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In this study Selective Laser Sintering (SLS) was used to produce bilayer tablets containing rosuvastatin and
acetylsalicylic acid. Initially, monolithic tablets of each drug were manufactured using different laser intensities
in order to identify their impact on the tablet’s dissolution, friability and hardness. After the optimization, the
final bilayer tablet was fabricated using a new method, that allowed the printing using different powder blends.
For that, a 3D-printed casing was employed to maintain the compartments of the tablet in the correct position

during the printing process. The results demonstrated that the increased laser intensities led to denser inner
cores, enhanced hardness, decreased friability, and slower drug release. Moreover, the new method was able to
produce bilayer tablets completely aligned, showing a minor impact on dissolution when the two compartments
were printed together in a single tablet. The work demonstrated the feasibility of using SLS in the production of
multi-material drug delivery systems.

1. Introduction

Three-dimensional printing, also known as additive manufacturing,
represents a transformative technology where objects are constructed
layer by layer, guided by a digital 3D design (Alzahrani et al., 2022).
Currently, 3D printing has seen widespread applications across various
industries, covering the production of items such as models, toys, food,
high-end art, fashion pieces, and components for aircraft (Jakus and
Introduction, 2019). In the healthcare sector, 3D printing has been used
for generating anatomical prototypes for surgical planning (Mallon and
Farnan, 2021) and medical education (Youman et al., 2021); develop-
ment of prosthetics (Van Der Stelt et al., 2021) and medical devices (He
et al., 2022); and bioprinting involving viable cells, biomaterials, and
biological molecules (Alonzo et al., 2022). Notably, 3D printing holds
great promise in the pharmaceutical field, particularly in the
manufacturing of medicines. The approval of the first 3D-printed med-
icine, Spritam® by Aprecia Pharmaceuticals, in 2015 marked a signifi-
cant milestone, sparking increased interest from both the academic

community and the pharmaceutical industry in the 3D printing of
medicines (Pereira et al., 2020).

3D printing facilitates the personalization of medicines enabling the
production of small batches with customizable features including
dosage, release profile, and physical attributes (e.g. size, shape, and
color) (Beer et al., 2021). This capability has the potential to revolu-
tionize the pharmaceutical sector, shifting from the traditional mass
manufacturing of one-size-fits-all tablets to tailored dosage forms that
align with the specific clinical needs of individual patients (Sandler and
Preis, 2016). Moreover, this technology opens new avenues in the
development of drug delivery systems by allowing the production of
medicines with unique characteristics (Patel et al., 2021; Osouli-
Bostanabad and Adibkia, 2018). Lastly, 3D printing empowers decen-
tralized manufacturing of medicines, responding to on-demand needs at
various points of care (Abdella et al., 2021; Aratjo et al., 2019).

Over the years, a variety of 3D printing techniques have been
established and successfully applied in the production of medicines in
diverse dosage forms. The primary technologies employed for this
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purpose include Fused Deposition Modelling (FDM) (Scoutaris et al.,
2018; Fu et al., 2018; Eleftheriadis et al., 2021; Melocchi et al., 2021),
Inkjet printing (Cader et al., 2019; Uddin et al., 2015; Junqueira et al.,
2022), Semi-solid extrusion (Yan et al., 2020; Tagami et al., 2021; Liu
et al., 2020), and Stereolithography (Triacca et al., 2022; Karakurt et al.,
2020). Although there are some investigations on Selective laser sin-
tering (SLS) for pharmaceutical applications, it has not been fully
exploited yet. In SLS, a focused, high-powered energy source, such as a
laser, is employed to sinter or melt a bed of powder, fusing the particles
together and resulting in the solidification of the material (Charoo et al.,
2020). SLS is a solvent-free method, requiring little to no pre or post-
processing, such as extrusion, post-curing, or complex removal of sup-
port. Consequently, it is typically a one-step process, characterized by
reduced costs, simplicity, shorter processing times, and minimal mate-
rial losses compared to other printing technologies. Moreover, SLS is
user-friendly with a compact footprint. These advantages collectively
make SLS an appealing printing technology for point-of-care applica-
tions, where efficiency and simplicity are crucial. Nevertheless, some
issues such as powder de-dusting, the need for filtration systems, and
occupational health risks due to large amounts of powders can cause
some drawbacks on SLS applications for drug products.

