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Abstract: 3D printing by selective laser sintering (SLS) of high-dose drug delivery systems using
pure brittle crystalline active pharmaceutical ingredients (API) is possible but impractical. Cur-
rently used pharmaceutical grade excipients, including polymers, are primarily designed for powder
compression, ensuring good mechanical properties. Using these excipients for SLS usually leads to
poor mechanical properties of printed tablets (printlets). Composite printlets consisting of sintered
carbon-stained polyamide (PA12) and metronidazole (Met) were manufactured by SLS to overcome
the issue. The printlets were characterized using DSC and IR spectroscopy together with an assess-
ment of mechanical properties. Functional properties of the printlets, i.e., drug release in USP3 and
USP4 apparatus together with flotation assessment, were evaluated. The printlets contained 80 to
90% of Met (therapeutic dose ca. 600 mg), had hardness above 40 N (comparable with compressed
tablets) and were of good quality with internal porous structure, which assured flotation. The thermal
stability of the composite material and the identity of its constituents were confirmed. Elastic PA12
mesh maintained the shape and structure of the printlets during drug dissolution and flotation. Laser
speed and the addition of an osmotic agent in low content influenced drug release virtually not
changing composition of the printlet; time to release 80% of Met varied from 0.5 to 5 h. Composite
printlets consisting of elastic insoluble PA12 mesh filled with high content of crystalline Met were
manufactured by 3D SLS printing. Dissolution modification by the addition of an osmotic agent was
demonstrated. The study shows the need to define the requirements for excipients dedicated to 3D
printing and to search for appropriate materials for this purpose.

Keywords: pharmaceutical additive manufacturing; powder bed fusion; composite materials; drug
delivery; 3D printing; gastroretentive drug delivery systems; floating dosage forms; nylon; polyamide
12; metronidazole

1. Introduction

Application of Floating Drug Delivery Systems (FDDS) is the primary method of
increasing gastric residence time [1]. Therefore, FDDS are suitable for the treatment of local
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Helicobacter pylori gastrointestinal infections [2]. Metronidazole (Met) belongs to the group
of first choice chemotherapeutics in H. pylori treatment. Its pKa is 2.6 and its solubility in
diluted (0.1 mol/L) hydrochloric acid is 2.2 mg/mL [3,4]. The study of Shah et al., 1999 has
shown that Met is stable in simulated gastric fluid (SGF, pH 1.2) at 37 ◦C for 24 h [5].

Various technologies are currently used to develop FDDS [6,7]. In the last decade,
additive manufacturing techniques (3D printing) have been applied to produce drug
delivery formulations [8–14]. 3D printing is a promising technology for manufacturing
controlled-release drug delivery systems, especially those that need additional features, e.g.,
floating properties. Several attempts have been made to develop the FDDS using additive
manufacturing techniques in recent years. The main methods applied in the studies are
fused deposition modeling [15] or semisolid extrusion [16–18]. 3D printing has also been
used to prepare devices for maintaining the buoyancy of standard tablets [19–22] or to
develop formulations with shells or hollow chambers that allow them to float [17,18,23–25].

Among various 3D printing techniques used to manufacture drug delivery systems,
the application of Selective Laser Sintering (SLS) is relatively rare [26–29]. However, the pos-
sibility to manufacture various oral drug delivery systems, including orodispersible [30–32],
immediate- [33] and modified-release [33–36] formulations, has been presented. According
to the American Society for Testing Materials, SLS is classified as a Powder Bed Fusion
(PBF) method of building objects by sintering powder particles using laser energy [27]. One
of the most important advantages of the SLS technique is that it uses powders. Technologies
for powder preparation and processing are well-established in the pharmaceutical indus-
try. Once having the powder’s basis set, only powder calibrating and mixing are needed.
Such an approach could simplify the preparation of particular formulations immediately
before the printing process, making them applicable on the small manufacturing scale, e.g.,
hospitals or community pharmacies [29].

Currently available pharmaceutical-grade materials are designed primarily for tablet-
ing. The good mechanical properties of traditional drug delivery systems are obtained by
powder compression in the tableting process. In this case, specific excipient properties are
expected (e.g., tabletability, compressibility, elasticity and disintegration ability). Excipients
optimized for powder compression technology cannot give similar results when using 3D
printing due to different characteristics of the manufacturing process. In the case of SLS, the
optical, thermal and rheological properties should also be considered [37]. Therefore, the
use of new manufacturing techniques raises the problem of finding appropriate excipients.

The materials of choice for SLS are aliphatic polyamides (nylons). They are a group of
synthetic polymers with favorable physicochemical properties, such as thermal stability
combined with thermoplasticity, mechanical strength, chemical inertness, hydrophilicity
and a high purity level after synthesis. The extensive clinical use of nylons as surgical
materials together with other biomedical applications, including wound healing, man-
ufacturing of dental implants, regenerative medicine and drug delivery, confirms their
biocompatibility and non-toxicity [38]. These properties allow nylons to be used to formu-
late sustained-release drug delivery systems. Nylon 6,10 has been used to prepare erodible
and monolithic matrix tablets with amitriptyline [39,40]. Nylon drug delivery systems
have been proposed early in developing 3D printed pharmaceutical products using SLS.
Unfortunately, prolonged drug release up to 7–9 days has been obtained, which is useless
when dealing with oral dosage forms [41].

