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Abstract: Background/Objectives: Three-dimensional printing technology has emerging interest in
pharmaceutical manufacturing, offering new opportunities for personalized medicine and customized
drug delivery systems. Fused deposition modeling (FDM) is highly regarded in the pharmaceutical
industry because of its cost effectiveness, easy operation, and versatility in creating pharmaceutical
dosage forms. This review investigates different methods of incorporating active pharmaceutical
ingredients (APIs) into filament matrices for use in fused deposition modeling (FDM) 3D printing.
Methods: Two electronic databases, the Web of Science and PubMed, were utilized to survey the
literature. The selected keywords for this review were as follows: fused filament fabrication OR fused
deposition modeling OR FDM OR FFF AND 3D printing AND loading techniques OR impregnation
techniques AND solid dosage form. Results: This paper evaluates various loading techniques such
as soaking, supercritical impregnation, microwave impregnation, and hot-melt extrusion, focusing
on their effectiveness and capacity for drug incorporation. Additionally, this review includes a
thorough risk assessment of the extrusion process using Ishikawa and SWOT analyses. Conclusions:
Overall, this review provides comprehensive insights into the latest advancements in 3D printing for
pharmaceutical applications and identifies key areas for future research and development.

Keywords: 3D printing; drug loading; fused deposition modeling; fused filament fabrication;
hot-melt extrusion; quality by design

1. Introduction

Three-dimensional printing is a recent technology which is commonly used in different
fields due to its many advantages that include cost minimization, customization, and
versatility in the manufacturing process by using digital designs to build 3D objects through
sequentially layering compounds [1].

In the pharmaceutical sector, 3D printing has emerged as a promising tool for develop-
ing personalized dosage forms, medical devices, and drug delivery systems. By leveraging
the capabilities of 3D printing, researchers and pharmaceutical companies can customize
drug formulations to meet individual patient needs, optimize drug release profiles, and
improve treatment outcomes [2].

The earliest machines for additive manufacturing introduced by 3D systems used
stereolithography (SLA) technology [3]. Since then, numerous other techniques have been
developed, including selective laser sintering (SLS), laminated object manufacturing, and
fused deposition modeling (FDM) [4].

An example of innovative drug delivery systems using 3D printing technology is
“Spritam®” which was developed by Aprecia Pharmaceuticals and was approved by the
FDA in 2015. This system is manufactured with Zipdose® technology, which features a
drop-on-powder 3D printing method [5]. Until now, this is the only approved 3D-printed
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dosage form worldwide, which is in accordance with their unclear regulatory status and
quality requirements.

Among the various techniques, FDM is the most studied by pharmaceutical researchers
because it is more cost-effective, easier to operate, and more versatile in creating pharma-
ceutical dosage forms compared to SLS and SLA. This makes FDM a preferred choice for
efficient and economical production of versatile dosage forms, facilitating broader applica-
tions and innovations in pharmaceutical manufacturing [6]. Furthermore, FDM is a simple,
usually solvent- and powder-free, printing process, which requires limited post-processing,
making it suitable for applications in medical centers (hospitals and pharmacies) [7]. This
process is carried out layer by layer by thermoplastic filament extrusion, which controls
the feeding of continuous filament into a heated nozzle, melting, and deposition onto
a building platform, to produce 3D objects, which are designed in CAD software. This
process enables accurate and cost-effective production of complex shapes and functional
prototypes [8]. The ability to design complex geometries with high accuracy at a micro-scale
can be effectively utilized, for example in the manufacturing of microneedles, where FDM
allows the customization of needle shapes, sizes, and patterns to meet specific medical and
pharmaceutical applications [9].