To date, SLS has demonstrated remarkable flexibility, allowing for
the fabrication of a diverse range of medicines. These include orally
disintegrating tablets (Fina et al., 2018), controlled release devices
(Leong et al., 2006), floating drug delivery systems (Kulinowski et al.,
2022), amorphous solid dispersions (Davis et al., 2021), and personal-
ized tablets (Tabriz et al., 2023). Additionally, extensive research has
delved into the impact of printing parameters and formulation variables
on the final product (Barakh Ali et al., 2019; Mohamed et al., 2020;
Salmoria et al., 2013). However, there is a lack of knowledge regarding
the fabrication of polypills or bilayer tablets using SLS. The study by
Awad et al. (2019) is the only one reporting the use of SLS in the pro-
duction of dual miniprintelets (1 and 2 mm in diameter) containing
paracetamol and ibuprofen, achieving either immediate or sustained
release based on the polymer employed (Awad et al., 2019).

The utilization of multiple medications to manage complex diseases
such as cancer and cardiovascular disorders is an increasingly employed
therapeutic strategy. Traditionally, each active pharmaceutical ingre-
dient (API) is administered in an isolated dosage form (Khaled et al.,
2015). However, this approach may result in patient confusion and
higher rates of non-adherence to therapy (Robles-Martinez et al., 2019).
In response to these challenges, the combination of different APIs in a
single tablet, featuring appropriate release profiles and doses, emerges
as an appealing alternative (Khaled et al., 2015; Robles-Martinez et al.,
2019). In this context, the objective of this study was to investigate the
use of SLS for the fabrication of bilayer tablets loaded with rosuvastatin
and acetylsalicylic acid aiming at the management of heart conditions.
The impact of laser intensity on dissolution, friability and hardness was
evaluated; and the printing was optimized to achieve the bilayer tablets.

2. Materials and methods
2.1. Materials

Rosuvastatin calcium (RSV) (Mesochem Technology Ltd, China) and
acetylsalicylic acid (AAS) (TCI Europe N.V., Belgium) were selected as
model drugs. Kollidon VA 64 (VA64) was kindly donated by BASF
(Germany) and Hypromellose acetate succinate (HMPCAS-LMP)
(AQOAT® AS-LMP) by Shin-Etsu Chemical Co (Japan) were selected as
the model polymers.

2.2. Blend preparation
Two physical mixtures (PM) were prepared, one composed of VA64

with AAS (72/28 wt%) and the second of HMPCAS-LMP with RSV (90/
10 wt%). The powders were sieved using a 500 ym-mesh and the
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physical blends were mixed using a turbula shaker-mixer (Glen Mills
T2F Shaker/Mixer, USA) at 72 rpm for 10 min to ensure blend
homogeneity.

2.3. Thermal gravimetric analysis (TGA)

Thermal stability of the bulk materials and PMs were investigated
using TGA (TGA Q5000 Thermal instruments, Crawley, UK). Approxi-
mately 5 mg of both samples were accurately weighed and then placed
into standard 40 pL aluminum pans. The samples underwent heating
from 25 °C to 400 °C at a rate of 10 °C/min. Subsequently, the raw data
extracted was analyzed using TA Universal Analysis software (Universal
Analysis 2000, version 4.5A, TA instruments, UK).

2.4. Differential scanning calorimetry (DSC)

DSC (Mettler-Toledo 823e, Switzerland) was employed to assess the
thermal characteristics of both the bulk materials and the PMs. About 5
mg of each material was carefully placed into a 40 uL aluminum pan and
promptly crimped. The samples underwent heating from 25 °C to 180 °C
at a rate of 10 °C/min. The resulting DSC thermograms were then
analyzed using STARe Excellence Thermal Analysis software V18
(Mettler Toledo, Greifensee, Switzerland).

2.5. Powder blend characterisation

2.5.1. Particle size distribution

Laser diffraction was used to measure the particle size distribution of
the powder blends, employing a Mastersizer 3000 (Malvern Panalytical,
Malvern, UK). Sample dispersion was achieved through a dry dispersion
unit set at 2.2 bar air pressure with a 50 % feed rate to ensure consistent
particle flow into the measurement area. Each measurement was con-
ducted in triplicate and data analysis was carried out using Mie Theory.
An averaged result from all measurements was used for the study.

2.5.2. Particle morphology

SEM (Hitachi SU8030, Tokyo, Japan) was employed to examine the
particle morphology of both powder blends. The samples were dispersed
on an aluminum stub coated with carbon adhesive tape (Agar Scientific,
Stansted, UK). Images were acquired using an electron beam acceler-
ating voltage of 1 KV and a magnification of 30 x .

2.5.3. Flowability test (bulk and tapped density)

The Carr’s Index (I) of the 3D printing blend was determined by
assessing the tapped and bulk densities of the powder. Initially, the bulk
density was measured using a 250 mL graduated cylinder. Subsequently,
the powder underwent 1250 taps using a tapped density tester (Copley,
JVi Series—Model JV 200i, UK) in accordance with USP2 standards. The
Carr’s Index of the blend was then calculated using Equation (1):

7PT—PB
= PT

I

x 100 (€]
where I is the Carr’s index, Pt the tapped density, Py the bulk density.

