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ABSTRACT

Large batches of placebo and drug-loaded solid dosage forms were successfully fabricated using selective laser
sintering (SLS) 3D printing in this study. The tablet batches were prepared using either copovidone (N-vinyl-2-
pyrrolidone and vinyl acetate, PVP/VA) or polyvinyl alcohol (PVA) and activated carbon (AC) as radiation
absorbent, which was added to improve the sintering of the polymer. The physical properties of the dosage forms
were evaluated at different pigment concentrations (i.e., 0.5 and 1.0 wt%) and at different laser energy inputs.
The mass, hardness, and friability of the tablets were found to be tunable and structures with greater mass and
mechanical strength were obtained with increasing carbon concentration and energy input. Amorphization of the
active pharmaceutical ingredient in the drug-loaded batches, containing 10 wt% naproxen and 1 wt% AC, was
achieved in-situ during printing. Thus, amorphous solid dispersions were prepared in a single-step process and
produced tablets with mass losses below 1 wt%. These findings show how the properties of dosage forms can be
tuned by careful selection of the process parameters and the powder formulation. SLS 3D printing can therefore

be considered to be an interesting and promising technique for the fabrication of personalized medicines.

1. Introduction

Conventional drug formulations for oral administration are limited
to only a few available dosage forms. Manipulations of such dosage
forms are often carried out when treating particular patient groups with
diverse and specific needs, e.g., pediatric patients (Kader et al., 2021;
van der Vossen et al., 2019). According to two independent studies
carried out in Sweden and the Netherlands, drug manipulations
occurred in 15% (Kader et al., 2021) to 60% (van der Vossen et al.,
2019) of cases in hospitals, depending on the age group and diagnoses of
the patients. The most vulnerable patients were found to be toddlers and
pre-school children, who require small dosage forms, which were typi-
cally prepared from commercially available pharmaceutical prepara-
tions as a slurry. However, only 41% of these medicines were prepared
and manipulated according to the Summary of Product Characteristics
(SmPc) or Package Information Leaflet (PIL) requirements (van der
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Vossen et al., 2019). This may lead to inaccurate dosing and such
incorrect treatment could pose a serious risk in the remaining 59% of
cases when these requirements were not followed. This demonstrates
that the administration of oral medicines remains an issue not only for
pediatrics but also for the treatment of other heterogeneous patient
groups such as geriatric patients (El Aita et al., 2020; Trenfield et al.,
2018; Charoo et al., 2020). Where the uses of off-label medications often
lead to inefficient treatment due to differences between the pharmaco-
genetic and pharmacokinetic characteristics of these individuals and the
general adult population (Trenfield et al., 2018; Konta et al., 2017). 3-
dimensional printing (3D printing), however, has emerged during the
last decade as a promising technique for the fabrication of personalized
dosage forms. Structures of great complexity and intricacy, prepared
using computer-aided design (CAD) software, have been obtained from
various layer-by-layer deposition methods with relative ease (Trenfield
et al.,, 2018). As such, the technique could prove useful for
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manufacturing dosage forms with bespoke properties (i.e., geometries,
drug release profiles, and appearances) on-demand and locally at hos-
pitals according to each patient’s needs (Seoane-Viano et al., 2021).
Various 3D printing technologies have been investigated for the printing
of medicines, including fused-deposition modeling (FDM) (Cailleaux
et al., 2021; Gultekin et al., 2019; Kollamaram et al., 2018), binder
jetting (Sen et al., 2021; Chang et al., 2020), stereolithography (SLA)
(Healy et al., 2019; Martinez et al., 2018; Wang et al., 2016), and se-
lective laser sintering (SLS) (Fina et al., 2018; Gueche et al., 2021; Fina
et al., 2018; Fina et al., 2017), to name a few. In particular, the SLS
technique may offer certain advantages, as compared to other 3D
printing techniques, for the manufacturing of larger batches of dosage
forms (e.g., 30 or 100 tablets per print) due to the instrument’s large
print volume and high packing density. The technique utilizes a laser
beam at a certain wavelength as a source of energy to selectively fuse
powder particles on the surface of a powder bed. Depending on the
desired power and optical properties of the initial powder formulation
the laser type may vary from laser diodes to CO»-lasers (Gueche et al.,
2021). The 3D structures are further constructed through the fusion and
attachment of the sintered layers to each other and are stabilized in the
build volume by the surrounding un-sintered powder. The SLS tech-
nique, therefore, does not require the use of additional supports which
are typically required in FDM or SLA printing. Absorbing pigments, in
the form of e.g. active carbons or iron oxide, are usually needed to
enhance the sintering of the powders if the wavelength of the laser is in
the IR- or Vis-region (Charoo et al., 2020; Fina et al., 2017; Schmid,
2018; Awad et al., 2020; Awad et al., 2021). The formation of amor-
phous solid dispersions (ASDs) from various active pharmaceutical in-
gredients (APIs) and polymers has also been demonstrated through SLS
printing (Santitewagun et al., 2022; Trenfield et al., 2020; Madzarevic
et al., 2021; Trenfield et al., 2022). Thus, this shows that the technique
may be promising for the manufacturing of dosage forms containing
biopharmaceutical (BCS) class II or IV poorly water-soluble drugs
(Thakkar et al., 2021; Davis et al., 2021; Hamed et al., 2021).

