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ABSTRACT

The integration of four-dimensional (4D) printing technology into pharmaceutical
manufacturing has introduced a transformative approach to drug delivery systems, offering
flexible alternatives to improve drug bioavailability. This study advanced the field by
developing an innovative 4D-printed floating drug delivery system using Fused Deposition
Modelling (FDM) and a temperature-responsive polymer, polylactic acid (PLA). Unlike
traditional methods and previous literature that relied on external devices or encapsulation, our
approach utilised the shape-memory properties of PLA to create helical structures that
transform into tablet-like forms when heated and subjected to an external force. Under gastric
conditions, these structures reverted to their original shape, allowing them to float and release
drugs over an extended period. In this work, eight helical models (M1 to M8), were designed
and fabricated with varying geometric parameters, including helix diameter, number of helical
turns, and top/base height, to assess their geometric accuracy, shape-memory performance,
drug-loading efficiency, floatability, and release behaviour. Results showed that models with
smaller helix diameters and fewer turns exhibited superior shape recovery, with the highest
observed at 79.5% for Model M1 (1.0 mm helix diameter, two helical turns, and 0.5 mm
top/base height). Meanwhile, models with larger diameters showed higher drug-loading
capacities. Additionally, the drug-loaded models demonstrated significant shape-recovery and
floating performances, suggesting the potential for prolonging drug release for up to 12 h.
These findings highlight the potential of 4D printing in developing advanced drug delivery
systems, providing new insights into how this technology can improve drug administration and

drug delivery through shape-changing tailored systems.

Keywords: Additive manufacturing; 4D printing; 3D printing; Fused deposition modelling;

Gastroretentive drug delivery system; Floating drug delivery system; Shape-memory polymer
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Highlights
e A novel 4D-printed floating drug delivery system was developed.
e Drug Delivery System utilises PLA-based helical structures for shape transformation.
e Helical constructs transform in response to temperature changes.

e Geometric parameters crucially influence shape-changing performance.
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1. Introduction

Solid oral dosage forms, including powders, granules, capsules, and tablets, are among
the most widely used platforms of drug delivery due to their stability, ease of production, cost-
effectiveness, and high patient adherence [1,2]. Their convenience makes them a preferred
choice for self-administered medications in clinical settings. However, the complex and
variable environment of the gastrointestinal (GI) tract poses significant challenges for effective
drug delivery [3,4]. Fluctuating pH levels in different Gl segments, variable mucus layer
thickness, residence time, and the presence of gut bacteria all profoundly impact drug
absorbability and bioavailability [5-7]. For example, the stomach’s acidic environment (pH 1-
2.5) can degrade many drug molecules, thereby reducing their efficacy. Additionally, first-pass
metabolism, where the drug is metabolised in the liver after absorption, leads to a significant
loss of the administered dosage. Other challenges include short gastric residence time,
inconsistent gastric emptying, and the need for frequent dosing of drugs with short half-lives
[8]. These factors, combined with mechanical stresses from peristalsis and osmotic pressure,
further reduce drug absorption and therapeutic effectiveness [4]. To address these challenges
and improve drug bioavailability, innovative drug delivery systems, such as gastro-retentive
drug delivery systems (GRDDS), have been developed. GRDDS are designed to extend the
gastric residence time and enable prolonged drug release, especially for drugs with a narrow
absorption window in the stomach. These systems help overcome absorption-related
challenges within the GI tract, ultimately leading to better therapeutic outcomes. A diverse
array of GRDDS have been developed, encompassing high-density [9], expandable [10],
magnetic [11], mucoadhesive [12], and floating systems [13,14]. Among these, floating
systems have garnered significant attention within pharmaceutical research and industry. By
being less dense than gastric fluids, they remain buoyant in the stomach for extended periods,

significantly enhancing the bioavailability of drugs absorbed in the stomach or upper small



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

intestine. Traditionally, floating systems have been fabricated from materials such as
polypropylene foams and oils, but these offer limited material versatility [15,16].

Three-dimensional (3D) printing is one type of additive manufacturing (AM) that has
evolved significantly over the past few decades, with applications spanning industries like
automotive, aerospace, biomedical, and pharmaceuticals [17]. Among the various techniques,
binder jet 3D printing (BJ-3DP), fused deposition modelling (FDM), semi-solid extrusion
(SSE), and stereolithography (SLA) stand out for their potential to develop personalised drug
delivery systems [18]. These technologies allow for the creation of complex dosage forms that
were once impossible to achieve through traditional methods or would have required costly
multi-stage processes. Moreover, 3D printing enables personalised medicine by allowing
pharmacists to create formulations tailored to individual patient needs, incorporating precise
amounts of active pharmaceutical ingredients (APIs) [19].

Building on the success of 3D printing, the novel concept of four-dimensional (4D)
printing introduces time as a critical factor. This approach utilises smart materials—such as
shape-memory alloys (SMASs), shape-memory polymers (SMPs), and stimuli-responsive gels—
that can change their structure or functionality when exposed to external stimuli like light,
temperature, solvents, magnetic fields, enzymes, or pH [20,21]. This dynamic behaviour has
significant implications for drug delivery systems, enabling them to adapt to physiological
conditions and enhance therapeutic outcomes. Shape-memory polymers (SMPs) are
particularly promising for 4D printing applications in biomedical and pharmaceutical fields, as
they can be programmed to transition between temporary and permanent shapes in response to
specific stimuli [22-25]. For example, temperatures-responsive SMPs, such as polyvinyl
alcohol (PVA), polyurethane (PU), crosslinked methacrylate poly(caprolactone), and
polylactic acid (PLA), can be deformed into a temporary shape above their glass transition

temperature (Tg) and then recover their original shape when triggered by heat [26]. Despite the
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growing promise of 4D printing, its application in pharmaceutical formulation development is
still in its early stages, with limited studies reported. For instance, Uboldi et al. [27] developed
expandable bladder-retentive drug delivery systems using PVVA-based SMPs, which recovered
70% of their original shape when exposed to simulated urine at 37 °C for 3 min. Similarly,
Melocchi et al. [28] fabricated a PVA-based expandable GRDDS through FDM, programmed
into a supercoiled temporary shape for insertion into capsules. Upon immersion in hydrochloric
acid (HCI), the capsule disintegrated, allowing the system to expand and recover its original
shape. These examples highlight the ability of 4D-printed systems to transform within the body,
but they often rely on external devices, such as capsules, for drug delivery.