2.6. Design and 3D printing of tablets

The tablets designs were created via 3D computer-aided design
(CAD) software [SolidWorks software V.31 (Dassault Systems, Waltham,
MA, USA)] and converted into stl files. Next, the stl files were transferred
to the slicing software (Slic3r 1.2.9) for the generation of the G-codes
file, which is readable by the printer. The tablets were printed using a
SnowWhite SLS printer (SHAREBOT, Nibionno, Italy) equipped with a
14 W CO2 laser. Initially, monolithic tablets of each formulation were
printed using different laser intensities. Then, based on the in vitro
dissolution results, the best condition was selected to print the bilayer
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Table 1
Tablet features and processing parameters for AAS and RSV blends.
AAS RSV

Weight (mg) 250 200
Thickness (mm) 2.0;2.2; 2.4 1.8, 2.0, 2.2
Laser power (%) 20, 25, 35, 45 16, 20, 25
Environment temperature (°C) 60 95
Wait time (s) 600 600
Layer height (mm) 0.2 0.2
Powder feed layer (mm) 0.55 0.50
Scanning speed (pps) 8000 4000

tablet. The tablets presented a disk geometry and the diameter was set as
12 mm. The thickness was variable, depending on the laser intensity, to
achieve a constant weight. The tablet features and processing parame-
ters for each bled are shown in Table 1.

2.7. Physical characterization of the tablets

To physically characterize the tablets, hardness, friability and weight
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variation tests were conducted. The Schleuniger 5Y Tablet hardness
tester (Pharmatron, Thun, Switzerland) was employed to measure the
force required to break six 3D-printed tablets. Additionally, the friability
was based on USP method with modification, where the 3D-printed
tablets (n = 20, with total weight of approximately 4-5 g) were
weighed and carefully placed into an EF-2L fibrillatory apparatus
(ELECTROLARB, India), which rotated at 25 rpm for 4 min. Subsequently,
the tablets were re-weighed, and the relative weight loss was calculated
using Equation (2).

F = ((W; — Wp)/Wj) x 100 (2)

where F is the friability, Wi is the initial weight of the tablets, and Wf
is the tablet weight after the test. For the weight variation, ten 3D-
printed tablets were carefully weighed using an analytical scale (XSR
Analytical Balance, Mettler Toledo, Greifensee, Switzerland). The
average weight and percentage of weight variation were then
calculated.

2.8. X-ray powder diffraction (XRPD)

XRPD analysis was conducted to determine the physical states of the

A)
120
1 —— AAS
1 . —-———  VA64
100 - :.‘.zu_ﬁ:._‘;?______\‘?i ______________________ —— - PM VAB4/AAS
: \\\ \\\\
80 \ NG
] \ ~. RS
\ N e
—_ 1 \ N RN
& 60 \ N ~
5 : ~— N
2 w0 T
. \\\\
4 \\\\
20 - \\-\
0 S~
-20 T T T T T T T
0 50 100 150 200 250 300 350 400
B) Temperature (°C) Universal V4 .5A
120
4 RSV
. ————  HMPCAS-LMP
B —— - PM HMPCAS/RSV
100 - T —
80 -
g ]
E, 60
40 — \ \\\
4 \\ \\
20 - AR
P N
N~
<4 \\
0 T T T T T T T
0 50 100 150 200 250 300 350 400

Temperature (°C)

Universal V4.5A

Fig. 1. TGA thermograms of A) AAS, VA64 and PM VA64/AAS. B) RSV, HMPCAS-LMP and PM HMPCAS/RSV.
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Fig. 2. DSC thermograms of A) AAS, VA64 and PM VA64/AAS. B) RSV, HMPCAS-LMP and PM HMPCAS/RSV.

bulk materials and the APIs within the monolithic tablets post-3D
printing. The data were acquired using a D8 Advance X-ray diffrac-
tometer (Bruker AXS, Karlsruhe, Germany) equipped with a LynxEye
silicon strip position-sensitive detector and parallel beam optics. The
diffractometer operated in transmission geometry mode, employing Cu
Ko radiation at 40 kV and 40 mA, respectively. Control of the instrument
was managed through XRPD commander software (Version 2.6.1,
Bruker AXS, Germany), with data analysis conducted using EVA soft-
ware (version 5.2.0.3, Bruker AXS, Germany). Data collection spanned
from 5 to 60° 26, with a step size of 0.04° and a counting time of 0.2 s per
step.