In this study, we present the fabrication of batches of 30 tablets of
PVP/VA and PVA-based placebo and naproxen-loaded tablets using se-
lective laser sintering 3D printing. The physical properties of the printed
tablets, as a function of pigment concentration and laser energy input,
were evaluated using powder X-ray diffraction and differential scanning
calorimetry. A thorough analysis of the dimensions, weights, and fria-
bility of the tablets was carried out. The correlation between tablet
hardness and printing-angle was further studied in order to investigate
the anisotropy of the printed structures.

2. Materials and methods
2.1. Materials

Activated carbon (powder, mesh size 100, which corresponds to
particles that passed through a sieve of 149 um) was purchased from
Sigma-Aldrich, USA. PVP/VA (Plasdone S-630, 60:40 linear copolymer
of N-vinyl-2-pyrrolidone and vinyl acetate) was kindly provided by
Ashland Industries Deutschland GmbH (Diisseldorf, Germany), and PVA
(Parteck® MXP, polyvinyl alcohol, PVA), Aerosil (highly dispersed
colloidal silica, SiO5), and Naproxen manufactured by Fagron (Rotter-
dam, Netherlands) were generously provided by the Merck Group
(Darmstadt, Germany).

All chemicals were used as received without further processing.

2.2. Powder preparation

Placebo and naproxen-loaded powder formulations were prepared
according to Table 1. The compound names consist of three or five let-
ters in the beginning which corresponds to selected polymer (i.e., PVP/
VA or PVA) and the presence of the API (N — Naproxen). The second part
of the name is the digit (0.5 or 1) which defined the AC weight
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Table 1
Composition of the prepared powder formulations used in this study.
Compound PVA- PVA- PVA- PVP/ PVP/ PVP/
05 1 N-1 VA-05 VA-1 VA-N-1
(wt (wt (wt%) (wWt%) (Wt%) (Wt%)
%) %)
PVA 99 98.5 88 - - -
PVP/VA - - - 98.5 98 88
AC 0.5 1 1 0.5 1 1
Aerosil (fumed 0.5 0.5 1 1 1 1
silica)
Naproxen - - 10 - - 10

percentage. All powder mixtures were sieved using a 315 um stainless-
steel test sieve (VWR International AB, Sweden) and mixed using a
Turbula shaker (Turbula T2F shaker, Glen Mills, Inc., Clifton, NJ, US) for
15 min. AC and fumed silica were added to the formulations in order to
enhance the laser energy absorption of the powders and to improve
powder flowability during the printing process, respectively. The for-
mulations were prepared in large enough batches (>1000 mL) to
partially fill the build volume (150 x 200 x 150 mm).