In this study, we aim to advance the concept of shape-transforming drug delivery by
developing a novel 4D-printed floating system that can be administered directly without the
need for additional devices, using an FDM printer with a temperature-responsive polymer.
Unlike previous approaches that require additional devices such as capsules, our method
utilises polylactic acid (PLA) to create helical structures that can transform into a tablet-like
form when subjected to heat and external force. Once exposed to gastric conditions, this tablet
can revert to its helical shape, enabling it to float in the stomach for prolonged period. This
novel approach not only simplifies the drug delivery process by eliminating the need for
capsules or additional devices but also has the potential to enhance gastric retention and
prolong drug release, particularly for acid-stable drugs, ultimately overcoming common

challenges in oral drug delivery.
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2. Material and Methods
2.1. Materials

Polylactic acid (PLA) filament with a diameter of 1.75 + 0.05 mm and a density of 1.24
g/cm® was purchased from eSun®, Shenzhen Esun Industrial Co., Ltd. (Shenzhen, China).
Chlorpheniramine maleate (C20H23CIN204, molecular weight 390.9 g/mol), the model drug
used in this study, was purchased from S. Tong Chemicals Co., Ltd. (Nonthaburi, Thailand).
Ethanol (95.0%) was purchased from Liquor Distillery Organization Thailand (Chachoengsao,
Thailand). 1 N Hydrochloric acid solution (AR grade) was purchased from RCI Labscan Ltd.
(Bangkok, Thailand). All other chemicals and reagents used in this study were of analytical

grade to ensure consistency and reliability in experimental results.

2.2. CAD Design and Fused Deposition 3D printing of the Helical Models

To design floating drug delivery systems that are both effective and patient-friendly,
we focused on creating helical structures for several key reasons. Helical geometries are easily
compressed, which allows them to be formed into tablet-like shapes that are easier for patients
to swallow. Once ingested, these structures expand back into their helical shape and can float
in gastric fluids, extending their residence time in the stomach and enhancing drug absorption.
The balanced helical form further provides the necessary buoyancy for prolonged gastric
retention while allowing for sustained drug release. In this study eight helical constructs were
designed using AutoCAD® 2024 software (Autodesk Inc., San Francisco, CA, USA). The
geometric parameters varied across models, including helix diameter, number of helical turns,
and top/base height, as detailed in Table 1 and illustrated in Fig. 1, in order to explore the
influence of geometric parameters on the shape-memaory properties, floating ability, and release
behaviour of models. Each construct was standardised with a base diameter of 8.0 mm and a

helical part height of 10.0 mm to ensure consistent comparison across models.
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Table 1. Geometric parameters for the fabrication of the eight helical constructs.

Model code Helix diameter (mm) No. of helical turns Top/Base height (mm)
M1 1.0 2 0.5
M2 1.0 3 0.5
M3 1.5 2 0.5
M4 15 3 0.5
M5 1.0 2 1.0
M6 1.0 3 1.0
M7 15 2 1.0
M8 15 3 1.0

After finalising the CAD geometries, the models were exported as stereolithography
(.stl) files. These .stl files were subsequently sliced into layers using PrusaSlicer software
version 2.7.4 (Prusa Research, Prague, Czech Republic), which is based on the open-source
Slic3r software developed by Alessandro Ranellucci and the RepRap community. This slicing
process generated the necessary G-code for 3D printing. The following printing parameters
were carefully set to optimise print quality and ensure the structural integrity of the helical
constructs. The nozzle temperature was set at 205 °C for the first layer and 200 °C for
subsequent layers. The bed temperature was maintained at 60 °C. The first layer height was set
at 0.2 mm, while the remaining layers were printed at a height of 0.07 mm. The models were
printed with three perimeters, a 0% infill density, and a 45° fill angle. The printing speed was
maintained at 40 mm/s, with a nozzle travelling speed of 150 mm/s. The brim setting and
support function mode ‘For support enforcers only” were enabled to maintain the adherence of
the 3D models to the build plate and the stability of complex structures during printing. The
3D models were then fabricated using a fused filament fabrication (FFF) technique on an
Original Prusa Mini+ FDM 3D printer (Prusa Research, Prague, Czech Republic) equipped

with a 0.4 mm nozzle.
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Fig. 1. Graphical illustration showing the definition of helix diameter, number of helical turns, and base height.

2.3. Evaluation of Printing Fidelity and Weight Variation of 3D-Printed Helical Models

In this study, we focused on assessing the helix diameter as the primary geometric
parameter to ensure the printing quality and reproducibility of the 3D printing process. The
helix diameter is particularly crucial as it can significantly affect dimensional stability,
mechanical performance and functional integrity of the final product, as highlighted in prior
studies [29]. For this study, images of both side views of the 3D-printed helical constructs,
fabricated via FDM, were captured using a digital portable USB microscope (Yao, Shenzhen,
China) equipped with 8 LED lights and a high-definition Complementary Metal Oxide
Semiconductor (CMOS) sensor. The images were acquired using camera software for
Windows 10 with a resolution of 640 pixels (Microsoft Corporation, Redmond, WA, USA).
The microscope was positioned at a fixed distance of 5.0 cm from the samples to ensure
consistency across measurements. The helix diameter of each model was measured in triplicate
on both sides using the image processing tool (ImageJ software version 1.54g, National

Institutes of Health (NIH), Bethesda, MA, USA). Printing fidelity was then quantified through
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the comparison of actual printed dimensions against the designed dimensions from the CAD
model.

