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Abstract

Currently, fused deposition modeling (FDM) is a 3D printing technology that has been most widely used to develop innovative drug
delivery approaches for overcoming the limitations of oral drug administration. Propranolol has a short plasma half-life and is well
soluble in acidic environments. Thus, this study aimed to develop a gastro-floating 3D printed device (GFD) to sustain the release
of propranolol in the stomach as a gastro-retentive drug delivery system. The polylactic acid (PLA) was selected to fabricate the
GFD. An air chamber was included in the interior construction of the GFD design for buoyancy. The number of open channels on
the side wall of GFD was modified to regulate release. The propranolol gel formulation was composed of a mixture of propranolol
and polyvinylpyrrolidone (PVP) at the weight ratio of 6:5 and was then loaded into GFDs using a syringe. GFD exhibited a floating
ability of more than 24 h with low standard deviation (SD) values of weight variation and shape dimension. The propranolol release
from GFD shows sustained release properties in the simulated gastric environment without lag time. The 4 and 5 channels of GFD
exhibited sustained drug release for 6 h. In addition, the duration of sustained release for 8 h was achieved from the GFD with 2
and 3 channels. The kinetic release of propranolol from GFDs was the best fit with zero-order. Thus, the GFDs could be designed to
control the drug release according to each patient, which has the potential for applying personalized gastro-retentive drug delivery
in various medications.
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Introduction

Three-dimensional (3D) printing technology, also known
as additive manufacturing, is a method of fabrication rapid
prototyping (Cohen et al. 2009). The 3D printing has been
applied in various fields such as construction, medicine,
automobile and aerospace, biomedical, pharmaceutical,
and many other fields (Trenfield et al. 2018a; Vaz and
Kumar 2021). In addition, the pharmaceutical field was
also considering applying 3D printing to medical delivery
applications. The U.S. Food and Drug Administration (FDA)
approved a levetiracetam tablet (Spritam®) manufactured
using 3D printing technologyin July 2015. This development
signifies the FDA’s acknowledgment of the potential of 3D
printing technology in the pharmaceutical industry. The
Spritam® product was produced by binder jetting, which
presented an extremely porous structure and could rapidly
disperse in the mouth (about 11 s) (Trenfield et al. 2018b).
Subsequently, 3D printing has been used to develop drug
delivery systems for improving efficiency, such as drug-
device fabrication for controlled-release, immediate-
release, floating properties, microneedles, transdermal
patches, as well as producing dosage forms with a specific
and precise dose on demand, personalized medicine, and so
on (Cader etal. 2019). There are various types of 3D printers
(Brambilla et al. 2021); however, fused deposition modeling

(FDM) 3D printers are the most popular and widely used
in the pharmaceutical field due to their inexpensiveness,
accessibility, ease of use, and reproducibility (Cailleaux et
al. 2021). The principle of FDM 3D printing was extruding
a polymer filament through a heated nozzle and printing
on a build plate; these processes were repeated steps layer-
by-layer to create a 3D object. Furthermore, FDM offers
the potential to develop innovative approaches for drug
delivery that address and overcome existing limitations and
disadvantages (Maroni et al. 2017; Aratjo et al. 2019).

Oral drug administration is the most widely used due
to easy access, low costs, and good patient compliance (He
et al. 2019). However, the oral drug delivery systems have
many limitations due to physiological, gastrointestinal,
and biochemistry factors, which limit the permeability,
bioavailability, and gastric residence time. Thus, the
obstacles of oral drug administration must use innovative
drug delivery approaches (Lou et al. 2023). Currently,
gastro-floating devices are developed from 3D printing
and can be used as gastro-floating drug delivery systems
(Charoenying et al. 2023). According to the previous
article, hot melt extrusion and FDM were used to
construct the gastro-floating tablets to control release for
10 h. This made it feasible to create drug-loaded filaments
for 3D-printed tablets (Giri et al. 2020). However, the
hot melt extrusion and FDM using a high temperature
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to melt materials and active pharmaceutical ingredients
can be a limitation of this method since it may lead to
the chemical degradation of the thermally sensitive drugs
(Huang et al. 2017).