Another issue that remains to be solved is the high-dose API incorporation in printed
drug delivery systems. SLS of highly drug-loaded controlled release matrices consisting of
crystalline drug and no more than 5% of excipients has been proposed [36]. The extension
of the presented concepts could be the use of the materials recommended for selective laser
sintering, e.g., nylon, to create the insoluble mesh with the active pharmaceutical ingredient
(API) embedded in the structure of the matrix. Nylon 12 (PA12) is a semi-crystalline ther-
moplastic polymer widely used for SLS, as commercial stained PA12 powders are available.
In the current study, it was decided to use PA12 as an excipient for sintering matrix tablets
containing Met. The study’s goals were: (1) to present the proof of concept of obtaining a
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highly drug-loaded, polymer-reinforced composite formulation, using FDDS as a working
example; (2) to evaluate the properties of nylon as an inert 3D SLS printable excipient for
Met incorporation; (3) to investigate the extended in vitro drug release behavior and to
assess possible degrees of freedom for dissolution tuning.

2. Materials and Methods

Metronidazole (Hubei Hongyuan Pharmaceutical Technology Co., Ltd. Fengshan,
China), commercial, carbon-stained nylon 12 for 3D printing (PA12 Powder, Sintratec AG,
Brugg, Switzerland) and sodium chloride (Merck KGaA, Darmstadt, Germany) were used
in the study. All other applied materials were of analytical grade.

2.1. 3D Printing

Initially homogenized through sieve 160 mesh, powders of fine, pure crystals of Met,
PA12 or sodium chloride (optional) were placed volumetrically (without tapping) in the
glass measuring cylinder (1 L). The measured volumes were then weighed. The mixtures
were prepared by mixing volumetric ratios of components in a polyethylene bag for 5 min.
The volumetric and corresponding weight compositions of the printed tablets (printlets)
are presented in Table 1.

Table 1. Compositions expressed as volumetric (v/v) and weight (w/w) percent of components in
printlets formulations and laser speed parameters.

Metronidazole PA12 Sodium Chloride Laser Speed
(mm/s)(% v/v) (% w/w) (% v/v) (% w/w) (% v/v) (% w/w)

Formulation A
(80/20/0/100) 80 84.1 20 15.9 0 0 100

Formulation B
(80/18/2/100) 80 81.7 18 13.9 2 4.4 100

Formulation C
(80/20/0/150) 80 84.1 20 15.9 0 0 150

Formulation D
(90/10/0/75) 90 92.2 10 7.8 0 0 75

The capsule-shaped templates for printing were prepared in STL format with Autodesk
Inventor 2020 (Autodesk Inc., San Rafael, CA, USA). The printlets were 1.8 cm long, and
the diameter of the capsules was 1 cm (Figure 1a).
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SLS was performed using Sintratec Kit 3D (Sintratec AG, Brugg, Switzerland) 3D
printer equipped with a blue laser (2.3 W, 445 nm wavelength), operating under Sintratec
Central software (v. 1.2.5, Sintratec AG, Brugg, Switzerland). The initial printing parameters
were tuned experimentally, and the following temperature targets were applied: powder
surface temperature 115 ◦C and chamber temperature 100 ◦C. The thickness of a powder
layer was 150 µm, and the distance between two consecutive laser scans in the layer (hatch
spacing) was 250 µm for all formulations. Laser speed was in the range of 75–150 mm/s
depending on the particular formulation, according to Table 1. Nine printlets per print job
were manufactured.

2.2. Scanning Electron Microscopy (SEM)

The powder microstructure and surface of printed samples were observed using a
scanning electron microscope JSM-6610LV (JEOL GmbH, Tokyo, Japan). The tests were
conducted using a low vacuum with a backscattered electron-composition image (BEC).
The accelerating voltage was 15 kV. The chemical analysis was performed with energy dis-
persion spectroscopy (EDS) using the X-Max detector, equipped with Aztec v.2.1 software
(Oxford Instruments, Oxford, UK).

2.3. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurements were performed using the DSC822e
cell with IntraCooler and STARe software v.8.10 (Mettler-Toledo, Columbus, OH, USA).
Samples were weighed as received without preparation. About 10 mg of a studied sample
was weighed into the standard aluminum crucible (40 µL). The crucible was hermetically
sealed, and a lid was perforated before measurement. The samples were heated from 25 ◦C
to 200 ◦C at 10 ◦C/min under a nitrogen atmosphere with 60 mL/min flow. The following
temperature program was also used: (1) heating from 25 ◦C to 200 ◦C at 10 ◦C/min;
(2) 5 min at 200 ◦C; (3) cooling from 200 ◦C to −60 ◦C at 50 ◦C/min, heating from −50 ◦C
to 200 ◦C at 10 ◦C/min.