Additionally, the weight variations of all models were assessed to further confirm the
reproducibility of the 3D printing. Ten of each model were randomly chosen and individually
weighed using an analytical balance with a readability of 0.0001 g (LAB 214i, Adam

Equipment Co. Ltd., Kingston, Milton Keynes, UK).

2.4. Shape-Memory Effect of 3D-Printed Helical Models

2.4.1. Thermal Analysis via Differential Scanning Calorimetry

The thermal properties of the PLA filament were characterised using a differential
scanning calorimetry (DSC) instrument (DSC 1 Module, Mettler-Toledo Sales International
GmbH, Greifensee, Switzerland), with data analysed via STAR® software version 16.40. For
each measurement, approximately 5-10 mg of the sample was accurately weighed and sealed
in a 40 pL aluminium crucible. The DSC measurements were conducted under a nitrogen
atmosphere with a constant purge flow rate of 50 mL/min. The temperature program involved
heating the sample from 25 °C to 200 °C at a controlled rate of 10 °C/min. The glass transition
temperature (Tg) of the PLA filament was subsequently determined from the DSC
thermograms. This Tq value was critical in the shape-memory effect studies, as it represents
the transition from a glassy to a rubbery state, which significantly influences the material’s

mechanical properties and its application in this study.

2.4.2 Programming of the Temporary Shape
The temporary shape programming of the eight helical models was performed using the
hot programming protocol, as detailed in previous studies by Aberoumand et al. and Pandey et

al. [30,31]. This protocol involved three stages:
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Heating: Each helical model was heated to a temperature above its glass transition
temperature (Tg) as determined by the DSC study. In this study, two programming
temperatures were selected, Tg + 5 °C (65 °C) and Tq + 10 °C (70 °C), to observe
potential differences in shape-memory behaviour. At these temperatures, PLA material
reached its hyperelastic state, becoming pliable enough to undergo deformation.

Deformation and Cooling: Once the samples reached the target temperature of Tg + 5
°Cand Ty + 10 °C, an external forced was applied to the helical models using calibrated
weighing equipment. A 100 g weight was placed on the models for a load-holding time
of 1 min, deforming the helical models from their original shape into a tablet-like
temporary shape. Simultaneously, the samples were cooled to room temperature (25 +
2 °C) while still under the applied load. This cooling process ensured the material
transitioned back to its glassy state, fixing the temporary shape as the external force

was removed. The shape fixity ratio (Ry), which measures the material’s ability to retain

the applied deformation, was then calculated using the following equation:

R, = (LO_LC) x 100
AV

where Ly is the initial height of the helical model, L, is the height of the helical
model after deformation, and L. is the height of the helical model after removing the
external force and cooling down. The height measurements were obtained using a

digital micrometre 1P65 (Mitutoyo Corporation, Kanagawa, Japan).

2.4.3 Shape Recovery Analysis

The shape recovery behaviour of the 3D-printed models was studied under conditions

simulating the gastric environment. The 3D-printed models, initially in their deformed
(temporary) shape, was placed into a beaker containing 500 mL of 0.01 N hydrochloric acid

(HCI) at a temperature of 37 + 2 °C. The shape changes of the 3D-printed models were observed
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and recorded over a 24-hour period. The shape recovery ratio (R,.) of the 3D-printed models

was calculated using the following equation:

R, = (Lt_ Lc) x 100
T LO_LC

where L; is the height of the 3D-printed model after recover to its original shape.

After completing the shape recovery analysis, the models that exhibited the superior
shape-memory behaviour, specifically models M1 and M3, were selected for further
investigations, including drug-loading performance, physicochemical properties, floatability,
and release studies. This selection was based on their superior shape recovery ratios, which

were key to their further applicability in gastroretentive drug delivery systems.

2.5. Drug Loading Using Soaking Method

Chlorphenamine maleate (CPM) loading was carried out by soaking the selected
models (M1 and M3) in a CPM solution prepared in 95% ethanol at a concentration of 100
mg/mL. The 3D-printed models were first compressed into their temporary shape, then fully
submerged in the drug solution, which was stirred magnetically at 200 rpm and room
temperature for 24 h to ensure uniform drug distribution and effective loading. To avoid
floating behaviour of the models during soaking, magnetic stirring was employed to maintain
the complete immersion of the models in the drug solution. Additionally, beakers with
dimensions appropriate to the number of models being soaked were used, ensuring uniform
exposure to the solution and consistent drug loading. After soaking, the drug-loaded models
were carefully removed from the solution and allowed to dry completely at room temperature
(25 = 2 °C). The drying process ensured the removal of excess solvent and preparation of the
drug-loaded models for further analysis. Once dried, the drug-loaded models were stored in

tight and moisture-free plastic containers at room temperature until further analysis. Once
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dried, the drug-loaded models were stored in tight and moisture-free plastic containers at room
temperature until further analysis.

The soaking conditions used in this study were pre-optimized based on systematic
preliminary evaluations. These included assessing the effects of soaking time (6 h vs.
overnight), stirring speed (non-stirring vs. stirring at 200 rpm), CPM solution concentration
(50, 75, 100 mg/mL), and the solvent used for drug solution (water vs. ethanol). The conditions

adopted in this study provided the best results for achieving high drug loading.

2.6. Characterisation of the Drug-Loaded models

2.6.1. Weight Variation of Drug-Loaded Models

To evaluate the reproducibility of temporary shape programming processes and ensure
uniform drug distribution after drug loading via the soaking method, the weight of the drug-
loaded models (M1-CPM and M3-CPM) was evaluated using the method described in Section

2.3.

