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A B S T R A C T   

Fused deposition modeling (FDM) and selective laser sintering (SLS) are two of the most employed additive 
manufacturing (AM) techniques within the pharmaceutical research field. Despite the numerous advantages of 
different AM methods, their respective drawbacks have yet to be fully addressed, and therefore combinatorial 
systems are starting to emerge. In the present study, hybrid systems comprising SLS inserts and a two- 
compartment FDM shell are developed to achieve controlled release of the model drug theophylline. Via the 
use of SLS a partial amorphization of the drug is demonstrated, which can be advantageous in the case of poorly 
soluble drugs, and it is shown that sintering parameters can regulate the dosage and release kinetics of the drug 
from the inserts. Furthermore, via different combinations of inserts within the FDM-printed shell, various drug 
release patterns, such as a two-step or prolonged release, can be achieved. The study serves as a proof of concept, 
highlighting the advantages of combining two AM techniques, both to overcome their respective shortcomings 
and to develop modular and highly tunable drug delivery devices.   

1. Introduction 

Additive Manufacturing (AM), also commonly referred to as 3D 
printing, is becoming more ubiquitous in all fields of research, and the 
pharmaceutical field is no exception (Wang et al., 2021). Pharmaceu-
tical 3D printing is changing the future of healthcare as certain aspects of 
pharmaceutical formulations that are challenging to solve with tradi-
tional techniques can now be addressed via AM. For example, AM can 
offer patient tailored dosage forms, in particular for subgroups of pop-
ulations such as the elderly or children (Karavasili et al., 2021). The 
layered manner of manufacturing enables the printing of multiple ma-
terials and Active Pharmaceutical Ingredients (APIs) in the same 
formulation, which provides possibilities to control release kinetics and 
drug release in specific sites, and enables production of polypills (G.K. 
Eleftheriadis et al., 2020). These benefits, along with intricate geome-
tries and varying infill percentages made possible with 3D printing, play 
a key role in tuning the drug release profile and can lead to better patient 
compliance (Mathew et al., 2020). 

Selective Laser Sintering (SLS) has quickly become one of the most 
used 3D printing techniques employed in the pharmaceutical field. The 
method involves a laser beam focused on the powder surface, heating 
and sintering the powder according to the cross section of the part 

printed. A new layer of fresh powder is spread on top of the sintered 
material and the process continues until the object is printed (Brambilla 
et al., 2021). As the object is being printed the surrounding non-sintered 
powder acts as support for the structure, eliminating the need for sup-
porting material required in other AM techniques and allowing for 
complex geometries. SLS can be used to produce small to medium sized 
batches of drug formulations in a relatively short amount of time. 
Furthermore, drug amorphization can be achieved at specific conditions 
and there is usually no need of pre-processing of the feedstock material 
(Awad et al., 2021; Awad et al., 2020). On the other hand, SLS is limited 
to a single material per batch and is not suitable for multi-material 
prints. It is further limited by the choice of polymers, which need to 
have a defined sintering window. The narrow selection of materials used 
in SLS usually, but not always, produce fast dissolving formulations 
(Yang et al., 2021; F. Fina et al., 2018). The large volume of powder 
needed is also prohibitive for expensive APIs and polymers as the 
recyclability of unsintered powder is often limited (Dotchev and Yusoff, 
2009). Additionally, the nature of the technique requires post processing 
such as sieving and dedusting. Finally, warping, delamination, porosity, 
friability issues and weight/shape variability in the final objects might 
occur in case of using certain polymers or not optimized printing con-
ditions. For instance, a large particle size of the polymer may impact the 
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layer application by dragging the already sintered layer with the 
spreader when applying new layers. (Sillani et al., 2019; Norman et al., 
2017) 

Fused Deposition Modelling (FDM) is currently the most accessible 
and common pharmaceutical AM technique. The object is printed by 
melting the thermoplastic drug-containing feedstock material and 
depositing it in a layered manner on a platform (Alhnan et al., 2016). 
FDM formulations have been developed for different routes of admin-
istration including, peroral, buccal, vaginal and rectal (Katsiotis et al., 
2021; G.K. Eleftheriadis et al., 2020; Fu et al., 2018; Persaud et al., 
2020). Major advantages of FDM include the rapid prototyping, multi 
-drug and -material formulations, versatile structures and the ability to 
tune the drug release site and kinetics, depending on the geometry and 
polymer chosen (Tan et al., 2018; Pereira et al., 2019; Gioumouxouzis 
et al., 2019; Uziel et al., 2019). However, as with other 3D printing 
techniques, FDM has its disadvantages. For example, there is a limited 
selection of pharmaceutical grade thermoplastic materials, and the high 
temperature required to melt these materials prohibits the use of ther-
molabile drugs (Okafor-Muo et al., 2020). Additionally, the technique is 
best suited to produce smaller batches as its scalability is challenging. 