2.3. Selective laser sintering 3D printing of dosage forms

Tablet models (Fig. 1) were created and designed in Solidworks 2019
SPO5 (Dassault Systemes Corporation, Vélizy-Villacoublay, France), and
the obtained stereolithography file (STL) was subsequently prepared for
printing in Sinterit Studio 2019 1.7.0.1 (Sinterit sp. z o.0., Krakow,
Poland) using the process parameters presented in Table S1 — S2. The
software allows for set up and adjustment of various parameters
including temperatures, model location, and position inside of the
chamber (Fig. 1b), layer height as well as laser power ratio (LPR).

There are five parts of which the temperatures can be controlled
inside of the printer which are shown in Fig. 2.

The 3D printing process was further carried out as follows: the pre-
pared powder formulations (Table 1) were placed in the powder reser-
voir (150 x 200 x 150 mm) of the SLS 3D printer (Sinterit Lisa SLS 3D
printer, Sinterit, Krakéw, Poland). A thin layer of the formulation was
thereafter spread onto the build platform after which the powder beds
were slowly heated to the temperatures specified in Table S1 — S2. The
sintering process was carried out using a 5 W infrared laser diode (A =
808 nm) in accordance with the template models given in the STL-file in
a layer-by-layer fashion. A total of 30 tablets were printed per batch, at a
45 angle to the build platform (i.e. orthogonal to the x-y plane, see
Fig. 1b), using a layer height of 150 um. Cylindrical tablets (h = 4 mm, d
=10 mm) were additionally printed at three different angles to the build
platform, namely 0, 45, and 90 (with respect to the x-y-plane, Fig. 1b), in
order to evaluate the mechanical properties of the tablets. Specific
values for the laser energy transmitted upon the active layer were cho-
sen when printing the different batches. So-called laser power ratio
(LPR) is used as a laser power adjustment variable which is defined as a
multiplication coefficient of the initial energy output (5 W) and does not
have a certain unit. In this study the LPR values 2, 2.5, and 3 were used.
The finished batches were retrieved from the build platform at the end of
the printing process by sieving. The tablets were additionally de-dusted
using pressurized air in order to remove excess powder and stored in
sealed containers for further analysis.

2.4. Characterization

Powder X-ray diffraction (PXRD) diffractograms of pristine and heat-
treated powder formulations as well as the printed dosage forms were
collected on a Bruker D8 Advance TwinTwin diffractometer (Bremen,
Germany) using Cu-Ka (A = 1.5418 A) radiation. The instrument was
operated at 40 mA and 40 kV, using a step-size of 0.02, and a data
collection time of 1 h. Differential scanning calorimetry (DSC)
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Fig. 1. (a) Orthographic projection and a 3D model of the dosage form, all units are given in mm, and (b)cylindrical tablets orientation scheme with respect to the

build platform.

) Piston temperature
) Cylinder temperature
Print bed temperature
‘/ _‘ ) Chamber temperature

) Feed bed temperature

Fig. 2. Schematic drawing of the Sinterit Lisa SLS 3D Printer showing the various temperature elements which may be varied for each printing process.

thermograms were obtained on a Mettler Toledo DSC 3+ (Schwerzen-
bach, Switzerland) using a heating and cooling rate of 10 C min~* and
nitrogen as purge-gas. Repeated heating—cooling measurements were
carried out from —40 to 200C and from 200 to 10°C in the first cycle, and
from 10 to 200 C in the following cycles (presented in Figures S3 and
S4). X-ray micro-computed tomography (uCT) was performed on a CT-
Alpha (Procon X-Ray, Sarstedt, Germany) with following reconstruc-
tion in VG Studio (Volume Graphics D, Germany). The instrument was
operated at 80 kV and 30 mA, using a voxelsize of 10 um and exposure
time of 500 ms. A total of 1600 projections were collected for each
measured sample and used for the porosity analysis. The porosity of the
printed structures was calculated as the ratio between the volume
fraction of the pores and the total volume of the printed structure. The
Avizo 3D 2022.2 software (Thermo Fisher Scientific Inc., USA) was used
for the analysis. The dimensions (n = 10) and weights (n = 30) of the
printed tablet were examined using a digital caliper and an analytical
balance (Mettler Toledo XS 64 Analytical Balance, Schwerzenbach,
Switzerland). Friability tests were carried out in accordance with the
European Pharmacopoeia 2.9.7 (Pharmacopoeia, 2020) on approx. 6.5 g
of tablets using a Pharmatest PTF E Friabilator (Hainberg, Germany) at
25 rpm and for 100 rotations. The tablets were carefully weighed pre-
and post-measurement and the total weight loss of the tablets (i.e.,
friability) was calculated. Measurements of the breaking force (given in
Newtons, N) were obtained from diametrical compression tests carried
out on ten cylindrical tablets (10 mm in diameter) from batches printed
at different angles to the printing platform. The Pharmatest PTB 311E
tablet hardness testing instrument (Hainberg, Germany) was used in the
current study.