2.6.2. Morphological Analysis via Scanning Electron Microscopy

The morphological characteristics of the helical parts of both drug-loaded (M1-CPM
and M3-CPM) and non-drug-loaded models (M1-blank and M3-blank) were analysed using a
scanning electron microscope (SEM, JCM-7000 NeoScope™ Benchtop SEM, JEOL Ltd.,
Tokyo, Japan). Prior to imaging, the helical parts were cut into small pieces approximately 1
cm in length and mounted on aluminium stubs using conductive double-sided adhesive carbon
tape (Nisshin EM Co., Ltd., Tokyo, Japan). The samples were then gold-coated using a fully
automated sputter coater (JEOL Smart Coater, JEOL Ltd., Tokyo, Japan). SEM imaging was
performed in high vacuum mode with a secondary electron (SE) detector at an acceleration

voltage of 10 kV. Micrographs were captured at a magnification of x300. 2D assessments were
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conducted to compare the surface and cross-sectional morphologies of the drug-loaded and

non-drug-loaded 3D-printed models.

2.6.3. Quantification of Chlorpheniramine Maleate in Drug-Loaded Models

The quantification of CPM in drug-loaded models was carried out by immersing the
models in 95% ethanol at room temperature (25 £ 2 °C) under continuous magnetic stirring at
100 rpm overnight, ensuring complete release of CPM. Following the extraction process, the
samples were filtered using a 0.45 pum nylon syringe filter (25 mm in diameter, Labfil®,
Zhejiang, China) to remove any residual particulates. The filtered samples were then diluted
40-fold with 95% ethanol to achieve the optimal concentration for analysis. The concentration
of CPM in the resulting samples was determined using a UV-VIS spectrophotometer (UV-
2600i, Shimadzu Corporation, Kyoto, Japan), with absorbance measured at 262.0 nm (Amax).
CPM content was quantified by comparing the absorbance values to a standard calibration
curve, which was constructed over a concentration range of 5.0 — 60.0 pg/mL and exhibited
excellent linearity with a high correlation coefficient (r2 = 0.9986). The linear regression
equation derived from the calibration curve was y = 0.0147x — 0.0386, where y represents the
absorbance and x corresponds to the CPM concentration in pg/mL. The loading percentage (%
w/w) of CPM in the drug-loaded models was subsequently calculated using the following
equation [32]:

m
CPM 100

Loading percentage (%ow/w) =

where mpy, is the mass of CPM in drug-loaded models and m is the mass of the drug-

loaded models.

2.6.4. Thermal Analysis via Differential Scanning Calorimetry
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In this study, DSC was also used to evaluate the thermal properties of the drug-loaded
models and CPM powder. The DSC analysis for all samples was conducted according to the
methods previously described in Section 2.4.1. The glass transition temperature (Tg) was
analysed, and the crystallinity percentage of each drug-loaded model was calculated using the

melting enthalpy and crystallization enthalpy, as per the following equation:

.. AH,, — AH,
Crystallinity percentage (%) = A %X 100
m100

where AH,, is the melting enthalpy (J/g), AH, is the crystallization enthalpy in J/g, and
AH,,, 100 IS the melting enthalpy of 100% crystalline PLA, which is 93.6 J/g according to Chieng

etal. [33].

2.6.5. Shape Recovery Analysis

For the shape recovery analysis of the drug-loaded models, the same method as
described in Section 2.4.3 for the non-drug-loaded models was employed to assess the impact
of drug incorporation on shape recovery behaviour. This approach involved subjecting the
drug-loaded models to a gastric-like environment (0.01N HCI), where their recovery from a

tablet-like shape (deformed state) was closely monitored and quantified.

2.6.6. Floating behaviour of Drug-Loaded Models

The floating behaviour of drug-loaded models was assessed using an in vitro buoyancy
test. The procedure was adapted from the method described by Jiménez-Castellanos et al. [34]
with modifications to align with the USP monograph for CPM tablets dissolution analysis
(medium: 500 mL of 0.01 N HCI, rotation speed: 50 rpm, temperature: 37 = 0.5 °C) [35].
Briefly, each drug-loaded model was placed in a 500 mL beaker containing 500 mL of 0.01 N
HCI. The medium was maintained at 37 = 0.5 °C using magnetic hot plate stirrer (UC152D

model, Cole-Parmer® Stuart™, Vernon Hills, IL, USA) and stirred at 50 rpm. The floating lag
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time, defined as the time between the introduction of the model into the medium and its rise to
the surface, and the total floating time, defined as the duration for which the model remained

buoyant, were both visually observed at intervals of 12 and 24 h.

2.7. In Vitro Release Study of Drug-Loaded Models

The in vitro release profiles of the drug-loaded models were evaluated using a USP
Apparatus Il (Hanson Research SR-8 Plus-85 Dissolution tester, Hanson Research Corp.,
Chatsworth, CA, USA) equipped with 1 L dissolution vessels and dissolution paddles. The
experiments were conducted in accordance with the USP monograph for CPM tablets, using
0.01 N HCI as dissolution medium [35]. The dissolution medium was maintained at 37 £ 0.5
°C, and the paddle rotation speed was set at 50 rpm throughout the study. The release study
was performed in triplicate, with 5 mL aliquots withdrawn at predetermined time intervals (1,
3,5,10,15,30minand 1, 2, 4, 6, 8, 12 h) to assess the drug release. Each withdrawn aliquot
was immediately replaced with an equal volume of fresh medium to maintain sink conditions.
The withdrawn samples were filtered through a 0.45 pum nylon syringe filter, appropriately
diluted, and analysed using a UV-VIS spectrophotometer (UV-2600i, Shimadzu Corporation,
Kyoto, Japan) at a wavelength (Amax) of 264.0 nm for quantification of the released drug. The
cumulative percentage of CPM release was calculated using the standard equation derived from
CPM standard curve in 0.01 N HCI: y = 0.0216x + 0.0498 (r> = 0.9989), where x and y
correspond to CPM concentration (ug/mL) and absorbance, respectively. The cumulative

percentage release was then plotted as a function of time.