Propranolol has several limitations, such as poor
bioavailability (approximately 25%) due to the hepatic
first-pass metabolism and a relatively short plasma half-life
of 2 to 5 h (Patel et al. 2007). The solubility of propranolol
shows high concentration in an acid buffer or acidic
environment at pH 1.2 (225 mg/mL). Conversely, it is
very unstable in a base buffer or alkaline environment and
has lower solubility at pH 6.8 (130 mg/mL) (Chaturvedi
et al. 2010). Therefore, the gastro-retentive drug delivery
systems (GRDDs) were selected to overcome this
limitation. Jagdale et al. (2009) developed gastro-floating
propranolol tablets with various polymers to prepare
tablets by direct compression. The in vitro release of the
formulation prepared by HPMC K4M could float and
be sustained for 18 h with 92% drug release. However,
an in vivo X-ray imaging study presented that the tablet
remained in the stomach for 4 h (Jagdale et al. 2009).
Algahtani et al. (2023) fabricated the gastro retentive
floating device (GRFD) containing propranolol tablets
to increase stomach retention duration and control drug
release. The GRFD, composed of polyvinyl alcohol (PVA)
and polylactic acid (PLA), was designed as a round-shaped
shell with a central hole size of 1 to 4 mm. The GRFDs
fabricated with PVA filament exhibited approximately
3 h of floating ability, and in vitro drug release was > 90%
within 2 h. In contrast, PLA GRFD showed sustained
release and floating time over 24 h. However, the PLA
GRFD exhibited a release lag time of 30-60 minutes
(Algahtani et al. 2023). Thus, there is still an inadequate
floating period and release lag time for the gastro-floating
propranolol tablets. Xu et al. (2019) fabricated a PVA
3D-printed device containing paracetamol prepared
as a drug gel using PVA polymer. The results show that
the device’s design could predict the release profile of
the drug (Xu et al. 2019). Moreover, a drug gel-loaded
3D-printed device easily varies the potency of the drug for
personalization. Because the drug gel and the device were
prepared using the same water-soluble polymer (PVA).
Thus, controlling the drug release profile depended on the
dissolving rate of the device and internal drug gel design.
Moreover, the types of polymers used for fabricating this
system might be limited.

Thus, this study aimed to develop a novel gastro-floating
3D printed device (GFD) containing propranolol gel for
controlling drug release in the stomach, with different
polymers between the device and gel formulation. PLA
filament was used to fabricate GFD due to hydrophobic
polymer to improve floating and sustained release ability.
The GFD was designed to have an air chamber on the top
of the GFD for buoyancy and opening channels located
on the device’s side wall to overcome the lag time release
problem. The various channel numbers (2-5 channels)
of GFD were conducted for sustained release properties.
Polyvinyl-pyrrolidone (PVP) was selected to prepare the

propranolol gel because the PVP exhibits a slower release
profile than PVA (J6z6 etal. 2021). The morphology, weight
variation, and floating ability of GFD and propranolol-
loaded GFD were investigated. The drug dissolution
profiles and kinetic release of propranolol from GFD with
various numbers of channels were evaluated.

Materials and methods
Materials

Propranolol HCl was supported by the Government
Pharmaceutical Organization (GPO) (GPO, Thailand).
PLA filament was purchased from Shenzhen eSun
Industrial Co., Ltd. (Shenzhen, China). Polyvinyl-
pyrrolidone (PVP) powder (MW ~1,300,000) and sodium
chloride (NaCl) were purchased from Sigma-Aldrich
(Steinheim, Germany). Hydrochloric acid fuming 37%
w/w (HCI) used for the dissolution medium was obtained
from Merck KGaA (Darmstadt, Germany). All other
reagents used in this study were of analytical grade.

Design of a gastro-floating 3D printed
device (GFD)

The GFD models were sketched by Autodesk” Fusion 360™
Student software (v. 2.0.7819) (Autodesk Inc., USA) and
exported as a stereolithography (.stl) file. The GFD was
designed with a flat-face plain tablet (diameter 14 mm,
thickness 10 mm). For floating ability, an internal structure
was designed with an air chamber at the top of the tablet
(height = 3 mm). The GFD varied the number of empty
channels (2, 3, 4, and 5 channels) at a side wall of the device.
A cylindrical, empty shape with a radius of 4 mm was
created to contain propranolol HCI gel to control the drug
release rates. The dimension of the GFD is shown in Fig. 1.

Printing of tablets

The GFD were obtained using the slicer software used
to set the printing in PrusaSlicer software (v.2.6.1), and
a commercial FDM 3D printer (Prusa i3 MK3, Prusa
Research S.R.O., Prague, Czech Republic) withan
extruder head (nozzle diameter: 0.4 mm) and an extrusion
temperature of 215 °C was used to fabricate the GFD. The
PLA filaments, with a 1.75 + 0.05 mm diameter, were
used to feed the printed material for GFD fabrication. The
printing time for speed while extruding was 45 mm/s, and
the speed while traveling was set as 180 mm/s. The infill
layer height was 0.2 mm, and the infill pattern and infill
percentage were set with rectilinear and 15%, respectively.