Filament type is one of the critical factors that affects the properties and quality of
3D-printed objects. Different materials can be used such as poly(lactic acid) (PLA), polyethy-
lene terephthalate glycol (PETG), or butadiene styrene (ABS), and each of them provides
different heat resistance, flexibility, and strength for 3D-printed objects [10]. Nevertheless,
independently from the applied polymer, the incorporation of drugs into filaments to
ensure the optimum drug release and therapeutic efficacy is considered the most critical
step in 3D printing technology [11]. Various loading techniques, such as hot-melt extrusion
(HME) [12] supercritical impregnation [13] pre or post-print soaking, and microwave-
assisted loading [14], have been explored to efficiently incorporate drugs into 3D-printed
dosage forms, as presented in Figure 1. These techniques offer different opportunities to
increase drug loading capacity, minimize degradation of sensitive compounds, and control
drug release rates. Nevertheless, optimizing loading techniques for 3D-printed pharmaceu-
ticals is essential for advancing drug delivery systems and improving patient outcomes [15].
Therefore, a comprehensive evaluation of their advantages and disadvantages was the
main aim of the present review.
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Defining product quality requirements in advance by applying the Quality by Design
(QbD) approach is vital during the development phase as it can enable the selection of the
optimal development route and the identification of formulation and process parameters,
which affect the quality of pharmaceutical products [16].

In the Quality by Design (QbD) framework, Critical Quality Attributes (CQAs) and
Critical Process Parameters (CPPs) are identified and managed to ensure that the final prod-
uct meets the desired quality standards. Through the application of statistical tools such as
Design of Experiments (DoEs), QbD enables a systematic and scientific approach to opti-
mize formulations and process parameters, aiming to achieve the desired product attributes,
eliminate batch failures, reduce deviations, and minimize expensive investigations [17].

This systematic review aims to conduct a comprehensive evaluation and risk assess-
ment of various drug loading techniques of filaments used for FDM 3D printing.

2. Methods for Literature Survey and Data Extraction

Two electronic databases, the Web of Science and PubMed, were utilized to survey the
literature. The selected keywords for this review were as follows: fused filament fabrication
OR fused deposition modeling OR FDM OR FFF AND 3D printing AND loading techniques
OR impregnation techniques AND solid dosage form.

As shown in Figure 1, the search engines delivered 231 and 69 articles from the Web of
Science and PubMed, respectively. The Endnote referencing program was used to exclude
duplicates from the results, which resulted in 254 articles. Finally, titles and abstracts were
screened to remove irrelevant articles based on the criteria mentioned in the methods
section. The excluded articles totaled 209, which resulted in 45 articles being included in
this systematic review.

The inclusion criteria were as follows:

(1) Studies must utilize fused deposition modeling (FDM) as the 3D printing technology,
(2) Articles must be related to the pharmaceutical sector,
(3) Only original research articles will be included,
(4) Publications must be in English.

Studies that do not utilize fused deposition modeling (FDM) technology and do not
belong to the pharmaceutical sector were excluded. Additionally, only original research
articles were considered, while other types of publications such as conference papers,
review articles, etc., were also excluded. The full texts of the selected studies were screened
by two independent reviewers for extraction of relevant data using a data collection sheet.
The data extraction process concentrated on several key areas, including the following:

(1) Loaded drug; (2) carrier polymer; (3) loading techniques; (4) drug amount; (5) 3D
printer used; (6) processing temperature; (7) release behavior; and (8) type of dosage form.
The created database and the corresponding references are displayed in Table S1 in the
Supplementary Material.

The database was then applied to perform statistical analysis to better understand the
relationships between the applied method and product quality. Nevertheless, it should be
noted that several limitations hindered the proper statistical evaluation of some factors. The
main limitation was the variability of how data are reported in different studies, which led
to challenges in comparing results and synthesizing the findings of the present systematic
review, but additionally, the data extraction process is prone to human error. Furthermore,
the fact that studies with positive results are more likely to be published than those with
negative or inconclusive findings also had negative effect on proper evaluation.

The statistical analysis (factorial ANOVA) was performed with Tibco Statistica v. 14.0.1.
(Tibo Inc., Palo Alto, CA, USA).

3. Drug Loading Techniques Used in FDM Printing

Figure 2 displays the incidence of various loading techniques applied for FDM printing
applications along the 45 articles included in the final review. Loading may be divided into
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two big groups, where extrusion-based techniques are used before, while impregnation-
based techniques may be used before, after, or even during the printing process.
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3.1. Impregnation-Based Loading Techniques
3.1.1. Soaking

In pharmaceutical 3D printing, the soaking technique includes the incorporation of
drugs into polymer filaments by submerging the filament in a solution containing the drug
or impregnation of the 3D-printed device by the same technique. This process relies on the
use of a non-solvent for the polymer filament, facilitating the absorption of the drug on
filaments, which are soluble in the solvent [18].