2.9. Scanning electron microscopy (SEM)

SEM analysis was performed to evaluate the internal microstructures
of the 3D-printed monolithic tablets and the impact of laser intensity on
tablet porosity and permeability. A vertical section of the 3D-printed
monolithic tablets were affixed to an aluminium stub using conductive
carbon adhesive tape (Agar Scientific, Stansted, UK). A Hitachi SUS8030
instrument (Tokyo, Japan) was employed with accelerating voltage of 1
kV and magnifications of 30 x .

2.10. In vitro dissolution and high-performance liquid chromatography
(HPLC) analysis

In vitro dissolution studies of the 3D-printed tablets were performed

according to USP guidelines (USP 41-NF 36 and 40 NF 35) with modi-
fications. A USP II paddle apparatus (Varian 705 DS, USA) was used with
900 mL of dissolution medium at 37 &+ 1 °C and a paddle speed of 50
rpm. The monolithic tablets were evaluated in citrate buffer for 1 h (pH
= 4.5 for AAS and 6.6 for RSV). The bilayer tablets were subjected to
dissolution testing for 1 h in citrate buffer at pH 4.5 and then were
transferred for 1 h in citrate buffer at pH 6.6. All dissolution studies were
carried out in triplicate. At specific time intervals, aliquots of 3 mL were
collected and filtrated in a 0.45 pm filter before the analysis. The same
volume of fresh media was added to each vessel to maintain a constant
volume of dissolution media during the release study. The samples were
then evaluated using HPLC to quantify the APIs.

The analysis was performed using an Agilent 1200 series HPLC sys-
tem equipped with a gradient elution system, autosampler, C8 (5 um,
250x4.6 mm) column for RSV, C18 (4.0-mm x 30-cm) column for AAS
and UV detector at 280 nm (RSV and AAS). The mobile phase comprised
of a) 2 g/L of sodium 1-heptanesulfonate in a mixture of acetonitrile and
water (15:85) for AAS and b) 0.1 mol/L formic acid — methanol (25:75,
v/v) pumped at flow rates of 2.0 and 1.0 mL/min respectively. Cali-
bration curves were prepared using references for all drugs at concen-
trations of 10, 20, 30, 40, and 50 pg/mL (R? = 0.999).
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Fig. 3. Characterisation of the powders utilized for 3D printing. AAS/VA64 PM: A) particle size distribution, B) SEM image (30 x magnification). RSV/HPMCAS-LMP

PM: C) particle size distribution, D) SEM image (30 x magnification).

Wlllllllllullgllllllllg II|I|I|LI |I||||I2||

Fig. 4. Monolithic 3D-printed tablets produced using SLS with different laser
intensities. A) Formulation of VA64/AAS printed at 20, 25, 30, and 35% of laser
intensity. B) Formulation of HMPCAS-LMP/RSV printed at printed at 16, 20
and 25%.

3. Results and discussion
3.1. Rational for drug and dose strength

The tablets in this study were designed for the treatment and

Table 2
Physical properties of the AAS and RSV 3D-printed tablets including hardness,
friability, and weight variation.

Tablet Hardness Friability Tablet weight
(N) (%) (mg, weight variation %)
AAS 20 15+ 1.8 16.4 £1.1 251. 2 (<2 %)
AAS 25 57 £1.5 6.2+0.5 257.6 (<2 %)
AAS 35 152+ 1.3 0.8 £0.01 255.4 (<1 %)
AAS 45 150 £1.1 0.6 £0.01 252.3 (<1 %)
RSV 16 12+ 2.0 26.1 +£2.6 208.5 (<2%)
RSV 20 64+ 1.4 85+1.2 206.3 (<1%)
RSV 25 110+ 1.1 1.4 £ 0.01 203.0 (<1%)

prevention of cardiovascular conditions with a dose of 70 mg for AAS
and 20 mg for RSV. For this purpose, clinical guidelines recommend a
low dose of AAS, typically 75-100 mg daily (Arnett et al., 2019), and a
dose range of 5-40 mg for RSV (Chou, R.; Cantor, A.; Dana, T.; Wagner,
J.; Ahmed, A.; Fu, R.; Ferencik, M. Statin Use for the Primary Prevention
of Cardiovascular Disease in Adults: A Systematic Review for the U.S.
Preventive Services Task Force. Rockville (MD): Agency for Healthcare
Research and Quality (US);, 2022). It is quite common that for combi-
nation pharmacotherapy the recommended doses are below the stan-
dard active dose (Yusuf et al., 2014). For example, certain cases, such as
for elderly patients, those with lower body weight, or individuals with
specific health conditions (e.g., chronic kidney or liver disease), lower
doses of aspirin may be necessary, demonstrating the flexibility and
potential applicability of this approach. Furthermore, 3D printing offers
a unique advantage in the personalization of therapy, including cus-
tomizable dosages that may be required in specific situations.
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Fig. 5. Optimization of bilayer tablets using SLS. A) Image of the misaligned bilayer tablet fabricated without casing. B) Schematic representation of the new
technique to produce bilayer tablets using a casing. C) Image of the aligned bilayer tablet fabricated with casing.