2.8. Statistical Analysis
Data were analysed using SPSS Statistics software (version 17.0, SPSS Inc., Chicago,

IL, USA). The results are presented as mean * standard deviation (SD). A one-way analysis of
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variance (ANOVA) was conducted to assess whether there were significant differences among
the experimental results across various parameters. Bonferroni's post hoc multiple comparison
test was used to identify significant differences between groups. Statistical significance was

defined as p < 0.05
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3. Results and Discussion
3.1. 3D Printing and Geometric Accuracy of 3D-Printed Helical models

This study successfully fabricated eight different helical models using the FDM
technique, with each model designed based on the specific geometric parameters outlined in
Table 1. As depicted in Fig. 2, the 3D-printed models generally showed high geometric
accuracy, closely matching with their original CAD designs. However, some deviations were
observed, particularly in models with smaller helix diameters, due to the inherent challenges in

printing helical structures without the use of support 3D printing materials.

Fig. 2. Photographs of eight different 3D-printed helical models.
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The geometric accuracy of all 3D-printed models was thoroughly evaluated with a
focus on the helix diameter and overall printing fidelity (Table 2). The results indicate that
minor deviations in printability were largely attributed to gravitational effects on the fused
filaments. This led to slight sagging in the helical parts of the 3D-printed models immediately
after filament deposition and before complete solidification, especially in the upper sections of
the helices. Notably, this drooping effect was less pronounced in models with larger helix
diameters (1.5 mm), such as M3, M4, M7, and M8, which exhibited higher printing fidelity
with minimal deviations. These models demonstrated reduced sagging, likely because their
increased diameter provided more structural stability during the printing process. In contrast,
models with smaller helix diameters (M1, M2, M5, and M6) showed greater variability in their
printed dimensions.

Additionally, the study found that models with a higher number of helical turns (three
turns) showed slightly better geometric fidelity compared to those with only two turns. These
findings suggest that both an increased helix diameter and a higher number of helical turns play
crucial roles in mitigating the drooping effect and enhancing the structural integrity of the 3D-
printed models. This observation aligns with prior studies that emphasize the susceptibility of
unsupported overhangs to gravitational effects, which cause sagging and dimensional
inaccuracies [36,37]. These findings highlight the necessity of incorporating support materials,
such as dissolvable printing materials like PVA or high-impact polystyrene (HIPS), in future
research to address these drooping issues. Such materials could provide temporary stabilisation
during the printing process and be easily removed post-production, thereby preserving the

intended geometry and ensuring both design fidelity and functional performance [38].

Table 2. Weight, helix diameter, and printing fidelity of the 3D-printed helical models.

Weight Helix diameter S
Model code Printing fidelity
(mg £ SD) (mm £ SD)

M1 110.7+1.9°% 11+01° 1.12+0.072
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M2 130.1+2.6° 1.1+0.1° 1.11+0.11%

M3 1540+ 1.7°¢ 1.6+0.1° 1.04 +0.04°
M4 198.5+0.9¢ 1.6+0.1° 1.08 +0.03°
M5 164.4+1.3°¢ 1.2+0.12 1.17+0.102
M6 188.4+19f 1.1+0.1° 1.13+0.06 2
M7 210.4+1.7°9 1.6+01° 1.04 +0.03"
M8 251.0+1.4" 1.6+0.1° 1.08 £ 0.05°"

Note: For each test, average values with the same letter are not significantly different. Thus, average
values with the different letter, e.g., ‘a’ or ‘b’ are statistically different (p < 0.05).

In addition to the geometric accuracy, the weight variation of the 3D-printed helical
models was evaluated, with the results displayed in Table 2. The standard deviation (SD) for
each model’s weight was relatively narrow, indicating consistent printing accuracy and high
precision in material deposition across individual samples within each model group. This
narrow SD suggests that the FDM printing process maintained tight control over material
extrusion, resulting in minimal weight differences within the same model design. However,
despite this consistency within individual models, a significant variation in weight was
observed across different models. The weight of models varied considerably, ranging from
110.7 mg for M1 to 251.0 mg for M8, reflecting the differences in geometric parameters such
as helix diameter, top/base height, and number of turns. Notably, models with larger helix
diameters, like M3, M4, M7, and M8, exhibited higher weight, which aligns with their more
substantial structures and increased material usage. This difference in weight between models
underscores the influence of geometric design on material consumption during the 3D printing
process. While the FDM technique demonstrated high repeatability within each model, the
variations in design parameters significantly impacted the overall material used, thus resulting

in weight differences across the various models.

3.2. Thermal and Shape-Memory Performance of 3D-Printed Helical Models
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The DSC thermogram of the PLA filament used in this study (Fig. 3) reveals the
material’s thermal transitions, including a glass transition temperature (Tg) around 60 °C (61.42
°C), a cold crystallization temperature (Tc) at 99.52 °C, and a melting temperature (Tm) at
171.38 °C. These values are consistent with those reported in the previous literature [39],
confirming the thermal stability and behaviour of the PLA filament used in this study.
Furthermore, a strong relaxation peak was also observed in the glass transition region,
indicating a significant increase in polymer chain mobility as the PLA transitioned from a rigid
glassy state to a more flexible rubbery state. This observation suggested the onset of increased
molecular motion and softening of the PLA material, marking a notable change in its

mechanical properties.