2.4. IR Measurements

The infrared spectra were recorded on the Nicolet iS10 FT-IR spectrometer (Thermo
Scientific, Waltham, MA, USA) using an ATR sampling module, on diamond crystal, in the
spectral range from 4000 to 650 cm−1 and a spectral resolution of 4 cm−1. For one spectrum,
200 scans were recorded.

2.5. Mechanical Parameters of the Printlets and Apparent Density of Printlets

The hardness of the printlets was evaluated according to European Pharmacopoeia
2.9.8 Resistance to crushing General Monograph. The test was carried out on 10 tablets in
hardness tester YD-3 (Hinotek Group Ltd., Ningbo, China).

The apparent density of the printlets was calculated by dividing the weight of the
printlets of a particular formulation and the volume of the printout. For this purpose,
10 printlets of each formulation were weighed accurately, the apparent density was calcu-
lated. Due to the printing precision, the volume of the printlets was treated as constant
(1.152 cm3).

2.6. Drug Release Studies and Buoyancy Observation

Met release studies were performed using USP Apparatus 3 and Apparatus 4, accord-
ing to The European Pharmacopoeia (Ph. Eur.).

The USP Apparatus 3 dissolution system consisted of a BIO-DIS Reciprocating Cylin-
der Apparatus G7970-64011 in closed on-line configuration with Agilent 89092-60002
Multichannel Pump paired with an Agilent Cary 8454 UV-Vis spectrophotometer and con-
trolled by UV-Visible GLP Chem Station Software v.B.05.04 (all from Agilent Technologies
Inc., Penang, Malaysia). Seven vessels filled with 250 mL of 0.01 M HCl pH 2.0 dissolution
medium were placed at 37 ± 0.5 ◦C. The apparatus was set at 15 dips per minute (DPM).
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The release of Met in Apparatus 4 was carried out in a closed-loop, semi-automated
flow-through cell dissolution system (SOTAX AG, Aesch, Switzerland). The dissolution
system consisted of a SOTAX CE 7 smart unit with a set of seven 22.6 mm internal diameter
cells, SOTAX CP 7-35 piston pump, and single-beam Agilent Cary 8454 UV-Vis spectropho-
tometer controlled by WinSOTAX Plus Dissolution Software v.2.60.4.1. As a dissolution
medium, 0.01 M HCl, pH 2.0 in a volume of 250 mL was used.

3. Results and Discussion

Formulation A (80/20/0/100) was a basic composition. This formulation was modified
to analyze the influence of changes of several factors on the properties of the FDDS. The
possibility of introducing an osmotic substance into the matrix was tested on Formulation
B (80/18/2/100). In the case of Formulation C (80/20/0/150), the influence of laser speed
was tested. Formulation D (90/10/0/75) was prepared to test the possibility of decreasing
PA12 content. In this case, the laser speed was reduced to obtain the acceptable printout.

3.1. The Characteristics of the Printlets

The technical drawing of the model and photo of the printlet manufactured by SLS
are presented in Figure 1a,b, respectively. All formulations obtained with this technique
were regular shapes without damage or chipping. The surface of the printlets was rough,
which suggested that the final formulation should be coated or encapsulated to enable
their swallowing. The mean weight of the tablets was 800 mg (n = 10), and the weight
distribution was in the range ±5% (760–840 mg). The hardness of the printlets was similar
for all developed formulations. It was in the range 37–49 N. The mean hardness of the
printlets was: Formulation A (80/20/0/100) 45 N, Formulation B (80/18/2/100) 40 N,
Formulation C (80/20/0/150) 43 N and Formulation D (90/10/0/75) 44 N.

Figure 2 shows SEM images of Formulations A (80/20/0/100) and D (90/10/0/75) at
two different magnifications. The printlets had a composite structure with zones where
the material was only slightly sintered. The EDS applied to analyze the various spots in
the images showed differences in carbon content, suggesting that they were built with
different materials (Supplementary Materials, Figures S1–S7). The darker areas in the
images corresponded to PA12, and the lighter ones belonged to crystalline clusters of Met.
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Figure 2. SEM images of (a) Formulation A (80/20/0/100) at 40× magnification; (b) Formulation
D (90/10/0/75) at 50× magnification; (c) Formulation A (80/20/0/100) at 100× magnification;
(d) Formulation D (90/10/0/75) at 100× magnification. The markings are commented on in the text.
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The thermal studies of raw materials applied for printlet preparation (Figure 3) showed
that the melting point for Met was about 160 ◦C, while the PA12 had a melting point
of about 186 ◦C. The PA12 particles absorbed the laser energy more effectively as they
contained dye, and the sintering process could be described in two steps. (1) Since the glass
transition temperature (Tg) of PA12 is about 50 ◦C [42], it is believed that the laser energy
kept the amorphous regions of PA12 in a viscous state. Sintered PA12 formed the mesh
(continuous structure). (2) Thermal energy was also transferred to Met crystals—smaller
ones (microscopic observations confirmed their presence) could be sintered together with
adjacent Met crystals and PA12. Some non-sintered grains were visible in the pore space of
Formulations A and D, suggesting that energy transfer was inefficient.
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Formulations A (80/20/0/100) and D (90/10/0/75) required independent selec-
tion of sintering parameters due to different dye content. In the case of Formulation
D (90/10/0/75), more energy was needed per time unit to obtain printlets with an
appropriately-formed internal structure (Figure 2c,d). It required a slower laser speed
(75 mm/s) during printing.