Fig. 6. Optical image of the 3D-printed bilayer tablet containing RSV and AAS
produced by SLS.

Table 3
Physical properties of the bilayer’s tablets including hardness, friability, and
weight variation.

Tablet Hardness Friability Tablet weight

N) (%) (mg, weight variation %)
Bilayer (35-20) 95 +1.2 1.8 £ 0.01 455.7 (< 2 %)
Bilayer (45-25) 120+ 1.1 0.9 £0.01 453.9 (<1 %)

3.2. Thermal analysis

TGA experiments were conducted to assess the thermal stability of
the bulk materials and physical blends. Given the high temperatures
experienced by powder particles during SLS printing, determining their

thermal stability is crucial for establishing the optimal printing tem-
perature and preventing degradation. As illustrated in Fig. 1A, VA64
exhibited an initial mass loss of 6 % due to moisture content and
remained thermally stable up to 275 °C, after which rapid mass loss
occurred due to polymer degradation.

AAS showed two distinct mass loss steps: the first between
130-235 °C accounting for approximately 60 % mass loss, and the sec-
ond between 235-385 °C reaching 100 % mass loss. The physical
mixture of VA64 and AAS exhibited initial water loss similar to VA64,
followed by two mass loss steps between 120-210 °C (approximately 20
% mass loss) and 250-400 °C, achieving a roughly 60 % weight loss.
Fig. 1B illustrates that HMPCAS-LMP remains stable up to 230 °C,
beyond which it undergoes significant thermal degradation, with
around 70 % mass loss at 350 °C. Conversely, RSV exhibited initial water
loss followed by thermal stability up to 200 °C, after which degradation
occurred. Finally, the physical mixture of HMPCAS-LMP and RSV began
degrading around 230 °C.

As illustrated in Fig. 2, AAS exhibited a melting endothermic peak at
141.08 °C, while VA64 displayed a glass transition at 108.68 °C. In the
VA64/AAS physical blend, the AAS melting peak shifted to 142.29 °C,
and is not possible to observe the VA64 glass transition. Bulk RSV and
HMPCAS-LMP presented glass transitions at 118.52 °C and 121.62 °C,
respectively. Moreover, a glass transition was observed at 121.28 °C for
the HMPCAS-LMP/RSV blend. Based on these values, the environmental
temperatures for SLS-3D printing were set at 60 °C and 95 °C, staying
below the glass transition and melting points of all materials. The precise
selection of temperature is crucial for printing; otherwise, premature
melting of the blend before laser radiation could negatively impact the
process.

3.3. Powder blend characterisation

In the SLS process, powder flow plays a crucial role, directly
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influencing the uniform deposition of a thin, compact, and smooth layer
of powder across the build area, which is essential for successful printing
(Goodridge et al.,, 2012). Therefore, the size, distribution, and
morphology of individual powder particles, were evaluated as these
factors collectively impact powder flow. The results, depicted in Fig. 3,
reveal that the average particle size (d50) of the VA64/AAS blend is 87.3
+ 0.61 pm, falling within the optimal range (45 to 90 pm) reported for
SLS printing (Goodridge et al., 2006). Conversely, the HPMCAS-LMP/
RSV blend exhibits an average particle size of 234.3 + 1.15 pm.
Although this value falls outside the specified range, literature suggests
that this restriction may not always apply to pharmaceutical dosage
forms as powders with particle sizes ranging from 150 to 350 pm can
yield highly porous structures, which can be useful to achieve the
desired disintegration and dissolution times (Tabriz et al., 2023). Both
blends presented a monomodal particle size distribution with uniformity
varying between 0.494 + 0.003 (HPMCAS-LMP/RSV) and 0.675 +
0.011 (AAS/VA64). Moreover, the SEM images revealed particles with
spherical morphology for VA64/AAS blend and elliptical shape (oval
and elongated features) for HPMCAS-LMP/RSV. Ultimately, the flow-
ability of the blends was determined using the Carr’s Index, and ac-
cording to the results (VA64/AAS = 13.50 %; HPMCAS-LMP/RSV =
14.29 %) the powders are classified as presenting good flowability
(11.0-15.0 %) (Goyal et al., 2015).