2.5. In-vitro dissolution tests of printed tablets

Dissolution tests were carried out using a Sotax AT7 Smart Dissolu-
tion Tester (Aesch, Switzerland) according to USP guidelines (The
United States Pharmacopeia and National Formulary USP 37-NF 32,
711 Dissolution, The United States Pharmacopeial Convention, Inc.,
Rockville, MD, 2014). In-vitro drug release profiles for the 3D printed
tablets (n = 3) were recorded at pH 7.4 (phosphate buffer, 900 mL) at 37
=+ 0.5C and 50 rpm using a sinker to weigh down the tablets. The drug
concentration in the dissolution media was determined with high per-
formance liquid chromatography (HPLC) (Agilent 1260 Infinity II,
Agilent Technologies, Inc., Santa Clara, USA) on 20 uL of pre-filtered
media (0.45 um PTFE filters, VWR International GmbH). The HPLC as-
says were performed at 25 ‘C using a mobile phase composition of ace-
tonitrile-Milli-Q water—acetic acid (49.45:9.45:1.10 v.v%). Samples
were injected into a Kinetex 5u C8 100A column (150 x 4.6 mm, Phe-
nomenex, Inc. Torrance, CA, USA) at a flow-rate of 1.2 mL min~! and the
eluent analyzed spectroscopically at 254 nm.

2.6. Determination of tablet drug loading

The drug content uniformity of the 3D printed tablets (n = 5) were
evaluated by placing the individually pre-weighed tablets into 100 mL
volumetric flasks containing 50 mL Milli-Q water. The tablets were
stirred at 37 'C and 500 rpm for 1 h, after which the solutions were
diluted with HPLC mobile phase, filtered (0.45 pm PTFE filters, VWR
International GmbH) and analyzed using the same HPLC method as
specified in section 2.5.
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2.7. Statistical analysis

Statistical analysis of the weight distributions of the printed tablets
were calculated using one-way ANOVA and weight probability density
distributions were constructed in RStudio 1.4.1717 (RStudio PBC, Bos-
ton, USA).

3. Results and discussion
3.1. Solid state characterization of SLS-printed tablets

The printed dosage forms (Table 1 and Table S1 — S2) were prepared
from either placebo formulations containing 0.5 — 1 wt% AC as colorant
or from drug-loaded powder mixtures with 10 wt% naproxen as active
pharmaceutical ingredient (API), and 1 wt% AC. Previous studies have
shown carbon to be a suitable pigment for the fabrication of
paracetamol-based printlets (Kulinowski et al., 2021) as well as
metronidazole-loaded carbon-reinforced polyamide 12 (PA 12) com-
posite printlets (Kulinowski et al., 2022). Other excipients may also be
used as absorbing material in order to provide sufficient thermal energy
to sinter various polymers in the presence of NIR/IR lasers. One such
example includes the combination of the Kollicoat® IR and an IR-
absorbing dye (Lekurwale et al., 2022). Well-sintered tablets with no
observable defects were obtained from all prepared powder formula-
tions at LPRs between 2 and 3. As can be seen in Fig. 3, a clear and
expected difference in shading could be observed between the different
batches containing 0.5 — 1 wt% AC and naproxen. The appearance of the
tablets was found to be influenced to a lesser degree by the LPR, espe-
cially for batches containing 0.5 wt% carbon. However, minor

(a)

(b)

(c)

(d)

(e)

(f)

LPR 2

2.5
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differences in shading between different LPRs were still observable.
Which shows the effects that an increased energy input of the laser may
have on the visual appearance of the printed tablets (i.e., darkening of
the tablet due to a higher degree of sintering).