3.2. The Effect of Sintering on the Phase Transitions of Printlet Components

DSC and IR techniques were used to evaluate the phase transitions of nylon and Met
during sintering. The PA12 exists in four crystal forms: α, α′, γ and γ′ [42–45]. Both γ

and γ′ forms exhibit a single melting peak at 177.5 ◦C and 176 ◦C, respectively. In the
case of the α form, two melting effects at 168.5 ◦C and 177 ◦C are observed in a DSC
curve. Studies performed by Dadbakhsh et al. [44] have shown that the crystal structure
of the powder changes from α to γ-form after SLS melting. The change is associated with
a drastic drop in crystallinity, as observed using wide-angle X-ray scattering. However,
Martynková et al. [45] have proved that laser sintering decreases the lamellar crystallite size
of PA12, calculated from powder diffractograms because the partial phase transformation
from γ to α may reduce lamellar crystallite size due to disruptions caused in the γ lamellar
stacking continuum.

The thermal studies of the components of the printlets were in agreement with liter-
ature data. The DSC curves of Met and PA12 were characterized by single endothermic
peaks (Figure 3). Met melted at 159.63 ◦C (∆H =−195.61 J/g), which was in agreement with
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the data published by Agafonova et al. [46]. The PA12 melted at 179.79 ◦C (∆H =−101.66 J/g),
which agreed with the melting characteristic of γ-form [42,44].

In both Met/PA12 mixtures and Formulation A (80/20/0/100) and Formulation D
(90/10/0/75), the melting effect was observed only for Met. The melting temperature and
enthalpy moved to lower values for Met/PA12 mixtures, i.e., 159.37 ◦C, −192.39 J/g for the
90/20 mixture and 159.08 ◦C, −180.89 J/g for 80/20 mixture.

DSC curves of printlets are presented in Figure 4. They differed from the DSC curves
of the mixtures by a small additional endothermic effect on the left arm of the main melting
effect of Met. The melting temperatures and enthalpies for Formulations A (80/20/0/100)
and D (90/10/0/75) were different due to different Met/PA12 ratios (Figure 3). Thermal
parameters for Formulation A (80/20/0/100) printlets were 148 ◦C, −15 J/g for the first
effect and 159 ◦C, −156 J/g for the second effect. For Formulation D, the first effect was
observed at 153 ◦C, with enthalpy −8 J/g, and the second effect was detected at 159 ◦C,
−177 J/g. It was supposed that the first melting effect originated from phase transitions
between γ and α form of PA12, with accompanying changes in crystallinity [45].
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(90/10/0/75).

DSC thermograms of Met/PA12 mixtures confirmed the presence of Met. An addi-
tional, small endothermic effect was observed in DSC curves of printlets apart from the
pure Met melting effect. It was supposed that this small effect originated from polymorphic
transitions of PA12.

The additional temperature program, consisting of 5 segments, was used to detect
phase transitions in the tested samples (a complete set of raw DSC curves obtained from
this thermal loop is presented in the Supplementary Materials, Figures S8–S12). The third
segment (cooling from 200 ◦C to−60 ◦C) of the loop (Figure 5) contains the most interesting
results. In curves obtained for powder mixtures as well as for printlets, two crystallization
effects were observed at about 129 ◦C (the same for the mixture and the sintered sample),
42 ◦C (for the mixture) and 27 ◦C (for the sintered sample). From the comparison of
crystallization enthalpies of PA12 and Met with those obtained from the mixture and the
sintered sample, it could be assumed that the effect at 129 ◦C reflected crystallization of
PA12, the effect at 42 ◦C and 27 ◦C originated from the crystallization of Met. It is worth
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indicating a significant difference between the crystallization temperature of Met alone and
Met in the mixture or the sintered sample. Moreover, the crystallization temperature of
Met in the sintered sample was downshifted by about 15 ◦C in comparison to the mixture,
which can prove additional effects in the printlet.
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In ATR-IR spectra, Met was easily identified by the intensive bands at 3209 cm−1 (from
O-H stretching vibrations), 3100 cm−1 (from C-H stretching vibrations), 1534 cm−1 (from
-NO2 asymmetric stretching vibrations), 1472 cm−1 and 1427 cm−1 (from C-H deformation
vibrations), 1367 cm−1 (from -NO2 symmetric stretching vibrations), 1186 cm−1 (from C-O
stretching vibrations) and 1073 cm−1 (from the ring breathing mode) [47].