Characterization of GFD

The GFD appearance profile wasinvestigated using a Dino-
liteedgeam 7915 mzt digital microscope (AnMo Electronics
Corporation, New Taipei City, Taiwan). The accurate weight
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Figure 1. The dimension of GFD; A the dimension of the whole GFD; B the vertical cross-section of the GFD shows the location of
the air chamber (2, 3, 4, and 5 channels); and C the internal structure by a horizontal cross-section of the device to show the pattern

for a number of channels (2, 3, 4, and 5 channels).

of the tablet was determined by weighing every 20 pieces
independently of each piece using the analytical balance
and is given in mg as mean * SD of 20 tablets. The tablets’
thickness, diameter, and channel diameter were measured
using a digital caliper (Zhejiang Deqing Syntek Electronic
Technology CO., LTD., Deging, China).

Preparation of propranolol gel

Propranolol gel was prepared by dissolving propranolol
and PVP in deionized water at a weight ratio of 6:5:9,
respectively. Then heat at 80 °C and stir until completely
dissolved. The propranolol gel was placed into a vacuum
chamber to remove the air bubbles. Then, the drug gel was
filled into the empty channel of the GFD using a syringe
with a needle. The GFD-loaded drug gel was weighed
using a digital balance, Sartorius® series-CP224S (Data
Weighing Systems, Inc., Illinois, United States), to evaluate
the weight of the drug gel. Then, the GFD-loaded drug gel
was dried in a hot air oven at 60 °C for 12 h.

The floating ability of propranolol-
loaded GFD

The floating properties of propranolol-loaded GFD were
conducted with a dissolution tester (DT 720, ERWEKA
GmbH, Heusenstamm, Germany). The HCl solutions (pH
1.2) at 37 = 0.5 °C were selected to simulate the gastric
environment, and the paddle rotation speed was set at 75
rpm. The floating lag time and total floating time were
recorded.

In-vitro dissolutions of propranolol-
loaded GFD

According to USP dissolution apparatus II guidelines, the
dissolution profiles were performed using a dissolution
tester (DT 720, ERWEKA GmbH, Heusenstamm,
Germany). In-vitro drug release profiles for the
propranolol-loaded GFD and traditional propranolol

tablet (n = 6) were placed into the vessel that contained
HCI solution pH 1.2 (simulated gastric fluid (SGF),
900 mL) at the temperature of 37 + 0.5 °C and a paddle
rotation speed of 75 rpm. The samples (2 ml) were
withdrawn from the dissolution media at each time point
5,15, and 30 min, 1, 2, 4, 6, 8, 12, and 24 h. The solution
was immediately replaced with 2 ml of freshly prepared
medium to maintain the volume. The sample was filtered
using 0.45 um nylon. The drug content was measured by
ultraviolet-visible (UV-vis) spectrophotometry analysis
at A = 292 nm using a multimode microplate reader
(VICTOR' Nivo multimode plate readers, PerkinElmer).

Drug release kinetics

The drug release kinetics were analyzed to investigate the
effect of GFD geometry design and drug gel on the drug
release profile. The experimental data were calculated
and compared to the zero-order, first-order, and Higuchi
models. The result was calculated using a correlation
coefficient (R?) to determine once the equations were
fitted with the drug release profile.

Statistics analysis

The experimental results were shown as the mean *
standard deviation (SD) for triplicate samples. The data
was then analyzed using a student’s t-test. Differences
were considered statistically significant when p < 0.05.

Results and discussion
Characterization of GFD

The GFDs were fabricated using FDM with PLA. A digital
microscope was used to evaluate the appearance and
morphology of the printed tablets. The appearance and
morphology of the GFDs and propranolol-loaded GFDs
are shown in Fig. 2. The smooth surface was observed
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Figure 2. Photographic of GFD: A 2 channels and surface enlargement; B 3 channels; C 4 channels; D 5 channels; and E propran-

olol-loaded GFD.

Table 1. The dimensions and weight variation of the GFD and the weight variation of propranolol-loaded GFD and propranolol gel.