3.4. SLS for 3D printing of tablets

3.4.1. Production of monolithic tablets

The SLS printer consists of the printing chamber and powder reser-
voir which during the printing are heated to a temperature just under
the melting point or the glass transition of the employed material. The
SLS process begins with filling the building platform, which is set in the
highest position, and reservoir chamber with the selected powder. The
roller/blade is responsible for levelling a uniform and smooth layer of
powder through several horizontal movements. Next, a high-power laser
beam is emitted on to the top surface layer of powder and begins to
sinter a pre-determined 2D pattern according to the 3D design. After
each layer is completed, another thin layer of powder is dispersed. For
that the printing chamber is lowered while the reservoir chamber is
raised, which then allows the roller to apply a fresh powder surface on
top of the completed layer. This process is repeated until the final layer is
printed. After printing is complete, the sintered object which is con-
tained in a powder cake within the printing chamber is extracted by
shaking and sieving off the excess powder.

In this work, monolithic tablets were printed for each formulation
using various laser intensities (Fig. 4). The objective was to initially
optimize the parameters and then, based on the results, select the best
condition for printing the bilayer tablet. A CO; laser (A = 10.6 pm) was
employed as the high-power laser beam, offering a significant advantage
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Fig. 10. Tablet produced with the mesh design.

compared to other laser sources as it eliminates the need for incorpo-
rating an absorbance enhancer. This is because many biocompatible and
biodegradable polymers absorb within the wavelength region of the CO,
laser (Gueche et al., 2021). In contrast, in numerous reported SLS
studies, Candurin was added to enhance absorbance and facilitate the
sintering process for the production of pharmaceutical dosage forms
(Barakh Ali et al., 2019; Hamed et al., 2021; Giri and Maniruzzaman,
2022).

Energy density (ED) is a crucial parameter in SLS printing, defined as
the amount of energy transmitted per unit volume. It is determined by
laser power, scanning speed, and layer thickness (Madzarevic et al.,
2021). For the initial experimentation, the scanning speed and layer
thickness was kept constant for each formulation to isolate the influence
of laser power.

These parameters were chosen through a trial-and-error approach
(data not shown). Conversely, the laser power varied between 20 to 45
% for the AAS formulation, and 16 to 25 % for the RSV blend, producing
tablets denoted as AAS20, AAS25, AAS35, AAS45, RSV16, RSV20, and
RSV25, reflecting varying laser intensities.

The environment temperature was set at 60 and 90 °C for the AAS
and RSV respectively. with the glass transition temperature (Tg) and
degradation temperatures serving as key indicators for initial settings.
Ideally, the temperature should be maintained near Tg to activate stress
relaxation, which helps reduce part warpage and curling. However, it
should not exceed Tg, as this would cause powder particles to stick
together, complicating powder distribution (Yan et al., 2011). This
optimal temperature is influenced by various factors, including the
specific printer and laser type used, the chosen parameters, and whether
the powder is fresh or reused.

As shown in Fig. 4, the AAS tablets appeared whitish and a slight
change in colour and surface can be observed with increasing laser in-
tensity, with AAS45 showing a light yellowish colour with compact
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surface. However, for RSV tablets, a significant alteration was evident
with the increase of laser power, transitioning from slightly yellowish
for RSV16 to a brownish core for RSV25. It worth mentioning that the
colour change was also observed for the placebo tablets owing to
HPMCAS-LMP properties and no RSV degradation was observed. Similar
HPMCAS-LPM colour changes have been observed in previous studies
(Scoutaris et al., 2018; Maniruzzaman et al., 2016).

3.4.2. Physical characterization of the monolithic tablets

As depicted in Table 2, augmenting the laser intensity resulted in
increased hardness and reduced friability for both formulations. At
lower laser intensities (AAS20 and RSV16), the hardness was relatively
low for immediate-release tablets. However, by increasing the laser
power, it became feasible to enhance the hardness. The friability of the
tablets, in turn, exhibited an inversely proportional relationship to the
laser intensity, decreasing as the laser power increased. For the AAS
formulation, the lowest intensities (20/25) yielded highly friable tablets,
whereas those produced with the highest intensities (35/45) remained
within the specification (weight loss < 1 %, (United States Pharmaco-
peia, 2018) USP 2018). In the case of RSV, despite the significant
reduction in friability with the increase in laser power, the tablets did
not meet the specification.

The hardness of SLS tablets reported in literature are variable
depending on the excipients and parameters used (Brambilla et al.,
2021). Some studies report low hardness values in the range of 14-18 N
(Allahham et al., 2020), while others have achieved much higher
breaking forces, reaching up to 280 N (Fina et al., 2018). Gueche et al
(2021) reported hardness values similar to those found in the present
study for VA64 tablets loaded with different concentrations of paracet-
amol (0-30 %), with results ranging from 89.32 N to 47.18 N when using
25 % laser power and a scan spacing of 25,000 pps (Gueche et al., 2021).
A similar trend is observed with friability, where some studies meet the
pharmacopoeia specification (<1% mass loss) (Tikhomirov et al., 2023;
Fina et al., 2017), while others report highly friable tablets with mass
losses between 24-30 % (Mitrousi, 2022).