The laser properties may be described differently, depending on the
printer and the laser system inside. For instance, another frequently used
SLS printer, Sintratec Kit, uses a galvo-system, which is defined by the
scanning speed. In case of the Sinterit printer used in the current study,
the more cryptic term LPR defines the laser energy input. Even though
the laser systems are different, the output is the same - an energy density
that represents the amount of the energy initially emitted upon the
active powder layer. The energy density of the laser beam not only af-
fects the appearance of tablets but the mechanical and dissolution
properties, which has been observed in other studies (Madzarevic et al.,
2021; Thakkar et al., 2021; Mohamed et al., 2020). The selection of
suitable printing parameters such as LPR or scanning speed and tem-
peratures depends on the thermal and physical properties of the specific
polymers, APIs, and colorants (Madzarevic et al., 2021; Thakkar et al.,
2021; Schmid and Schmid, 2018).

The crystalline state of the API and polymers in the printed dosage
forms was evaluated by PXRD and DSC. Diffractograms of the printed
batches containing 1 wt% AC, their corresponding physical mixtures,
and the pristine polymer and API are shown in Fig. 4. The diffractograms
of the placebo dosage forms can be seen to correspond to that of the
pristine polymers with some additional emerging peaks for the PVA-
based tablets characteristic to that of crystalline PVA at approximately
20 = 11.34, 16.01;, 19.33, 19.98, 22.77, 27.46, and 32.33 (Bunn, 1948).
No peaks corresponding to the API were observed for either batch of
naproxen-loaded tablets, indicating that a majority of the drug in the

W Naproxen loaded
||

PVA - based

Naproxen loaded

PVP-VA - based

3

Fig. 3. The camera images of PVA- (a — ¢) and PVP/VA (d - f) tablets containing (a and d) 10 wt% naproxen and 1 wt% AC, (b and e) 1 wt% AC, and (c and f) 0.5 wt%

AC. Images were taken at the same light conditions and camera settings.
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Fig. 4. PXRD diffractograms (A = 1.5418 A) of printed placebo and naproxen-loaded solid dosage forms. Phases corresponding to crystalline polyvinyl alcohol and
naproxen are highlighted with red diamond symbols and black asterisks, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

powder formulations was successfully amorphized during the printing
process.

DSC thermograms of the printed tablets (Fig. 5) were found to be in
good agreement with observations made from the diffractograms. A
single glass transition (T,) event along with an overlapping enthalpy of
relaxation peak could be observed for all the PVA-based dosage forms as
well as the pristine polymer. Indicating that the API in the naproxen-
loaded tablets was molecularly dispersed in the polymer and that an
amorphous solid dispersion (ASD) had successfully been obtained
(Dedroog et al., 2020). A shift in T of approximately 1.5 and 3.5, as
compared to the pristine polymer, was seen for the placebo and

PVA
12
— PVA-1-2 — PVA-N-1-2
—— PVA-1-2.5 —— PVA-N-1-2.5
—— PVA-1-3 —— PVA-N-1-3
8 —— Naproxen —— PVA

—— Physical mixture

s ~
Y
7

\

Heat flow (mW)

N

25 50

75 100 125 150 175 200
Temperature (°C)

naproxen-loaded batches, respectively, further indicating that the
colorant and/or API may act as weak plasticizers. The thermograms of
the PVP/VA-based dosage forms, on the other hand, showed no
discernable glass transition in the measured temperature interval. This
was found to be due to the broad endothermic peak at approximately 90
C corresponding to the desorption of water in the polymer in the first
heating cycle, which coincides with the reported Ty of PVP/VA (i.e.
Plasdone S-630) at 109 'C (Bordos et al., 2019). No melting peak corre-
sponding to naproxen at 158.5 C was observed for either drug-loaded
batch, confirming the amorphous state of the API in the printed tab-
lets. Notably, such events were also found to be absent in the physical

12 PVP/VA
—— PVP/VA-1-2 ——PVP/VA-N-1-2
1 ——PVP/VA-1-25 ——PVP/VA-N-1-2.5
8 —— PVP{VA-1-3 ——PVP/VA-N-1-3
7 Naproxen PVP/VA
§~ J — Physical mixture
é 44— B ’Dir:—,-—‘
3z | N —
L
= —
% 01
]
I E
44— R R
'8 T T T T T T
25 50 75 100 125 150 175 200