To overcome the shortcomings of individual AM techniques, a shift 
towards hybrid systems has emerged (Melocchi et al., 2020; Elefther-
iadis et al., 2021). These typically combine a part of the dosage form 
printed by FDM with other parts produced by other traditional or novel 
techniques. Most commonly, FDM technology is implemented in hybrid 
systems to prepare an outer shell that is filled with other elements such 
as powders, liquids, and self-nanoemulsifying drug delivery systems 
(SNEDDs) (Matijašić et al., 2019; Markl et al., 2017; Smith et al., 2018). 
Other examples include combining FDM with inkjet printing to produce 
layered formulations (Trenfield et al., 2019; G.K. Eleftheriadis et al., 
2020), and coupling FDM and injection molding for dual drug con-
taining formulations to combat the problem of scalability (Fuenmayor 
et al., 2019). A great benefit of hybrid formulations is the ability to tune 
the drug release to the desired kinetics. Eleftheriadis et al. demonstrated 
that the release of a macromolecule in the intestine could be achieved by 
incorporating it in a hydrogel that was filled within a pH responsive 3D 
printed shell, thus protecting the formulation from the harsh environ-
ment of the stomach (G.K. Eleftheriadis et al., 2020). An approach of 
combining a 3D printed shell with compressed tablets has been used 
both for a floating device with zero-order release kinetics and a 
formulation with a drug release better adapted to the circadian rhythm 
of the patient (Huanbutta et al., 2021; Li et al., 2022). Moreover, tailored 
drug release patterns have been demonstrated using a combination of 
3D-printed complex structures and surface-eroding polymers (Sun and 
Soh, 2015). Finally, Maroni et al. developed injection molded and 
3D-printed compartmental devices aimed at releasing the drug load in a 
regulated, two-pulse pattern (Maroni et al., 2017). 

In the current work, we explore a combinatorial, two-compartmental 
drug delivery device with the aim to achieve a tunable release of the 
drug in two distinct steps. The FDM technique was used to prepare an 
outer shell that hosts SLS-printed tablets containing theophylline. 
Theophylline has previously been employed as an API in a study of a 
controlled-release drug delivery system (Korte and Quodbach, 2018), 
and in the present study was used as a model drug for both steps of the 
drug release in a simulated gastric environment. Such a system with two 
discreet drug release steps can serve, for example, the coadministration 
of a nonsteroidal anti-inflammatory drug and a gastro protective agent 
for preventing ulcers and aiding patient compliance. 

2. Materials and methods 

In this hybrid system, the SLS-printed part is hereafter referred to as 
the insert and functions as the drug carrier, whereas the FDM-printed 
part is hereafter referred to as the shell and contains the insert. 

2.1. Materials 

The formulation for the insert consists of the copolymer 1-vinyl-2- 
pyrrolidone and vinyl acetate (Kollidon ® VA 64) kindly provided by 
BASF SE (Ludwigshafen, Germany), a silica-based pigment (Candurin ® 
NXT Ruby Red) kindly provided by Merck KGaA (Darmstadt, Germany), 
and the model API theophylline (Merck Life Science AB, Solna, Swe-
den). The shell was prepared from a filament comprised of D-mannitol 
(VWR International, Stockholm, Sweden) and polyvinyl alcohol 4–88 
(PVA) (Sigma-Aldrich, Stockholm, Sweden).  Hydrochloric acid (HCl) 
and sodium chloride (NaCl) were purchased from Merck Life Science AB 
(Solna, Sweden). 

2.2. Design of the device 

The insert and shell were modeled in Fusion 360 (Autodesk, San 
Francisco, USA) and the shell is shown in Fig. 1. 

Preliminary models were produced with different compartment sizes 
that would fit the inserts. The factors considered were the maximization 
of the internal volume, as to have higher dosages from the inserts, 
structural integrity, and an outside wall and barrier between the com-
partments that is thick enough to provide dissolution of each insert 
distinctly. Additionally, it is important that complete dissolution of the 
device is achieved in a reasonable time frame for the intended admin-
istration. The arrangement and size of the holes for the first compart-
ment were designed to permit fast release from the first insert while 
maintaining a stepwise release of the entire formulation. 