PA12 forms were well distinguished utilizing IR spectroscopy. The most significant
differences between forms were for the amide II band. The origin of this band in secondary
amides was due to a mixed vibration. The mixing was between the N-H in-plane bending
and the C–N stretching vibration. This band appeared at 1561 cm−1 in γ-PA12, 1557 cm−1

in γ′-PA12, and in 1545 cm−1 in α-PA12 [43].
Nylon PA12 was characterized by the intensive bands at 3290 cm−1 (from N-H stretch-

ing vibrations), 2917 cm−1 and 2848 cm−1 (from C-H asymmetric and symmetric stretching
vibrations), 1637 cm−1 (from C=O stretching vibrations, amide I Band), and broadband
from 1569 to 1540 cm−1 (from the N-H in-plane bending and the C–N stretching vibration,
amide II Band) indicating the presence of a mixture of PA12 forms [42,44]. In the spectra
of both mixtures, mainly Met bands were observed as well as two characteristic bands at
2971 cm−1 (Figure 6a) and 1637 cm−1 (Figure 6b) from PA12.

The IR spectroscopy confirmed the presence of Met and PA12 in mixtures and printlets.
However, due to a small percentage of PA12, only two weak bands were visible in the IR
spectra of mixtures and tablets (Figure 7). As a result, there were no visible differences and
band shifts between the IR spectra of the mixtures and the printlets. It indicated the lack of
interaction between Met and PA12 in the printlet.
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The results presented in this section, together with literature data, gave the strong
premises that the composite material was obtained, i.e., elastic insoluble PA12 mesh filled
with brittle crystalline Met.

3.3. Drug Release Studies and Floating Properties

The drug release studies were carried out using two different pharmacopeial methods:
reciprocating cylinder (Apparatus 3 Ph. Eur./USP) and flow-through cell (Apparatus
4 Ph. Eur./USP). Combining both methods allowed for a comprehensive assessment of the
printlets’ properties. In the reciprocating cylinder apparatus (Apparatus 3), the repeating
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movements of the cylinders during the dips exerted additional effects on the printlets to
simulate the mechanical stress in the stomach [48,49], but the flotation of the printlets was
not possible to observe. The flow-through cell apparatus was applied to assess the influence
of the formulation on drug dissolution in mild conditions, as well as the floating behavior
of the printlets.
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Drug dissolution in USP apparatus 4 was relatively slow. The release profiles of Met
are presented in Figure 8. The time required to release 80% of drug substance was longer
than 12 h, i.e., 13 h for Formulation C (80/20/0/150), 17 h for Formulation B (80/18/2/100)
and 21 h for Formulations A (80/20/0/100) and D (90/10/0/75).

For all formulations, the mean apparent density was lower than 0.8 g/cm3 (Table 2).
The porous structure of the printlets ensured their immediate flotation after the filling of
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flow-through cells. Due to the low content of insoluble PA12 the matrices were gradually
fragmented and, in most cases, the printlets sunk within the first hour of the experiment.
However, in the case of Formulation C (80/20/0/150), which had the lowest apparent
density, flotation of the matrices was observed for 10 h (Figure 9). The observations
confirmed that the porous structure of the printlets allowed their flotation. This feature
could be optimized in further studies.
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Table 2. Mean apparent density of formulations obtained by SLS (n = 10) and results of buoyancy
observations in Apparatus 4.

Formulation A
(80/20/0/100)

Formulation B
(80/18/2/100)

Formulation C
(80/20/0/150)

Formulation D
(90/10/0/75)

Mean apparent density (g/cm3) 0.76 0.73 0.62 0.82
SD (n = 10) 0.02 0.02 0.01 0.02

Buoyancy lag time (min) 0 0 10 0
Total floating time (min) 30 60 600 100
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Met release in USP apparatus 3 was substantially faster than in USP4 for all formula-
tions due to different hydrodynamic conditions (Figure 10). Dissolution from Formulation
A (80/20/0/100) was biphasic. Up to 4 h it was almost linear, and Formulation A released
80% of API at 5 h with the full drug release longer than 10 h. Regarding Formulation C
(80/20/0/150), the standard composition containing 80% v/v of Met with higher laser speed
(150 mm/s) resulted in a much faster Met release—about 80% of the dose was released
during the first 30 min, and complete release occurred at 2.5 h. The interesting modification
of the 80/20 formulation was replacing 2% PA12 with the same volume of sodium chloride
as the osmotic agent in Formulation B (80/18/2/100). The presence of sodium chloride in
the matrix modified Met release from the printlets. They released about 80% of the API
within 1.5 h, and the total Met release was observed at 2.5 h. While the melting point of
NaCl is high (801 ◦C) compared with other components, the addition of NaCl is unlikely to
affect the sintering process. The explanation of faster release could be an increase in the
osmotic pressure of the solution present in the porous printlet structure and, consequently,
more effective water penetration into the matrix. For formulation containing only 10% v/v
of PA12, Formulation D (90/10/0/75), almost 80% of Met was released during the first 2 h.
However, in this case, faster release than for 80/20 formulation was probably caused by
the weaker composite structure due to the lower PA12 content.