Temperature (°C)

Fig. 5. DSC thermograms of naproxen-loaded and placebo tablets containing 1 wt% AC along with the pristine polymers and API. Presented thermograms represent

the first heating cycle.
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mixtures. The combination of DSC and PXRD is widely used to identify
traces of crystalline material (Dedroog et al., 2020) and is suitable for
different types of drugs with different melting peaks, such as Paraceta-
mol (T, = 172°C) (Qi et al., 2008) or Naproxen (T, = 158.5C), in the
current study. In both cases, the melting endotherm in the DSC profile
disappears after the sintering process, which is caused by the dissolution
of the API into the polymer matrix at the temperature above Tg of the
polymer regardless of the melting temperature of the API. This dem-
onstrates that the API was able to dissolve in the polymer matrices below
the melting point of the drug, thus showing that ASDs may be formed
using either PVA or PVP/VA. In the case of PVP/VA, the dissolution of
the API in the polymer likely occurred between 109 and 158 C at the
flowing point, T, of the polymer (i.e. the temperature at which the
polymeric chains gain greater mobility and the polymer enters a viscous
liquid state) (Schmid and Schmid, 2018).

3.2. Weight uniformity and tablet dimensions

The recorded mass of the placebo tablets containing 0.5 and 1 wt%
AC as well as the naproxen-loaded tablets are presented in Fig. 6,
Figure S6, and Table S4 — S5. A significant difference (P < 0.05) between
the weight distributions of the placebo tablets could be seen. Indicating
that the average tablet weight could be effectively controlled by the
addition of more colorant. An overlap in the mass distributions could be
seen for PVA-05-3 and PVA-1-2 (Fig. 6a) as well as PVP/VA-05-3 and
PVP/VA-1-2 (Fig. 6¢), i.e., batches printed with the highest and lowest
LPR using 0.5 wt% and 1 wt% AC, respectively. Demonstrating that
tablets of comparable weight may be obtained at different colorant
concentrations by varying the LPR. Comparisons between the naproxen-
loaded batches (PVA-N-1) and placebo tablets (PVA-1) containing 1 wt%
AC also show that the obtained PVA-based tablets were similar in mass.
An increase in average tablet weight by 4.79, 1.66, and 0.63 wt% was
observed for the naproxen-loaded batches as compared to the placebo

(a)
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tablets when the LPR was increased. According to the acquired data, the
weight and weight distributions depend on the polymer selection even
though other concentrations and printing parameters were kept the
same. The main reason for this behavior is the thermal properties of
polymers, especially Tq. Previous studies have shown a strong correla-
tion between poor printability (insufficient sintering resulting in
extremely low tablet weights) and the high value of T, (Schmid, 2018;
Yanetal., 2011; Chatham et al., 2019). Similar trends were however not
detected for the PVP/VA-based dosage forms, where significant weight
differences between the naproxen-loaded tablets were observed for all
batches aside from PVP/VA-N-1-2.5 and PVP/VA-N-1-3. Indicating that
smaller increments in LPR and carbon concentration may be required in
order to tune the tablet weight in such formulations.

The dimensions of the printed tablets were found to remain consis-
tent across all batches, only increasing slightly with colorant concen-
tration, drug loading, or LPR, especially for the PVP/VA-based tablets
(Tables S4 — S5). This indicates that the observed increase in tablet
weight was related to a densification of the printed structures and not to
an increase of their dimensions. However, it is important to note that
small deviations in the tablet volume, which may be too small to accu-
rately measure using a caliper, could contribute significantly. An
average deviation of 2.31, 1.53, 0.42 wt% and 3.49, 7.22, 2.19 wt% in
the length, height, and width of the PVA- and PVP/VA-based tablets,
respectively, were seen as compared to the theoretical model (Fig. 1).
Despite the relatively small dimensional variations, the difference is
crucial in case of dosage forms printing. Even small deviations might
cause an incorrect dose of the API within the printed tablet. The tem-
perature difference and heating/cooling cycling during the printing
process are the main reasons for layer warping and shrinkage effects
(Schmid, 2018). This issue can be compensated by adding offset values
selected according to the formulation content and API concentration.
These may be related to additional adhesion of the powder to the printed
structures (due to over-sintering) and/or to tablet shrinkage during the
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Fig. 6. Box-plots showing the weight distributions of (a) PVA-based placebo tablets containing 0.5 and 1 wt% AC, (b) naproxen-loaded PVA-based tablets containing
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cooling process (Schmid, 2018).