——PLA filament

Heat flow (mW, exo up)

e T T T T T T T T T T T T T T T T 1
40 60 80 100 120 140 160 180 200

Temperature (°C )

Fig. 3. DSC curve of PLA filament.

For shape-memory programming, temperatures of Tg + 5 °C (65 °C) and Ty + 10 °C
(70 °C) were chosen to ensure the PLA filament entered its rubbery phase, making it pliable

enough to be deformed into a tablet-like shape. However, experimental results showed that at
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70 °C or higher, the material became too soft, causing the models to collapse into irregular
shape after compression. This excessive softness also led to the helical parts sticking together
excessively after compression, preventing full recovery to the original helical shape. Therefore,
the 70 °C programming temperature was excluded from further analysis due to poor shape-
memory performance. These findings align with the literature by Slavkovic et al. [40], which
indicated that PLA’s glass-to-rubber transition began at approximately 57 °C and peaked near
65 °C. This range marked a significant decrease in the elastic modulus, supporting the selection
of 65 °C as the optimal programming temperature for shape-memory applications.

The shape-memory performance of the 3D-printed helical models was evaluated based
on their shape fixity ratio (R;) and shape recovery ratio (R,.). As shown in Table 3 and Fig. S1,
all models demonstrated high shape fixity ratios, ranging from 96.26% to 100.78%, indicating
their strong ability to retain their temporary tablet-like shape after cooling to room temperature.
However, the shape recovery ratios varied significantly across the different models, illustrating

the impact of geometric parameters on shape-recovery performance.

Table 3. Shape fixity at a programming temperature of 65 °C and shape recovery of eight helical models

Model code Shape fixity ratio (Ry) Shape recovery ratio (R,.)

M1 99.59+1.64° 79.52+5.78%
M2 100.28 £2.30? 26.67 £3.01°
M3 96.49+2.35° 51.79+7.99°¢
M4 97.22+2.15°% 15.67 +4.39¢
M5 100.78 £2.18% 37.81+4.16°
M6 98.53+0.96° 38.41+3.64°
M7 96.26 +0.33° 35.61+6.94°
M8 98.37+0.51° 18.38 +4.16 ¢

Note: For each test, average values with the same letter are not significantly different. Thus, average
values with the different letter, e.g., ‘a’ or ‘b’ are statistically different (p < 0.05).

Among the models, M1 and M3 showed the highest shape recovery ratios at 79.52%

and 51.79%, respectively, indicating superior shape-memory performance. The variation in
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shape recovery ratios across the models is likely influenced by their weight and geometric
parameters, such as helix diameter, number of helical turns, and top/base height. For instance,
M1, with a helix diameter of 1.0 mm, two helical turns, suggesting that smaller helix diameters
and fewer turns reduced structural resistance during recovery, enhancing the ability to return
to the original helical shape. Conversely, models like M4 and M8, which had larger helix
diameters and more helical turns, showed significantly lower shape recovery ratios (15.67%
and 18.38%, respectively), This suggests that increased geometric complexity adds resistance,
hindering shape recovery. Interestingly, models with higher top/base heights, such as M5-M8,
generally displayed low shape recovery ratios. This may be due to the increased weight from
the top part pressing down on the models, making it more difficult for the models to fully spring
back into helical shape. This additional pressure could reduce the models’ ability to recover, as
more force is required to overcome the weight and structural resistance. To address this, a
potential solution for the further research would be to make the base heavier than the top. By
doing so, it would ensure that the tablet remains oriented in a vertical position, while reducing
the weight on the top part. This adjustment could lower the structural resistance caused by the
top-heavy design, thereby enhancing the shape recovery ratio and improving overall shape-
memory performance. By redistributing the weight more favourably, the models would require
less force to overcome the resistance during shape recovery.

These findings highlight the importance of optimising geometric parameters—such as
helix diameter, number of turns, and top/base height—to enhance shape recovery performance.
Smaller helix diameters, fewer turns, and lower top/base heights are key factors for maximizing
the shape recovery of PLA-based helical models. The superior shape-memory performance of
models M1 and M3 makes them ideal candidates for further exploration as potential drug
delivery systems and in other biomedical applications requiring reliable shape recovery.

Therefore, these two models were selected for in-depth investigation, including drug-loading
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efficiency, thermal and shape-memory properties after drug loading, floatability, and release

studies.

3.3. Characteristics of the Drug-Loaded Models

3.3.1. Weight Variation and Quality Control

The results indicated a significant increase in the weight of drug-loaded models
compared to their non-drug-loaded counterparts in both M1 and M3 models, as shown in Table
2. Weight analysis revealed a consistent increase following drug loading in the 3D-printed
helical models. For instance, the weight of model M1 increased from 110.7 + 1.9 mg to 121.4
+ 0.7 mg, while M3's weight rose from 154.0 £ 1.7 mg to 168.0 £ 0.8 mg. This increase
confirmed successful drug incorporation, validating the soaking method as an effective and
reliable approach for ensuring uniform drug distribution in 3D-printed models. As critical
quality attributes (CQASs) of 3D-printed drug products include weight, dimensional accuracy,
and release profiles [41,42], the observed weight gain serves as a quick quality control measure.
The slight weight variations between models can be attributed to differences in helix diameter

and overall geometry, which influence the surface area available for drug absorption.

3.3.2. Morphological characteristics of Drug-Loaded and Non-Drug-Loaded Models

In this study, the morphological analysis of both drug-loaded and non-drug-loaded
models through SEM further confirmed the efficiency of drug loading. The SEM micrographs
revealed distinct differences between drug-loaded and non-drug-loaded models. As shown in
Fig. 4, the non-drug-loaded models (M1-blank and M3-blank) exhibited smooth and uniform
surface of the helical structures, while the drug-loaded models (M1-CPM and M3-CPM)
showed a rougher texture with visible drug particles distributed across the surface and within

the helix structure. This suggests that soaking method effectively facilitates drug penetration
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not only on the surface but also within the inner layers of the models. The uniform distribution
of the drug and the increased drug loading efficiency are crucial for sustained drug release,
particularly in controlled drug delivery systems like those designed for CPM, which require

frequent administration.