As can be seen in Fig. 1, the shell has a diameter of 17 mm and has 
two arc-shaped compartments separated from each other. The radius of 
each of them is 6.5 mm. One compartment is sealed once the device is 
printed, whereas the second one has three holes in the wall for the im-
mediate dissolution media access. The inserts are produced to match the 
shape and dimensions of the empty compartments. After designing the 
parts, the shell model was uploaded to Prusa Slicer (Prusa Research a.s., 
Prague, Czech Republic) and the insert model to Sintratec Central 
(Sintratec AG, Brugg, Switzerland) for further printing parameter 
generation. 

2.3. SLS 

All chemicals were first manually mixed in the following ratio: 10 wt. 
% API, 1 wt.% pigment, 89 wt.% polymer. After mixing, the formulation 
was sieved through a 315 µm stainless-steel sieve (VWR International 
AB, Stockholm, Sweden) to avoid the presence of particle agglomerates. 
In order to reach good homogeneity, the formulation was mixed again 
using a Turbula shaker (Turbula T2F shaker, Glen Mills, Inc., Clifton, NJ, 
US) for 15 min at 100 rpm. This mixture is referred to as the SLS physical 
mixture in subsequent analyses. 

The Sintratec KIT (Sintratec AG, Brugg, Switzerland) was used as the 
SLS printing system. The printing parameters employed are listed in 
Table 1. Two different scanning speeds, 200 mm/s and 300 mm/s, were 
used to produce structures with different density denoted as “hard” and 
“soft”, respectively. The lower laser scanning speed results in a longer 
exposure time, which entails more heat transferred to the powder sur-
face and more polymer and API particles fusing together to form an 
amorphous solid dispersion (ASD). 

2.4. Hot-melt extrusion 

The filament for FDM printing of the shell was extruded via a Filabot 
EX2 single-screw extruder (Filabot Inc., Barre, VT, USA). PVA pellets 
were ground into smaller particles with a commercial grinder and then 
mixed with mannitol powder at a PVA:mannitol ratio of 85:15. A 
mixture of 30 g was used for the extrusion at 170 ◦C with a screw speed 
of 12 rpm and a 1.5 mm nozzle. The filament post extrusion was kept in a 
sealed bag. 
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2.5. Mechanical testing of the extruded filament 

The tensile strength and Young’s modulus of the extruded filament 
were assessed using a universal testing instrument (AGS-X, Shimadzu, 
Kyoto, Japan). The experiment was conducted in triplicate. Filament 
specimens were 12 cm long, with the last 2 cm on each end held by 
grippers, leading to a gage length of 8 cm. The diameter of the filament 
was measured along the length of the sample with a digital caliper. The 
strain rate for the test was set at 1 mm/s. The maximum stress point was 
noted and the slope of the curve corresponding to the elastic deforma-
tion was used to calculate the Young’s modulus. 

2.6. FDM 

The shell was printed with a Prusa i3 MK3S printer (Prusa, Prague, 
Czech Republic) equipped with a 0.4 mm diameter nozzle. The printing 
and bed temperatures were 215 ◦C and 60 ◦C, respectively. Printing 
speed was set at 20 mm/s for the first layer and 40 mm/s for the 
following layers, with a layer height of 0.15 mm and 100% infill. When 
the print reached a height of 5 mm, the process was paused, and the SLS- 
printed inserts were placed in the empty compartments. The printing 
was then resumed. Six variations of the drug delivery device were pro-
duced by loading the inserts in different combinations in the 

compartments (Table 2). 

2.7. Powder X-ray diffraction (PXRD) 

PXRD analyses of the SLS physical mixture and printed structures 
were carried out on the D8 Advance TwinTwin X-ray diffractometer 
(Bruker AXS GmbH, Bremen, Germany) using Cu-Kα1,2 (λ = 1.5418 Å) 
radiation. The instrument was operated at 40 mA and 40 kV, using a 
step-size of 0.02̊. 

2.8. Thermogravimetric analysis (TGA) 

TGA was performed with a TGA/DSC 3+ (Mettler Toledo, Schwer-
zenbach, Switzerland). Samples with an approximate weight between 
15 and 20 mg were loaded in uncovered alumina crucibles and heated 
from 25 ◦C to 700 ◦C under airflow at a rate of 10 ◦C/min. 