The recorded friability was found to be < 1 wt% for all but two and
four batches of the PVA- and PVP/VA-based dosage forms, respectively.
Thus, the majority of the printed tablets were in compliance with the
specifications (<1.0 wt% friability) given by the European Pharmaco-
poeia 2.9.7 — Friability of Uncoated Tablets (Ed. 10.0) (Pharmacopoeia,
2020). The PVA-based placebo tablets containing 0.5 wt% AC and
printed at 2 and 2.5 LPR were observed to be insufficiently sintered,
resulting in a higher tablet weight loss of 1.31 and 1.11 wt%, respec-
tively (Table S4). Similarly, all PVP/VA-based naproxen-loaded batches
and the placebo tablets containing 1 wt% AC printed at an LPR of 3 were
observed to be well-sintered, resulting in a tablet weight loss < 0.85 wt%
(Table S5). A decreasing trend in friability was also observed with
increasing LPR, which was expected due to the densification of the
structures arising from a higher degree of sintering (i.e. due to the partial
melting and subsequent re-solidification of the polymers/API).

X-ray microtomography (uCT) images of the placebo and naproxen-
loaded PVA-based tablets (Fig. 7), show a clear decrease in observable
porosity with increasing LPR. The following computation showed that
the volume fraction of pores is 21.4% and 13.2% in case of PVA-1-2 and
PVA-1-3, respectively. This confirms that the previous observations
regarding the increase in tablet weight may indeed be partially
explained by a structural densification. However, the pore volume
fraction in case of the API-loaded structure (PVA-N-1-3) reached 31.9%.
An increase in the porosity is likely caused by the denser API-polymer
fusion during the sintering process and its following solidification and
shrinkage.

Due to the higher LPR and hence the higher thermal energy absorbed
by the powder bed, actual melting of the polymer occurs. The molten
polymer fills the voids between the particles and dissolves the API in its
matrix, resulting in the formation of cavities (Fig. 8). These cavities
follow the shape of the newly printed layer and are filled with additional
powder after the fresh layer has been applied. The intralayer porosity
can be seen to become less homogenous as the LPR increases. The for-
mation of apparently isolated cavities within the layers, which may arise
from incomplete sintering of adjacent lines, is observed. The addition of
10 wt% naproxen to the formulation further amplifies these macroscopic
features characterized by a different particle shape (Figure S1) and
possibly indicates that the API and/or colorant may be present as
smaller aggregates (Table S3). Thus, it may lead to a local variation in
degree of sintering within the layer. Changes in the degree of porosity
lead to changes in the dissolution behavior due to the close/open access
to the dissolution medium (Kulinowski et al., 2021).

The hardness of the PVP/VA-based placebo tablets were further
evaluated as a function of printing angle (Fig. 9). A significant difference
(P < 0.05) in tablet hardness was observed between the tablets printed
at 0, 45, and 90 to the print plate. Such anisotropic response to
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mechanical stress has previously been reported for other SLS printed
structures and mainly arises from differences in particle sintering within
and between each printed layer (i.e., variations in layer adhesion in the
xy-plane as well as along the z-axis) (Cooke et al., 2011). A decrease in
hardness could be observed with increasing print angle and was found to
be due to the applied mechanical stress aligning with the printed layers.
Thus, showing that the inter-layer sintering along the z-axis was weaker
as compared to the sintering in the xy-plane. Further, the hardness of the
tablets was also found to be dependent on the carbon concentration and
LPR, which was expected due to a higher degree of sintering.