Materials 2022, 15, 2142 13 of 17 
 

 

 
Figure 9. Flotation of Formulation C (80/20/0/150) in USP4 apparatus after 10 h of the experiment. 

Met release in USP apparatus 3 was substantially faster than in USP4 for all formula-
tions due to different hydrodynamic conditions (Figure 10). Dissolution from Formulation A 
(80/20/0/100) was biphasic. Up to 4 h it was almost linear, and Formulation A released 80% of 
API at 5 h with the full drug release longer than 10 h. Regarding Formulation C (80/20/0/150), 
the standard composition containing 80% v/v of Met with higher laser speed (150 mm/s) re-
sulted in a much faster Met release—about 80% of the dose was released during the first 30 
min, and complete release occurred at 2.5 h. The interesting modification of the 80/20 for-
mulation was replacing 2% PA12 with the same volume of sodium chloride as the osmotic 
agent in Formulation B (80/18/2/100). The presence of sodium chloride in the matrix modified 
Met release from the printlets. They released about 80% of the API within 1.5 h, and the total 
Met release was observed at 2.5 h. While the melting point of NaCl is high (801 °C) compared 
with other components, the addition of NaCl is unlikely to affect the sintering process. The 
explanation of faster release could be an increase in the osmotic pressure of the solution pre-
sent in the porous printlet structure and, consequently, more effective water penetration into 
the matrix. For formulation containing only 10% v/v of PA12, Formulation D (90/10/0/75), 
almost 80% of Met was released during the first 2 h. However, in this case, faster release than 
for 80/20 formulation was probably caused by the weaker composite structure due to the 
lower PA12 content.  

 
Figure 10. The mean release profiles (n = 3) of Met from 3D printlets in the USP3 apparatus. Figure 10. The mean release profiles (n = 3) of Met from 3D printlets in the USP3 apparatus.

3.4. General Discussion

The current study combined the very early concepts in DDS manufacturing by SLS,
where a water-insoluble (nylon or polycaprolactone) matrix has been used [50–55], and
the idea of manufacturing highly drug-loaded printlets with SLS, which is presented
on paracetamol printlets by Kulinowski et al. [36]. For example, fine nylon powder has
been sintered into matrices, which have been soaked with dye (methylene blue) as a
drug model [51]. In another study, biodegradable polycaprolactone matrices loaded with
progesterone feature zero-order kinetics [54,55]. The drug release from such DDS has
been slow, with full drug release from several to dozens of days. Such structures can be
useful when a long release time is required (e.g., implants) and are inadequate as oral drug
delivery systems. On the other hand, obtaining a product with good mechanical properties
by sintering pure, stained API is a very demanding process [36]. Putting a high content of
API into insoluble elastic thread with low polymer content resulted in a composite material
of improved mechanical properties and printability.
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The potential of high drug loading, i.e., 80% w/w and more, which could be obtained
without sacrificing printability and mechanical properties, cannot be overestimated. The
work by Thakkar et al. shows the mechanical properties of the printlets manufactured using
pharmaceutical grade polymer and containing 5–10% w/w of API [56]. The best tensile
strength obtained in their study is comparable with composite Met/PA12 formulations
containing up to 90% v/v (more than 90% w/w) of the brittle API.

Nylons are good candidates as potential pharmaceutical excipients due to their bio-
compatibility (see the extensive review article by Shakiba et al. [38]), printability and
good mechanical properties. At this stage of DDS development, using technical grade
(carbon-stained nylon) had no negative impact on the presentation of the general idea
of the study and even on further developments. Such an approach was justified as no
pharmaceutical-grade nylons are optimized for SLS printing.

4. Conclusions

Classical oral dosage forms achieve mechanical strength due to powder compression.
As a result, pharmaceutical oral dosage forms excipients are designed primarily for powder
compression. Using pharmaceutical-grade excipients frequently leads to poor mechanical
characteristics of the printlets manufactured with SLS technology. Therefore, there is an un-
met need to seek a new set of dedicated materials matching 3D printing technologies. In the
presented study, the composite material was obtained consisting of elastic insoluble PA12
mesh filled with high content of brittle (crystalline) Met using SLS. As mesh consisted of 10
or 20% of the printlet, a high therapeutic API dose could be incorporated, i.e., ca. 600 mg of
Met. Despite the high content of brittle drug substance, good mechanical properties were
obtained. Together with the potential gastroretentive properties of the printlets, obtained
drug delivery systems have the potential for H. pylori treatment. Differences in thermal
characteristics between powder mixtures and printlets were identified by DSC experiments.
It was shown that the drug-excipients mixture could generate complicated thermal patterns
in terms of DSC curves which should be accounted for when selecting printing parameters.
An additional potential degree of freedom for shaping/tuning drug release profiles was
introduced. The addition of a low amount of osmotic agents, in our case 2% v/v of NaCl,
could influence drug dissolution from composite PA12/Met printlets. The developed ideas
can be used to design other printlet formulations.