(a) |

Fig. 4. Scanning electron micrographs of the surface (left) and cross-sectional (right) of (a) M1-blank, (b) M1-

CPM, (c) M3-blank, and (d) M3-CPM.

3.3.3. Drug Loading Efficiency
The models demonstrated promising drug loading efficiency, with drug contents of 8.51

+0.46 mg in M1-CPM and 10.33 £ 0.22 mg in M3-CPM. The higher drug content in M3-CPM
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compared to M1-CPM likely contributed to its larger helix diameter, as the increased surface
area allows higher drug absorption. These drug amounts are sufficient to reduce the frequency
of CPM administration, where the typical dose of CPM is 4 mg every 4-6 hours. The loading
percentages for M1-CPM and M3-CPM were 7.01 + 0.34% w/w and 6.15 £ 0.16% w/w,
respectively, both significantly higher than those reported in previous studies [43,44], where
the loading efficiency for PLA-based 3D-printed products is typically less than 2.0%. This
enhanced efficiency may be attributed to the unique post-printing and post-shape-memory-
programming soaking method used in this study. Unlike pre-printing drug incorporation
methods, this approach allowed the drug to penetrate more effectively into the models'
compressed tablet-like shape as well as remain trapped between the layers of the helix.
Furthermore, the post-printing soaking process helped to avoid the high temperatures of the 3D

printing process, which could otherwise degrade the drug during filament extrusion.

3.3.4. Thermal and Shape-Recovery Performance of Drug-Loaded Models

The thermal properties of PLA filament, CPM powder, and the drug loaded models
(M1-CPM and M3-CPM) were assessed using DSC, with the thermograms presented in Fig, 5.
The thermogram of CPM powder revealed a sharp endothermic peak at 133.11 °C, which
corresponds to the CPM’s melting point and indicates its crystalline structure [45,46].
Interestingly, the Ty was no longer observable in both drug-loaded models, indicating that the
incorporation of CPM has disrupted the amorphous regions of the PLA matrix. This disruption
is likely caused by the plasticizing effect of the CPM and possibly some residual solvent from
the soaking process, which may have led to a lowering of the Tq. Furthermore, the crystallinity
percentage, calculated from the area under the melting and crystallization peaks, was found to
be 55.01% for M3-CPM and 19.08% for M1-CPM. These values are much higher than the

crystallinity percentage of the pure unprocessed PLA filament (4.78%). The increase in
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crystallinity can be ascribed to the drug incorporation process, which may have facilitated
further crystallization of PLA during the soaking process. Additionally, the higher crystallinity
in M3-CPM compared to M1-CPM could be due to the larger helix diameter of the M3 model,
providing a greater surface area for drug absorption and subsequent crystallisation. These
findings align with previous studies, where drug incorporation into PLA-based drug delivery
systems and soaking process led to increased crystallinity and altered thermal properties,

including the suppression or absence of glass transition endotherm [32,47,48].
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Fig. 5. DSC thermograms of PLA filament, CPM powder, and all drug-loaded models.

The shape-recovery performance of the drug-loaded models was also affected by the
drug-loading process. The results showed that the shape recovery ratio (R,) decreased in both
M1-CPM and M3-CPM after drug incorporation. The R,. value for M1-CPM dropped to 21.53
+ 4.53%, while M3-CPM showed a recovery ratio of 25.59 + 4.33% (Fig.6). This reduction in
shape recovery is likely due to the increased crystallinity observed in the drug-loaded models.

Higher crystallinity generally enhanceed the rigidity of the polymer matrix, making it less
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flexible and more resistant to deformation. Consequently, the ability of the drug-loaded models
to recover their original helical shape after deformation was restricted. Additionally, the drug
incorporation may disrupt the molecular arrangement of PLA, further hindering the shape-
recovery effect. These findings are consistent with previous research on SMP-based controlled
drug delivery system, which found that high drug loading caused the polymer networks to lose
their elasticity and flexibility, preventing them from being programmed into a temporary shape
or recovered to their original shape [49]. This suggests that it is essential to determine the
optimal drug loading level to preserve shape-memory performances, which should be

considered in future studies.

()

Smm

(b)

S mm Smm

Fig. 6. Photographs of drug-loaded models M1-CPM (a) and M3-CPM (b) showing their appearance after shape

programming and drug loading (left) and after shape recovery (right).

3.3.5. Floating Ability of Drug-Loaded Models
This study examined the floatability of the two drug-loaded models, M1-CPM and M3-

CPM, under simulated gastric conditions to evaluate their suitability for gastric retention. The
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in vitro buoyancy test demonstrated that both models exhibited immediate floating ina 0.01 N
HCI solution without any floating lag time and maintained buoyancy for 12 h (Fig. S2). The
densities of M1 and M3 models were calculated to be 1.43 g/cm?® and 1.31 g/cm?, respectively,
both of which slightly higher than that of gastric fluid (approximately 1.004 — 1.010 g/cm?)
[50]. This allows the models to be eliminated from the body by peristalsis of the gastrointestinal
(GI) tract. Despite their higher densities, the models initially floated because of their special
structural design. One possible explanation for the buoyancy of M1-CPM and M3-CPM is the
presence of air trapped within their helical structure when they are compressed into a temporary
tablet-like shape during shape-memory programming. The hollow design of the helix naturally
creates internal cavities that trap air, even when immersed in the 0.01 N HCI solution. This
trapped air prevents water from completely filling the internal cavities, significantly reducing
the overall effective density of the models and allowing them to float [51,52]. Furthermore, the
helical structure, specifically designed to have the same diameters and height at the top and
base, provides stability for floating. Additionally, the relatively hydrophobic nature of the PLA
material further minimised water absorption, enabling the models to stay buoyant for longer
periods. However, this study found that the floating behaviour of both models was not sustained
beyond 24 h, as some constructs began to sink. The loss of buoyancy in the models at 24 h may
be attributed to the gradual penetration of water into the internal helical cavities or the diffusion
of air. Overall, this work highlights the importance of geometric design, material choice, and

air-trapping capabilities in the development of effective floating drug delivery systems.