3.3. Drug release

Drug release profiles of the naproxen-loaded tablets in pH 6.8
phosphate buffer (Fig. 10) show that 90% of the drug content was
released within 180 min and 60 min for the PVA- and PVP/VA-based
tablets, respectively. Even though dissolution appears to be complete
after 120 min in case of PVP/VA-based formulations, deviations from
the expected release of 100% were observed. Potential reasons might be
inhomogeneities in the powder blend or absorption of drug to the
polymers. As the focus of this study was a comparison of polymers in
SLS, we did not investigate this issue further. Tablets sintered using the
lowest and highest LPRs (i.e. PVA-N-1-2, PVA-N-1-3 and PVP/VA-N-
1-2, PVP/VA-N-1-3) were observed to have the fastest and slowest drug
release rates, respectively. Particularly in the case of the PVA-based
tablets, where a 90% drug release was reached within 90 and 180
min, respectively. However, a significant swelling of PVA-based dosage
forms was observed within the first two hours because of the low solu-
bility of the polymer in the high pH environment. This caused the
variation in cumulative release within triplicates. This feature of PVA is
well-known and was described previously in case of FDM printed cap-
sules for drug delivery (Matijasic et al., 2019). Differences in release rate
between the batches were however less apparent in the PVP/VA-based
tablets, indicating that PVP/VA may be less responsive to changes in
LPR as compared to PVA. The dissolution behavior of the printed tablets
was found to correspond well with the results obtained from the uCT
images regarding the densification of the structures (Fig. 7) with
increasing carbon concentration and LPR. This shows that the release
rate of the API can be tailored by changing the energy input of the laser
during the printing process by producing structures of varying densities.
According to recent studies (Kulinowski et al., 2021; Kulinowski et al.,
2022), the dissolution profile can vary depending on the sintering de-
gree. In case of a higher amount of heat energy transferred upon the
printing layer, the layers interact stronger and voids between powder
particles are filled by viscous polymer after passing the Tg-point. In case
of high scanning speed and using highly-soluble polymers such as Kol-
lidon 90% of the API can be released within 5 min and disintegration can

PVA-N-1-3

Fig. 7. uCT images of placebo and naproxen-loaded PVA-based tablets containing 1 wt% AC and printed at LPRs of 2 and 3.
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occur within 15 s (Allahham et al., 2020).

The average drug loading of the naproxen-loaded tablets (Table 2)
were shown to be slightly lower than the theoretical loading of 10 wt%.
Both PVA, PVP/VA, and naproxen were shown to be thermally stable in
the temperature range used to print the dosage forms (Figure S5) and no
evidence of drug degradation was observed according to HPLC analysis.
Thus, the lower drug loading may be related to a loss of the API during
the powder preparation process. Deviations in the drug content within

each batch was found to be < 0.35 wt% and, thus, the mixing of the
powder formulations during the preparation process were assumed to be
sufficient.

4. Conclusions

PVA- and PVP/VA-based placebo as well as naproxen-loaded tablets
were successfully printed using a selective laser sintering 3D printing
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behavior of the API-loaded tablets will be crucial in further evaluating
this technique.
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technique. The weight and hardness of the printed tablets could be
tailored by either changing the laser energy input or the colorant con-
centration in the formulations. In-situ amorphization of the API at 10 wt
% loading was achieved during the printing process for both polymers
without any observable degradation of the drug. Further, the release
rate of the API from the printed structures could be tailored by changing
the laser energy input or the colorant concentration in the formulations,
producing structures of varying porosities. PVA-based placebo tablets
showed better friability results compared to PVP/VA-based, whereas
drug-loaded batches have mass losses of<1 wt% for both polymers.
However, PVP/VA-based naproxen-loaded tablets have poor mass uni-
formity which is caused by the higher glass transition point and,
consequently, worse polymer/drug interaction during sintering process
at the selected printing temperature of 85 C. This study demonstrates
that SLS 3D printing may be a promising technique for manufacturing
large batches of solid dosage forms from polymers with different phys-
ical properties. Nevertheless, many parameters affect the final printed
structures, among others, temperature, LPR, concentration of the
colorant and API. The effect of each parameter can be estimated
empirically and/or in combination with Quality by Design methods.
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