2.9. API quantification 

Quantification of API concentration in the release medium was 
performed with a UV–Vis spectrophotometer (1899, Shimadzu Corpo-
ration, Kyoto, Japan). A calibration curve (R2 > 0.99) was prepared 
using absorption measurements of theophylline at 271 nm in the range 
of 0.5 – 15 mg/L in simulated gastric fluid (SGF; NaCl 2 g/L, 1 M HCl 80 
mL/L). 

2.10. Measurement of API content 

In order to determine the total amount of API in SLS-printed inserts, 
samples of soft and hard inserts were stirred and dissolved in SGF at 
37 ◦C overnight. Samples of this solution were first filtered through 0.45 
μm PTFE filters and then absorbance was measured via UV–vis spec-
troscopy. The absorbance contribution from equivalent amounts of 
polymer and colorant used in the inserts was measured and subtracted 
from the absorbance of the drug-loaded samples. Each experiment was 
performed in triplicate. 

2.11. In vitro drug release 

Drug release studies were performed using the Sotax AT7 (Sotax AG, 
Aesch, Switzerland), a USP II apparatus. Soft and hard SLS-printed in-
serts and hybrid formulations as detailed in Table 2 were tested. Each 

Fig. 1. Orthographic projections of the shell of the device. All dimensions in mm.  

Table 1 
SLS printing parameters.  

Parameter Value 

Printing temperature, C 112.5 
Chamber temperature, C 70 
Layer height, µm 150 
Hatching space, µm 50  

Table 2 
Samples produced with different insert combinations.  

Sample name First compartment, with holes Second compartment, sealed 

s/s Soft insert Soft insert 
h/h Hard insert Hard insert 
s/h Soft insert Hard insert 
h/s Hard insert Soft insert 
e/s Empty Soft insert 
e/h Empty Hard insert  
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vessel was filled with 900 mL of SGF, stirred at 100 rpm, and kept at 37 
◦C. Sample aliquots of 3 mL were removed at predetermined time in-
tervals and replenished with an equal volume of fresh buffer. They were 
filtered through 0.45 μm PTFE filters and their absorbance was 
measured. A shell containing no inserts and powder mixtures of polymer 
and colorant of amounts equivalent to the SLS-printed inserts were also 
measured as blank experiments and the absorbance was subtracted from 
the absorbance of the drug-loaded samples. All experiments were per-
formed in triplicate. 

3. Results and discussion 

3.1. Morphology and mass distribution 

The resulting objects from the FDM and SLS printing, and the sub-
sequent assembly of the device are shown in Fig. 2. The insert (Fig. 2a) 
and shell (Fig. 2b) were printed separately. The shell printing process 
was paused prior the last top layers in order to manually place the insert 
in position (Fig. 2c). Then the FDM printing process continued to cover 
and seal the whole hybrid structure (Fig. 2d). The filament used to print 
the shell had a maximum tensile strength of 8.1 MPa and a Young’s 
modulus of 60.2 MPa. 

The reproducibility of both 3D printing techniques was confirmed by 
measuring the dimensions of the produced objects and was found to be 
in good agreement with their respective CAD designs. Moreover, the size 
of the inserts was designed to fit the internal space of the compartments 
of the shell as closely as possible, hence maximizing the effective volume 
and dosage of the formulation. 

The average mass (n = 5) of the drug-carrying inserts was found to be 
113 ± 4 mg for the soft inserts and 161 ± 7 mg for the hard inserts. 
Although the feedstock for both inserts is the same, as well as their di-
mensions and therefore their volume, the mass between the soft and 
hard inserts differs, which is attributable to a difference in density. The 
SLS technique allows for the adjustment of hardness and density of 
printed structures via changing printing parameters such as laser scan-
ning speed. The laser scanning speed defines how much energy is 
transferred from the laser source upon the printing surface. The lower 
the laser scanning speed, the greater the thermal energy transferred. 
Consequently, a densification of the structure occurs because of the 
higher degree of melting of the polymer, which subsequently fills the 
voids between polymer and API particles. Consequently, the same 
feedstock mixture and design dimensions can be used to achieve for-
mulations of variable specifications. The hardness and density can be 
adjusted to produce inserts with identical size, but different mass (and 
consequently API content per object) and different drug release kinetics. 
In this study, we used a 200 mm/s laser scanning speed to print “hard” 
structures that are characterized by their resulting higher density. The 
“soft” structures were printed at a speed of 300 mm/s. 