Although the soaking method is simple and does not require heating, it has several
drawbacks, which includes the use of potentially toxic solvents and low drug loading
efficiency, and it is not environmentally friendly due to the significant amount of wasted
drugs in the solution or dispersion. Additionally, the scaling of this method for industrial
use can be quite challenging [19].

The success of this method depends on the swelling ability of the polymer when
exposed to certain solvents. The duration of filament swelling significantly affects drug
loading [20] and is influenced by numerous variables such as the type of organic solvent,
temperature, and drug concentration [18]. Ibrahim et al. detected an enhancement in the
loading % of metformin HCl when the solvent changed from absolute ethanol (0.08% load-
ing) to a mixture of 90% ethanol with 10% water (1.40% loading) [21]. In another study,
adding L-arginine and water to the soaking solution led to an increase in the solubility of
glibenclamide and consequently enhanced drug loading in the filaments [22].

Soaking printed devices in a liquid suspension of nanoparticles emphasizes the sig-
nificance of nanoparticle-induced drug movement in increasing drug loading. In this
process, the drug passively absorbs from the nanoparticle suspension into the device. The
nanoparticles were observed to stimulate drug migration towards the device, resulting in
higher drug loading percentages. A two times higher drug loading was observed above the
expected figure of approximately 0.1% for Eudragit RL100 (ERL) and 11–14 times higher
than the expected figure of 0.005% for poly(e-caprolactone) (PCL) [20].

Cerda et al. studied the utilization of Hansen Solubility Parameters (HSPs) and HSP
distances (Ra) between the drug, solvent, and filament to identify optimal combinations for
high drug loading [15]. The tool focuses on achieving a high solvent–drug Ra (>10) and an
intermediate solvent–filament Ra (~10). Additionally, parameters like surface roughness
and stiffness were found to influence the passive diffusion of the drug into the filaments.
A predictive model based on Support Vector Machine (SVM) regression demonstrated a
strong correlation between Ra, filament stiffness, and the diffusion capacity of a BCS Class
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II drug, nifedipine (NFD), into the filaments. Through this approach, a drug loading close
to 3% w/w was achieved.

The highest drug loading capacity by the soaking techniques mentioned in the re-
viewed publications was 5% (w/w) [18,23].

3.1.2. Microwave-Assisted Impregnation

The microwave-assisted loading method in pharmaceutical 3D printing applies mi-
crowave irradiation to enhance the loading of drugs into polymeric matrices. Microwave
radiation, known for its rapid and deep penetration power, can effectively interact with po-
lar compounds, leading to improved drug loading efficiency and potential for customized
drug delivery solutions. During the soaking process, blank PVA filaments were immersed
into 15 mL of acetone that was oversaturated with caffeine and subjected to magnetic
stirring for 2 days at room temperature. The various samples were sealed and processed
under the following conditions: the solvent temperature ranged from 40 ◦C to 140 ◦C, with
a heating rate of 2–5 ◦C/s. The power settings changed between 1 and 400 W, using a
2.45 GHz magnetron. Different absorption levels (normal, high, very high) were applied,
with stirring at 600 rpm. The contact times varied from 10 s to 20 min or cycles, and cooling
was accomplished with pressurized air (>60 L/min, 2.5–4 bar). Better loading and more
uniform drug distribution were observed for all the microwave processes in comparison
with traditional soaking (>0.95% w/w versus 0.55% w/w, respectively) [14].

3.1.3. Supercritical Impregnation

Supercritical impregnation uses carbon dioxide under supercritical conditions (scCO2)
to penetrate, plasticize, and expand polymeric matrices. This technique enables the impreg-
nation of polymers by dissolving the active substance in scCO2 and then introducing it into
the polymer. Upon returning to regular atmospheric conditions, the solvent turns to gas
and leaves the polymeric matrix, leaving the drug trapped inside. This method results in
a solvent-free impregnated device and enables the loading of the solute throughout the
polymer, rather than being limited to its surface [24]. Nevertheless, the high equipment cost,
the complex operation, the limited scalability and material compatibility are considered to
be the main disadvantages which may limit the utilization of this process [13].