3.4.3. 3D printing of bilayer tablets

The fabrication of the bilayer tablets was conducted subsequent to
the optimization of printing and the production of monolithic tablets.
Initially, the method involved: i) loading the first blend into the printer;
ii) completing the printing process; iii) removing the first blend, while
leaving the first layer of the tablet on the building platform; iv) adding
the second blend to the printer; and v) reprinting onto the printed tablet.
However, this approach was unsuccessful, as the tablet layers were not
aligned (Fig. 5A).

To address this issue, a new method was developed wherein a 3D-
printed casing was employed to maintain the compartments of the
bilayer tablet in the correct position during the printing process. Fig. 5B
outlines the procedure: i) one compartment of the tablet is printed; ii)
the powder and the printed layer are removed from the print bed; iii) the
casing is placed into the printer, and the first compartment is inserted
into the casing slots; iv) new powder is loaded into the printer, and the
second compartment is printed on top of the first one; and v) once the
printing is completed, the bilayer tablets are removed from the casing.
Using this technique, it is possible to produce bilayer tablets that are
completely aligned (Fig. 5C). The tablets shown in Fig. 5 are for illus-
tration purposes only and were manufactured using HPMCAS with 2 %
food colouring to facilitate observation.

This new method was employed to fabricate bilayer tablets intended
for the treatment of cardiovascular conditions. Initially, the RSV/
HPMCAS-LMP compartment was printed, followed by the printing of
the second layer containing the VA64/AAS formulation using the casing.

Fig. 6 depicts that, as expected, the first layer of RSV demonstrated a
yellowish colour, while the second layer of AAS presented a whitish
colour, similar to the results obtained for the monolithic tablets. Table 3
demonstrates the results for friability, hardness, and weight variation for
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Fig. 11. In vitro drug release of mesh 3D-printed tablets produced at various laser intensities. A) AAS tablets in citrate buffer pH 4.5 (n = 3). B) RSV tablets in in

citrate buffer pH 6.6 (n = 3).

the bilayer tablets, which are aligned with the values obtained for the
monolithic tablets.

3.5. X-ray powder diffraction

XRPD analysis was conducted on bulk materials, PMs, and all tablets
to identify the physical state of the APIs in the formulations. As depicted
in Fig. 7A, VA64 displayed no peaks due to its amorphous nature, while
the bulk AAS exhibited multiple sharp intensity peaks, indicating its
crystalline state. AAS PM and tablets showed identical peaks at lower
intensity, suggesting no alteration of AAS crystallinity. Although SLS has
been reported as a technology capable of transforming drugs from a
crystalline to an amorphous state (Thakkar et al., 2021), this was not an
objective of this study, as AAS is classified as a BCS Class I drug and does
not exhibit solubility issues (Dressman et al., 2012). As shown in Fig. 7B,
HMPCAS-LMP demonstrates amorphous state since halo patterns
without diffraction peaks were obtained. Bulk RSV (Fig. 7B) displayed a
minor diffraction peak at 3.89°/26° and a broad peak at 19.50°/26°,
indicating that the RSV used was in crystalline form C, which typically
presents characteristic peaks at 3.6° + 2° and a broad peak at 19° + 5°
(Blatter et al., 2006). A complete disappearance of the RSV diffracto-
gram peak at 3.89°/20° was observed for RSV PM and tablets, possibly

10

indicating the transformation of the drug into an amorphous state.

3.6. Scanning electron Microscopy (SEM)

The observation of the cross-sections of the 3D-printed tablets under
SEM (Fig. 8) enabled the evaluation of their internal microstructures. As
depicted in Fig. 8, in the case of AAS tablets, the inner cores became
denser with the increase in laser intensity and consequently the sintering
process. The AAS tablets produced with 20 % and 25 % laser intensity
demonstrated a porous structure, while those produced with 35 % and
45 % showed completely molten particles, with the tablet cores
appearing fused. Some voids can be observed in the AAS35 tablets,
whereas they have virtually disappeared in the AAS45 tablets. Leong
et al. (2001) also found that higher laser power led to narrower internal
channels, and they established a linear correlation between porosity and
laser power (Leong et al., 2001). A similar effect occurred for RSV tab-
lets, where RSV16 exhibited a highly porous structure, RSV20 showed
particles starting to melt, and finally, RSV25 resulted in a compact, non-
porous structure.