3.2. Physicochemical characterization 

PXRD and TGA were performed to investigate if the SLS printing 

process induced any changes to the components of the inserts, especially 
the API. In Fig. 3 the crystalline peaks are clearly observed in the PXRD 
diffractogram of the pure theophylline powder. These peaks appear in 
the diffractograms of the physical mixture and the inserts, which all 
contain theophylline, albeit at much lower intensities. The lower in-
tensity of the peaks can be explained partly by the fact that the physical 
mixture and the sintered structures contain only about 10% API. The 
even lower intensity of the crystalline peaks corresponding to theoph-
ylline observed in the inserts compared with the physical mixture is 
likely due to a reduction in the crystalline portion of the API after the 
sintering process experienced during creation of the inserts. During the 
SLS print, a portion of the API is dissolved in the polymer after reaching 
the polymers Tg at 109 ◦C, prior to reaching the melting point of the API 
at 272 ◦C, which results in this portion being stabilized in its amorphous 
form when the temperature drops after sintering (Salmoria et al., 2016; 
Gupta et al., 2016; F. Fina et al., 2018). 

The results of the TGA analysis are displayed in Fig. 4 and reveal an 
approximately 5% mass loss for the SLS physical mixture and printed 
inserts at a temperature around 100 ◦C, which can be attributed to a 
water evaporation process. The API trace shows a rapid weight loss of 
almost 90%, starting at around 250 ◦C and finishing at around 340 ◦C, 
which corresponds to the structure’s decomposition after melting. The 
physical mixture and printed structures show a gradual decomposition 
behavior with three steps at 300 ◦C, 350 ◦C and 450 ◦C, which reflects 
the decomposition of organic polymer moieties. Even though the hard 
and soft inserts were printed at different scanning speeds which resulted 
in different densities of the objects, their thermal degradation properties 
were essentially identical. 

Fig. 2. The hybrid system assembly: A- the SLS-printed insert, B- partially finished FDM-printed shell, C- assembled insert and shell, D- sealed hybrid system.  

Fig. 3. PXRD diffractograms of the SLS-printed structures, physical mixture 
and the model drug. 
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3.3. Drug content and release assessment 

The drug content test revealed that theophylline comprised 8.6 ±
0.3% and 9.7 ± 0.2% of the soft and hard inserts, respectively, with the 
latter having excellent agreement with the targeted loading of 10%. The 
reason for the greater deviation from the targeted loading observed with 
the soft inserts can be attributed to the lower degree of melting of the 
polymer during the SLS printing in the soft inserts compared to the hard 
inserts. The mechanical integrity of the inserts is due to the melting of 
the polymer alone since the energy of the laser is not high enough to 
melt the API. The faster scanning speed of the laser used to produce the 
soft inserts results in less of the API particles being incorporated in the 
melted polymer matrix, and subsequent de-dusting and handling of the 
inserts post-printing results in the selective loss of API particles from the 
inserts. 

The drug release behavior from the SLS inserts alone is shown in 
Fig. 5 in terms of total drug mass released (panel A) and% of total drug 
content released (panel B). Compared to the hard insert, the soft insert 
formulation showed a faster release that reached 90% in 15 min. 
However, both formulations reached a plateau within 30 min. These 
release profiles show the potential for tuning the drug release from SLS- 
printed dosage forms having the same formulation and dimensions by 
simply altering the SLS printing parameters. 

The systems containing the same type of inserts were tested next, i.e., 
samples s/s and h/h, and their release profiles are depicted in Fig. 6. The 
holes in the structure of the shell allow for immediate access of the 
solvent to the insert in the first compartment, thus avoiding a lag time 
during which the polymer barrier is being dissolved and no drug is 

released. As the system is aimed for drug release in the stomach, any 
time delay should be avoided since after 2–3 h the formulation would 
move lower in the gastrointestinal tract. The release curve of the s/s 
formulation displays a clear two-step pattern, indicating that the insert 
in the first compartment immediately starts to release the drug, while 
the insert in the second compartment has to wait until the surrounding 
polymer walls have dissolved before contributing to the drug release 
after approximately 80 min. Although the drug release from the first 
compartment begins immediately after insertion of the sample into the 
buffer medium, the dissolution process for the first compartment’s insert 
of s/s is slower compared to that of the soft insert itself, c.f. Fig. 5, which 
is expected since the access of the buffer medium is partially restricted 
by the shell. Unlike the s/s, the h/h formulation does not exhibit the 
same behavior; its total release pattern is more similar to a controlled 
release type. The restricted medium access and the fact that the insert is 
sintered “harder” both result in a slower initial drug release from the 
insert in the first compartment compared to the initial release from the 
device with s/s inserts. The release rate increases after approximately 
30 min, likely coinciding with the dissolution of the polymer shell 
around both compartment’s insert and resulting in a combined release 
from both h/h inserts. In both hybrid systems, however, a plateau is 
reached between 90 and 120 min. 