The properties of standard pharmaceutical excipients applied for tableting result
from decades of experiments and experience gathered during the optimization of the
manufacturing processes of drug delivery systems. The study shows the need to define
the requirements for excipients dedicated to 3D printing and to search for appropriate
materials for this purpose.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15062142/s1, Figure S1: SEM with identified spots, where EDS
spectra were recorded, Figure S2: The EDS spectrum recorded at spot 4, Figure S3: The EDS spectrum
recorded at spot 5, Figure S4: The EDS spectrum recorded at spot 6, Figure S5: The EDS spectrum
recorded at spot 7, Figure S6: The EDS spectrum recorded at spot 8, Figure S7: The EDS spectrum
recorded at spot 9, Figure S8: DSC curves from thermal loop of Metronidazole (blue), PA12 (green),
mixture (black) and printed tablet (red), Figure S9: DSC curves from thermal loop of Metronidazole
segment 1 and 4-melting, Figure S10: DSC curves from thermal loop of PA12, segment 1 and 4-melting,
Figure S11: DSC curves from thermal loop of mixture, segment 1 and 4-melting, Figure S12: DSC
curves from thermal loop of printed tablets, segment 1 and 4-melting.
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technique for pharmaceutical applications—Development of high dose controlled release printlets. Addit. Manuf. 2021, 38, 101761.
[CrossRef]

37. Schmid, M.; Amado, A.; Wegener, K. Materials perspective of polymers for additive manufacturing with selective laser sintering.
J. Mater. Res. 2014, 29, 1824–1832. [CrossRef]

38. Shakiba, M.; Ghomi, E.R.; Khosravi, F.; Jouybar, S.; Bigham, A.; Zare, M.; Abdouss, M.; Moaref, R.; Ramakrishna, S. Nylon—A
material introduction and overview for biomedical applications. Polym. Adv. Technol. 2021, 32, 3368–3383. [CrossRef]

39. Adeleke, O.A. In vitro characterization of a synthetic polyamide-based erodible compact disc for extended drug release. SN Appl.
Sci. 2020, 2, 2152. [CrossRef]

40. Kolawole, O.A.; Pillay, V.; Choonara, Y.E.; du Toit, L.; Ndesendo, V.M. The influence of polyamide 6, 10 synthesis variables on the
physicochemical characteristics and drug release kinetics from a monolithic tablet matrix. Pharm. Dev. Technol 2009, 15, 595–612.
[CrossRef]

41. Leong, K.F.; Phua, K.K.S.; Chua, C.K.; Du, Z.H.; Teo, K.O.M. Fabrication of porous polymeric matrix drug delivery devices using
the selective laser sintering technique. J. Eng. Med. 2001, 215, 191–192. [CrossRef] [PubMed]

42. Ma, N.; Liu, W.; Ma, L.; He, S.; Liu, H.; Zhang, Z.; Sun, A.; Huang, M.; Zhu, C. Crystal transition and thermal behavior of
Nylon 12. e-Polymers 2020, 20, 346–352. [CrossRef]

43. Ramesh, C. Crystalline Transitions in Nylon 12. Macromolecules 1999, 32, 5704–5706. [CrossRef]
44. Dadbakhsh, S.; Verbelen, L.; Verkinderen, O.; Strobbe, D.; Van Puyvelde, P.; Kruth, J.-P. Effect of PA12 powder reuse on coalescence

behaviour and microstructure of SLS parts. Eur. Polym. J. 2017, 92, 250–262. [CrossRef]
45. Martynková, G.S.; Slíva, A.; Kratošová, G.; Barabaszová, K.; Študentová, S.; Klusák, J.; Brožová, S.; Dokoupil, T.; Holešová, S.

Polyamide 12 Materials Study of Morpho-Structural Changes during Laser Sintering of 3D Printing. Polymers 2021, 13, 810.
[CrossRef] [PubMed]

46. Agafonova, E.V.; Moshchenskiy, Y.V.; Tkachenko, M. DSC study and calculation of metronidazole and clarithromycin thermody-
namic melting parameters for individual substances and for eutectic mixture. Thermochim. Acta 2014, 580, 1–6. [CrossRef]

47. Ali, H.R.H.; Ali, R.; Batakoushy, H.A.; Derayea, S.M. Solid-State FTIR Spectroscopic Study of Two Binary Mixtures: Cefepime-
Metronidazole and Cefoperazone-Sulbactam. J. Spectrosc. 2017, 2017, 5673214. [CrossRef]