In general, the porosity of RSV tablets was higher compared to AAS
tablets, which could be attributed to the lower laser intensity used, as
well as to the larger particle size previously described for the HPMCAS-
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Fig. 12. Invitro drug release of bilayer 3D-printed tablets containing AAS and RSV evaluated 1 h at citrate buffer pH 4.5 (n = 3), followed by 1 h in pH 6.6 (n = 3).

LMP/RSV blend. This was attributed to the presence of larger particles in
the HPMCAS-LMP/RSV blend were (d90) was found to be 453.7 pm and
for the AA/VA64 much smaller at 209.7 pm respectively. Eventually as
the laser intensity increased especially from 35-45 % the effect of larger
particles in the blend (d90) was insignificant. Prior studies have
demonstrated that finer particles (106-150 pm) increase the surface
contact area, leading to a higher degree of sintering and therefore
reduced porosity (Gueche et al., 2021; Salmoria et al., 2009).

3.7. Invitro dissolution

The in vitro dissolution of the 3D-printed monolithic tablets pro-
duced at various laser intensities was evaluated. Fig. 9 illustrates that
increasing the laser intensity led to a reduction in the dissolution rates of
both AAS and RSV tablets. AAS tablets printed at laser intensities of 20
and 25 % achieved approximately 100 % API dissolution within 30 min,
aligning with USP specifications (80 % of AAS dissolved in 30 min). On
the other hand, those fabricated at 35 and 45 % of laser power showed a
release outside the specification, ranging around 48-56 % within the
same timeframe. A similar trend was observed for RSV tablets, with
releases of approximately 20 %, 31 %, and 58 % at 30 min for tablets
fabricated at 25 %, 20 %, and 16 % laser power, respectively. According
to USP, 75 % of RSV should dissolve within 30 min.

As tablets with the highest dissolution rates exhibited poor physical
properties (hardness and friability) due to low laser intensity, the focus
shifted to tablets produced with the highest laser power. However, their
drug release did not align with specifications. To enhance the dissolution
rate of these tablets, fabrication dosage forms with a mesh design was
explored (Fig. 10). The aim was to create a design with a higher surface
area to volume (SA/V) ratio, as studies have shown that API release is
faster with a higher SA/V ratio and slower with a smaller ratio (Reynolds
et al., 2002; Narayana Raju et al., 2010; Windolf et al., 2021). Conse-
quently, AAS and RSV mesh tablets were printed using the same
formulation and parameters as the solid tablets, at laser intensities of
35/45 % and 20/25 %, respectively.

Fig. 11 illustrates the in vitro release of the mesh tablets, revealing
that the new design effectively enhanced the dissolution rate of both
AAS and RSV tablets. In comparison to solid tablets, the dissolution of
AAS mesh tablets increased from 56 % to 90 % for AAS35 and from 48 %
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to 85 % for AAS45, ensuring compliance with USP specifications.
Similarly, RSV mesh tablets exhibited a marked increase in dissolution
rate from 31 % to 87 % for RSV20 and from 20 % to 45 % for RSV25.
Consequently, RSV20 met pharmacopeial specifications.

Considering the results for the monolithic tablets, the AAS mesh
tablets manufactured at 45 % laser power were chosen as one
compartment of the ultimate bilayer tablet. While the reasonable option
for the RSV compartment would be the 20 % mesh tablet, we opted for
the solid tablet instead. This decision was made to assess the influence of
a solid layer on the dissolution of the bilayer system.

As Fig. 12 demonstrates, for the bilayer tablet, around 80 % of AAS
was released in 30 min, which is close to the value found for the
monolithic tablet (85 %). As expected, RSV showed minimal release in
the pH 4.5 environment due to its pH-dependent solubility behaviour,
attributed to the ionization of the carboxylic acid group (pKa = 4.6) at
higher pH levels. After 120 min, the pH was adjusted to 6.6, then after
30 min (150 min), RSV tablet showed a release of 40 % of API, slightly
higher compared to the monolithic tablets (31 %). Overall, the impact
on dissolution was minor when the two compartments were printed
together in a single tablet.

4. Conclusion

SLS was employed in this work to produce bilayer tablets for the
treatment of heart conditions. The careful choice of the AAS/VA64 and
RSV/HPMCAS-LMP powder blends, tablet design and the tuning of print
processing parameters led to the fabrication of monolithic and bilayer
tablets. The laser intensity was crucial for the print process optimisation
and affected the tablet hardness, friability, and drug dissolution rates.
The printing of robust bilayer tablets with specific designs demonstrated
the suitability of SLS technology for polypills. Moreover, SLS was proved
to produce tablets with high reproducibility and accuracy with fewer
processing steps showing the immense potential for the manufacturing
of pharmaceutical drug products both at the point of care of mass pro-
duction. Some minor issues related to powder de-dusting, and occupa-
tional health risks require further investigation.
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