Subsequently, hybrid systems containing a mixture of inserts were 
tested, i.e., s/h and h/s, and their release curves are presented in Fig. 7. 
The release kinetics of these samples are similar to the formulations s/s 
and h/h. It is becoming apparent that the crucial factor for the two-step 
drug release is the dissolution rate of the contents of the first compart-
ment. In the case of the s/h, the dissolution of the soft insert is rapid and 
within 60 min, in agreement with the previous experiment, thus 
allowing for a stepwise drug release. In contrast, the h/s formulation 
exhibits a more controlled slow release. The release from the hard insert 
in the first compartment is slower and thus the release from the second 
insert overlaps to a great extent with the release from the first insert, 
resulting in a relatively constant release rate for much of the drug 
release. Both formulations are fully dissolved at 150 min. 

Finally, in order to investigate the time needed for the polymeric 
shell of the sealed compartment to be dissolved, the FDM shells were 
only loaded with one insert in the second compartment while the first 
one remained empty. Fig. 8 depicts the release curves of e/s and e/h 
formulations. For both formulation there is an initial lag time of 60 min, 
reaffirming that this is the time needed for the medium to dissolve the 
polymer from any side around the second compartment and reach the 
insert. Once the polymeric barrier dissolves the drug release from both 
e/s and e/h is rapid with the e/s release rate initially greater than that of 
the e/h insert. 

The versatility of extrusion-based AM techniques has been utilized 
previously to produce compartmental devices with specific drug release 
profiles. Maroni et al. demonstrated the flexibility of FDM-based systems 
for producing a pulsatile release of a loaded powder by printing a shell 

Fig. 4. TGA profiles of the SLS-printed structures, physical mixture and the 
model drug. 

Fig. 5. The drug release profiles for the SLS-printed inserts: A – mg, B -% of the drug released.  
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with different thicknesses or materials for the different compartments 
(Maroni et al., 2017). In the present work the combination of SLS and 
FDM techniques is proposed, for the first time, as an alternative way to 
develop compartmental systems with distinct drug release profiles. 
Although the physical size of the device produced in this study is larger 
than typical tablets for oral delivery, and the dosage of theophylline is 
lower than dosages typically administered, this study should be 
considered a proof-of-concept of the enhanced versatility and flexibility 
provided by this combination of AM techniques. As it was shown, SLS 
has the capability to adjust the density of the printed formulations based 
on the sintering speed, thus tuning the release characteristics of the 
drug. Moreover, SLS inserts may be manufactured in bulk and in 
advance of the final assembly of the dosage form. The use of these 
pre-prepared formulations carries unique advantages and preferable 

properties compared to loading API in powder form into shell com-
partments, including partial amorphization of the API, weight and thus 
dosage uniformity, and handling simplicity. Similarly, the flexibility of 
FDM offers further customization options for personalized dosage forms 
by adjusting factors such as the geometry, thickness and material of the 
shell walls to achieve the desired release kinetics. Hence, the combina-
tion of these two different printing techniques and their respective 
printing parameters exponentially increases the number and variations 
of final dosage forms and corresponding drug release properties 
attainable by compensating for each other’s limitations and adding 
unique properties that cannot be achieved by employing either of the 
techniques on their own. 

Fig. 6. The drug release profiles for the hybrid systems with soft/soft and hard/hard inserts. A – mass of drug released, B -% of the drug released.  

Fig. 7. The drug release profiles for the hybrid systems with soft/hard and hard/soft inserts. A – mass of drug released, B -% of the drug released.  

Fig. 8. The drug release profiles for the hybrid systems with the first compartment empty and the second one with a hard or soft insert. A – mass of drug released, B 
-% of the drug released. 
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4. Conclusions 

In the current work we have developed a combinatorial drug de-
livery system comprising an FDM shell and SLS-printed inserts, where 
fine tuning of the drug release has been achieved by taking advantage of 
the specific properties of both AM techniques. We have showed that with 
the same physical mixture of a drug, different dosages and release rates 
can be achieved by printing the dosage form via SLS, and furthermore 
the hybrid system of FDM and SLS can be used to produce a tailored step 
or prolonged release of the drug. This system provides a means of pro-
ducing personalized drug dosage forms that could be even further 
expanded by the inclusion of multiple drugs for specific applications. 
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