3.4. In Vitro CPM release profiles
The in vitro release profiles of CPM from the drug-loaded models (M1-CPM and M3-
CPM) were studied over a 12-hour period, based on how they floated in the simulated gastric

environment. As shown in Fig. 7, both models displayed a biphasic release pattern,
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characterised by an initial rapid burst release phase followed by a gradually sustained release
phase. The initial burst in both models could be attributed to the rapid dissolution of CPM that
are on the surface of the helical structures. This effect is frequently observed in drug delivery
systems where surface-bound drug particles dissolve quickly upon contact with the dissolution
media [53,54]. The release rate during this phase was significantly faster for M3-CPM in
comparison to M1-CPM, most likely because of the larger helix diameter and greater surface
area of M3 model. This increased surface area in M3-CPM facilitated higher drug interaction

with the media, thus leading to quicker dissolution of CPM.

(a) 1009 (b) 80 -

804 BRI S5 T | ) - .
= f 604 =

604"
4047;

--o--MI1-CPM
--0--M3-CPM

i’ --a--MI-CPM
404 --0--M3-CPM

Cumulative Release (%)
Cumulative Release (%)

T T T T T T T T T T T T
0 2 4 6 8 10 12 0 10 20 30 40 50 60

Time (h) Time (min)
Fig. 7. In vitro CPM release profiles of M1-CPM and M3-CPM over 12 h (a) and during the first hour (b).

Following the initial rapid release in the first few hours, the drug release from both
models shifted to a sustained phase. During this phase, the release rates between the two models
became comparable, with both reaching approximately 83% cumulative drug release by the
end of the 12-hour study. This prolonged release phase may be attributed to the limited
availability of surface-bound CPM, resulting in the drug being gradually released through
diffusion from the inner layers of the helical structures. Furthermore, the slower release pattern
observed in M3-CPM during this phase can also attributed to its increased crystallinity, as
demonstrated by prior DSC findings that indicated a larger percentage of crystallinity in M3-

CPM compared to M1-CPM. Additionally, the hydrophobic nature of PLA may also slow the
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penetration of water into the inner layers of the constructs, thereby prolonging the release of
CPM. The observed biphasic release pattern in this study has significant implications for design
and development of GRDDS. The initial burst release phase can be useful for achieving a rapid
therapeutic effect, whilst the subsequent sustained release phase can assist in maintaining drug
levels within the therapeutic range over an extended period. Unlike conventional floating drug
delivery systems, which often depend on gastric pH or gastric fluid—factors that vary widely
between patients—the PLA-based 4D-printed tablets in this study are designed to respond to
body temperature. The nearly uniform temperature of approximately 37 °C across patients
ensures predictable activation of the shape-memory properties, minimising variability in shape-
changing behaviour and drug release profiles. This could make PLA-based 4D drug delivery
systems a more reliable alternative to conventional floating tablets, particularly in clinical
practices. While direct comparisons with conventional drug delivery systems were not within
the scope of this study, these factors should be considered in future research to further evaluate

the advantages of this 4D-printed GRDDS.
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4. Conclusion

In summary, this study successfully demonstrates the concept of 4D printing in drug
delivery through the fabrication of eight different helical models capable of changing shape
upon contact with specific stimuli. These models were created with high geometric accuracy
using FDM technology. The thermal and shape-memory performance studies of these models
revealed the significant impact of geometric parameters, such as helix diameter and number of
turns, on shape recovery performance. Larger helix diameters and more helical turns exhibited
higher geometric fidelity but lower shape recovery due to the increase in structural complexity
and compression from their own weight. After drug loading, both M1-CPM and M3-CPM
models exhibited effective drug loading efficiencies and sustained release profiles with a
biphasic release pattern. This included an initial rapid drug release within the first few hours,
followed by a prolonged release phase lasting up to 12 h, during which approximately 83% of
the drug was released. These findings highlight the potential of these models for use in
GRDDS, offering prolonged gastric retention through buoyancy and sustained drug release. A
key strength of the PLA-based 4D-printed drug delivery system is its activation by body
temperature—a stable and consistent physiological parameter—rather than gastric fluid
properties, which can vary significantly among patients. This predictability enhances the drug
delivery system’s reliability and makes it a promising candidate for floating drug delivery
applications. However, future studies should consider incorporating direct comparisons with
conventional drug delivery systems to better evaluate potential benefits of these 4D-printed
GRDDS. Additionally, this study also showed some limitations, such as the decrease in shape
recovery performance after drug loading and a floating ability limited to 12 h. To address these
challenges, further research should explore alternative materials or polymer blends to enhance
both shape recovery and release behaviour. Moreover, modifications to the geometric

structures should be considered to enable the models to float for up to 24 h, allowing for once-
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daily dosing, which would improve patient compliance and therapeutic outcomes. With further
optimisation in material selection and design, these 4D-printed drug delivery systems hold
promise as advanced GRDDS platforms, representing a significant step forward in the

application of 4D printing in pharmaceutical field.
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Fig. S1. Photographs of all models showing their appearance after shape programming (left) and after

shape recovery (right).



861

862 Fig. S2. Model floating in 0.01 N HCI after 12 h.
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