickness of the layers of each formulation. Multiple studies have pre-
viously demonstrated combinations of IR and ER compartments going
back over 20 years (Rowe et al., 2000). Data presented demonstrate the
feasibility of producing composite DDS with tailored drug release pro-
files using 3DSP technology. This is important to ensure that the tech-
nology is competitive with existing 3DP approaches.

The difference in the release profiles of the 2-compartment tablets is
primarily due to the type and amount of polymer used in the formula-
tions. Various other polymers are available and can be used with the
3DSP technology. These include among others Benecel™ (HPMC),
Natrosol™ (HEC) and new Klucel Xtend™ (HPC). Varying the polymer
may allow for an even broader spectrum of drug release profiles.

The study highlights the strength and potential of 3DSP. The ability
to regulate the release of a pain killer as described here would facilitate
pain management, as one could achieve quick and prolonged activity
with a single tablet. Additional work is needed to create tablets with
even longer release profiles. Preliminary results have already been
achieved for tablets using ER pastes with release profiles of 5 to 6 h (data
not shown). Further work is also needed to test the incorporation of
different APIs in the 2 different compartments of the tablet providing
further functionality to the DDS. For example, the strategy outlined here
could be used to facilitate the sequential release of Carbidopa and
Levodopa to enhance the efficacy of the golden standard drug for the
management of Parkinson’s disease.
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