48. Pezzini, B.R.; Issa, M.G.; Duque, M.D.; Ferraz, H.G. Applications of USP apparatus 3 in assessing the in vitro release of solid oral
dosage forms. Braz. J. Pharm. Sci. 2015, 51, 265–272. [CrossRef]

http://doi.org/10.3390/pharmaceutics12010052
http://doi.org/10.1038/s41598-017-03097-x
http://www.ncbi.nlm.nih.gov/pubmed/28588251
http://doi.org/10.1208/s12249-019-1521-x
http://www.ncbi.nlm.nih.gov/pubmed/31754916
http://doi.org/10.1208/s12249-021-01994-z
http://doi.org/10.1080/03639045.2020.1764027
http://www.ncbi.nlm.nih.gov/pubmed/32364418
http://doi.org/10.1016/j.ijpharm.2020.119594
http://doi.org/10.1016/j.addr.2021.04.025
http://doi.org/10.3390/pharmaceutics13081212
http://www.ncbi.nlm.nih.gov/pubmed/34452173
http://doi.org/10.3390/pharmaceutics12020110
http://doi.org/10.3390/pharmaceutics12020172
http://doi.org/10.1016/j.ijpharm.2018.02.015
http://doi.org/10.1016/j.ijpharm.2017.06.082
http://www.ncbi.nlm.nih.gov/pubmed/28668582
http://doi.org/10.1016/j.ijpharm.2018.05.044
http://www.ncbi.nlm.nih.gov/pubmed/29787894
http://doi.org/10.3390/pharmaceutics11040148
http://www.ncbi.nlm.nih.gov/pubmed/30934899
http://doi.org/10.1016/j.addma.2020.101761
http://doi.org/10.1557/jmr.2014.138
http://doi.org/10.1002/pat.5372
http://doi.org/10.1007/s42452-020-03954-x
http://doi.org/10.3109/10837450903397560
http://doi.org/10.1243/0954411011533751
http://www.ncbi.nlm.nih.gov/pubmed/11382078
http://doi.org/10.1515/epoly-2020-0039
http://doi.org/10.1021/ma990494o
http://doi.org/10.1016/j.eurpolymj.2017.05.014
http://doi.org/10.3390/polym13050810
http://www.ncbi.nlm.nih.gov/pubmed/33800854
http://doi.org/10.1016/j.tca.2014.01.018
http://doi.org/10.1155/2017/5673214
http://doi.org/10.1590/S1984-82502015000200003


Materials 2022, 15, 2142 16 of 16

49. Fukui, S.; Yano, H.; Yada, S.; Mikkaichi, T.; Minami, H. Design and evaluation of an extended-release matrix tablet formulation;
the combination of hypromellose acetate succinate and hydroxypropylcellulose. Asian J. Pharm. Sci. 2016, 12, 149–156. [CrossRef]

50. Low, K.; Leong, K.; Chua, C.; Du, Z.; Cheah, C. Characterization of SLS parts for drug delivery devices. Rapid Prototyp. J. 2001,
7, 262–268. [CrossRef]

51. Cheah, C.M.; Leong, K.F.; Chua, C.K.; Low, K.H.; Quek, H.S. Characterization of microfeatures in selective laser sintered drug
delivery devices. J. Eng. Med. 2002, 216, 369–383. [CrossRef]

52. Leong, K.F.; Chua, C.K.; Gui, W.S. Verani Building Porous Biopolymeric Microstructures for Controlled Drug Delivery Devices
Using Selective Laser Sintering. Int. J. Adv. Manuf. Technol. 2006, 31, 483–489. [CrossRef]

53. Leong, K.F.; Wiria, F.E.; Chua, C.K.; Li, S.H. Characterization of a poly-epsilon-caprolactone polymeric drug delivery device built
by selective laser sintering. Bio-Med. Mater. Eng. 2007, 17, 147–157.

54. Salmoria, G.V.; Klauss, P.; Zepon, K.M.; Kanis, L.A. The effects of laser energy density and particle size in the selective laser
sintering of polycaprolactone/progesterone specimens: Morphology and drug release. Int. J. Adv. Manuf. Technol. 2012, 66,
1113–1118. [CrossRef]

55. Salmoria, G.V.; Klauss, P.; Kanis, L.A. Laser Printing of PCL/Progesterone Tablets for Drug Delivery Applications in Hormone
Cancer Therapy. Lasers Manuf. Mater. Process. 2017, 4, 108–120. [CrossRef]

56. Thakkar, R.; Davis, D.A.; Williams, R.O.; Maniruzzaman, M. Selective Laser Sintering of a Photosensitive Drug: Impact of
Processing and Formulation Parameters on Degradation, Solid State, and Quality of 3D-Printed Dosage Forms. Mol. Pharm. 2021,
18, 3894–3908. [CrossRef]

http://doi.org/10.1016/j.ajps.2016.11.002
http://doi.org/10.1108/13552540110410468
http://doi.org/10.1243/095441102321032166
http://doi.org/10.1007/s00170-005-0217-4
http://doi.org/10.1007/s00170-012-4393-8
http://doi.org/10.1007/s40516-017-0040-4
http://doi.org/10.1021/acs.molpharmaceut.1c00557

	Introduction 
	Materials and Methods 
	3D Printing 
	Scanning Electron Microscopy (SEM) 
	Differential Scanning Calorimetry (DSC) 
	IR Measurements 
	Mechanical Parameters of the Printlets and Apparent Density of Printlets 
	Drug Release Studies and Buoyancy Observation 

	Results and Discussion 
	The Characteristics of the Printlets 
	The Effect of Sintering on the Phase Transitions of Printlet Components 
	Drug Release Studies and Floating Properties 
	General Discussion 

	Conclusions 
	References