Number of Diameter Height (mm) Channel Weight of GFD Weight of propranolol-loaded GFD Weight of propranolol gel
channels (mm) diameter (mm)  (n=20) (mg) (n =20) (mg) (n =20) (mg)

2 14.05+0.03  10.04 +0.03 4.04 £0.02 954.09 + 0.30 1140.79 £ 0.31 186.70 £ 0.01

3 14.04 £0.04 10.01 £0.03 4.03 £0.03 952.10 £ 0.26 1209.30 £ 0.27 257.20 £ 0.01

4 14.01 £0.05 10.06 + 0.02 4.04 £ 0.04 943.60 + 0.26 1272.00 £ 0.29 328.40 +0.03

5 14.04 £0.02 10.04 £0.03 4.06 £ 0.03 920.90 £ 0.23 1304.90 £ 0.29 384.00 + 0.06

from GFDs. The white color of GFD was achieved because
of the color of the PLA filament. According to previous
articles, these results indicated that the 3D printing
process produces objects in the same color as the feed
material (Tagami et al. 2017). The layer patterns of GFD
were obtained when zooming at high magnification
(100X) because of the principle of FDM, in which the
object is printed by a layer-by-layer technique (Masood
2014; Mwema et al. 2020). The propranolol gel was
syringe-filled into the empty channel of the GFD, and
satisfactory propranolol-loaded GFD characteristics were
obtained in Fig. 2E.

The weight variation of GFD was measured using an
analytical balance, and the results are shown in Table 1.
The dimensions of the GFD were evaluated in terms of
diameter, height, and channel diameter. The results show
that all GFD sizes were similar to the designed GFD
model, as shown in Table 1. The low standard deviation
values of weight variation and dimensions highlighted the
great precision and minimal shape error of the FDM 3D
printing. These results are based on the previous article,
which mentions that FDM is a machine that has the
highest accuracy with a minimum shape error of 0.05%
(Alsoufi and Elsayed 2018). Moreover, the size of the
channel affects the duration of drug release. Therefore, the
channel diameter and number of channels are important
factors in further drug release profiles.

The floating ability of propranolol-
loaded GFD

The floating ability of propranolol-loaded GFD in HCI
buffer (pH 1.2) exhibited that all formulations float for
more than 24 h. This is because the inner structure design
of 3D-printed tablets presented an air chamber inside
for floating properties. The buoyancy characteristic of
GFD was maintaining an upright orientation with an

upper air chamber of GFD, and the propranolol gel was
immersed in the medium solution over floating time.
This agrees with the previous article, which found that
the gastro-floating 3D printed device from PLA filament
could float more than 24 h with the in vitro floating
ability (pH 1.2). In addition, the in vivo floating ability
of the PLA 3D-printed device in beagle dogs showed
that the device presented in the small intestine at 24 h
and disappeared at 48 h after oral administration (Shin
et al. 2019). Besides, Fu et al. (2018) evaluated another
floating PLA 3D-printed device design. The result of in
vivo floating ability depicted that the device was observed
in the rabbit’s stomach for more than three days (Fu et al.
2018). However, PLA is a biodegradable, biocompatible,
environmentally friendly polymer, and PLA polymer can
be hydrolyzed to alfa-hydroxy acid and then be eliminated
from the body (Makhija and Vavia 2003). Thus, the PLA-
printed device could lose its floating ability over time due
to the degradation of PLA, which directly causes leakage
of the air chamber, leading to elimination from the body
by the peristalsis movement of the gastrointestinal tract.

In-vitro dissolutions of propranolol-
loaded GFD

The in-vitro drug release of propranolol HCI commercial
tablets and propranolol-loaded GFD was evaluated using
dissolution apparatus II. The results are presented in
Fig. 3. The propranolol commercial tablets exhibited an
immediate release profile, and the cumulative release of
the drug was achieved 100% at 1 h. The outcome was
consistent with earlier research, which stated that the
commercial propranolol tablets had a release characteristic
of about 80% within 30 minutes (Shuma et al. 2021).
Moreover, Rodriguez-Saavedra et al. (2024) reported that
the release of propranolol commercial tablets was similar
to the mentioned article (Rodriguez-Saavedra et al. 2024).
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Figure 3. The drug release profile of propranolol tablets (li-

lac circle) and propranolol-loaded GFD with 2 (blue square), 3

(brown x-shape), 4 (yellow triangle), and 5 (purple diamond)

channels. * Statistically significant (p <0.05) compared with 5

channels of GFD.

The dissolution results of propranolol-loaded GFD
showed sustained release profiles. The difference in the
number of channels is important to the drug release
rate. The results found that the 2 and 3 channels of GFD
exhibited a slow-release rate that achieved more than 90%
accumulative release after 8 h. In comparison, the 4 and
5 channels of printed tablets showed a fast release profile
of approximately 90% accumulative release at 6 h. These
results were consistent with the previous article, which
designed the drug release channel for various sizes. The
result showed that when the interface between the drug
and medium solution was decreased, the rate of drug
release was decreased (Zhao et al. 2022).

In addition, the type of filament used to print GFD
is important to the dissolution rate of the drug. PLA is
a hydrophobic polymer that can maintain the surface
area of the drug in contact with a medium (Tagami et al.
2018). On the other hand, the PVA 3D-printed device
exhibits a faster release rate because a PVA is a hydrophilic
polymer that could dissolve in a medium solution and
could not maintain a channel diameter while the drug was
released. Although the PVA affected the release profile by
uncontrollably increasing the channel diameter, Xu et al.
(2019) fabricated a PVA 3D-printed device containing
paracetamol gel in a spherical shape to overcome this
limitation (Xu et al. 2019). However, using PVA was
inappropriate for printing the floatable device. Moreover,
in the previous article, commercial propranolol immediate-
release tablets were incorporated into the PVA GRFDs. The
results showed that propranolol-incorporated PVA GRFD
had a short total floating time and was rapidly released,
with the accumulated release of propranolol being more
than 90% within 2 h. Because the PVA was quickly soluble
in a medium solution, resulting in air chamber leakage
(Algahtani et al. 2023). Thus, the was obtained. Besides,
the PLA GRFDs showed a sustained release profile of
propranolol up to 10 h. However, a lag time of 30-60 min
was found from the PLA GRFDs because the device has
an opening channel at the base side center of the device
(Alqahtani et al. 2023). In this study, these limitations were
addressed by designing an opening channel on the side

wall of the GFD to prevent the release lag time, and the
propranolol-loaded GFD with 2 channels could provide
satisfied sustained release properties for 8 h.

Drug release kinetics

The release kinetics of the propranolol from GFD with
4 and 5 channels were evaluated from 0 to 6 h because
propranolol was completely released in 6 h. On the other
hand, the propranolol-loaded GFD with 2 and 3 channels
was completely released at 8 h. Thus, the time interval of
0-8 h was used to analyze the release kinetics. The release
kinetics, including zero-order (Varelas et al. 1995), first-
order (Savaser et al. 2005), and Higuchi model (Siepmann
and Peppas 2011), were calculated and shown in Table
2. The results indicated that the various designs of GFD
were the best fit with the zero-order kinetics model with
R?>0.95. According to the previous literature, the finding
explained that the zero-order kinetics model exhibited
a continuously released profile of the drug from the
device until the device was emptied (Yoshida et al. 1991).
Moreover, Zhao et al. (2022) developed an intragastric
floating and sustained-release drug delivery system using
PLA polymer for fabricating the 3D-printed tablets, in
which the drug release fit the zero-order kinetic model
(Zhao et al. 2022). Furthermore, Charoenying et al. (2023)
used PLA to print the tablet-shaped floating 3D-printed
device with zero-order kinetics (Charoenying et al. 2023).
These results were based on the Noyes-Whitney equation
because the interface between the propranolol gel and
medium was fixed by the channel diameter (Goyanes et
al. 2015). Therefore, PLA was the suitable material for
3D-printed device fabrication to obtain the zero-order
kinetic of drug release. On the other hand, the PVA
3D-printed device mostly fits with the first-order or
Higuchi model because the hole size changed and could
not be maintained during the drug release. Thus, it could
be indicated that the GFD with 2 channels exhibited a
great controlled release with zero-order kinetic for 8 h and
floating properties.

Table 2. Drug release kinetics of 3D-printed tablets loaded with
propranolol gel.

Number of Zero-order (R?) First-order (R?) Higuchi (R?)
channels
2 0.9974 0.7276 0.9092
3 0.9909 0.8986 0.8371
4 0.9986° 0.9248 0.9260
5 0.9895" 0.9041 0.9395

* The value of R?> 0.95

Conclusion

The novel-designed GFDs were successfully fabricated
with an FDM 3D printer using PLA, and the propranolol
gel could be loaded into GFDs using a syringe. The
present study showed that the drugs potency in gel
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formulation was easily varied for personalization.
Moreover, the GFDs exhibited floating ability via the air
chamber. Propranolol-loaded GFPs provided sustained
release properties without the lag time, which sustained
times depending on the number of channels, which
were 6 and 8 h for 4-5 channels and 2-3 channels,
respectively. The GFD with 2 channels was fit for the
zero-order kinetics release model with the highest R?
value. Therefore, GFDs might be a promising strategy
to apply to other drugs for personalized gastro-retentive
drug delivery systems.
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