High temperature and pressure lead to increased loading; for example, a maximum
loading of 9% was achieved with ketoprofen at 75 ◦C and 250 bar. Even higher loading
can be expected and was observed using extreme conditions of 75 ◦C and 400 bar, but
products obtained under these conditions were not suitable for use because of polymer
degradation [24].

Controversially, in other studies [3,25], supercritical fluid was used under pressures of
100 and 400 bar and temperatures of 35 and 55 ◦C to load mango leaf extract, and the CO2
density was increased at higher pressures, which enhanced the affinity of the compound
to the supercritical phase and led to decreased loading. Nevertheless, the CO2 density
decreased with increasing temperature, leading to an increased amount of compounds in
the supercritical phase and subsequently higher loading levels, so the highest loading of
3% was achieved at a 55 ◦C temperature and 100 bar pressure.

3.1.4. Coordinated 3D Printing and Liquid Dispensing

Finally, Okwuosa et al. [26] modified a dual FDM 3D printer to have two FDM
nozzle heads. The right extruder head was replaced with a syringe-based liquid dispenser
equipped with either a 2 mL or 10 mL syringe. Two printing modes were used: single-
phase printing by alternating the deposition of the core liquid and the shell filament and
multi-phase printing by printing 75% of the bottom of the shell, followed by filling the core
liquid and then sealing the shell.

The single phase involves frequent switching between the two printing heads after
each layer, leading to disruption of the shell printing process, and this is solved by the multi-
phase printing mode. In both modes, more than 85% of dipyridamole was released before
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30 min. Also, this system can be used to extend drug release by using a water-insoluble
permeable polymer, Eudragit RL, in the filament used to fabricate the shell [26].

3.2. Extrusion-Based Loading Techniques

In pharmaceutical manufacturing, single-screw extruders are widely used for various
processes, including producing drug-loaded filaments for 3D printing. The process starts
with feeding the raw material into the extruder hopper. The rotating screw then conveys
the material along the extruder, where heat from the barrel and mechanical energy from
the screw melts the material. The continuous rotation of the screw mixes and compacts the
molten material to ensure uniformity. Finally, the material is extruded through a die at the
end of the extruder, shaping it into the desired form. Once it exits the die, the extruded
material is cooled and solidified. Finally, the extrudate is either cut or formed into its final
product shape [27]. Single-screw extruders have several advantages: they are relatively
simple in design and operation and are cost-effective compared to twin-screw extruders.
Their use and maintenance is also easier [28]. However, a drawback is that the drug
and the carrier polymer must be thoroughly mixed before being fed into the extruder to
ensure a homogeneous output mixture. This pre-mixing is crucial because the single-screw
extrusion process offers limited homogenization. Various methods were employed for this
pre-mixing: Ayyoubi et al. used ball milling to blend the feed powder [29], while other
studies used a mortar and pestle [30–37]. In another study, the mixing was carried out in a
closed plastic container on a Maxiblend mixer at 25 rpm for at least 20 min [38].

In contrast, intermeshing the screws of twin-screw extruders can convey and mix the
fed material at the same time. These screws rotate together within the barrel, creating
shearing and kneading forces that promote melting, blending, and compounding of the
materials [39]. Their use is associated with enhanced mixing capabilities, improved ther-
mal homogeneity, and precise control over the extrusion process. Therefore, twin-screw
extrusion is a suitable technique to produce drug-loaded filaments with optimal quality,
properties, and uniform drug distribution, especially as it is compatible with a wide range
of material properties, for example, viscosity [40]. On the other hand, twin-screw extruders
are more complex and expensive and consume more energy during operation compared to
single-screw extruders; they also require more maintenance and operational expertise and
have limitations in terms of scalability for certain applications, especially for small-scale
production [41]. Nevertheless, a novel pilot scale HME that used Affinisol™ 15LV as a
filament produced sixty doses/minute at 200 mg (750 g/h and 233 m/h of filament) [42].

A considerable drawback of these techniques is that they operate at high temperatures.
In most of the reviewed articles, the applied temperature was generally above 100 ◦C,
which can result in drug degradation. An exception is found in reference [33], which uses
two immediate-release polymers, Kollidon VA64 and Kollidon 12PF, to lower the FDM
printing temperature and filaments with 3% ramipril content were produced via hot-melt
extrusion at 70 ◦C and printed at 90 ◦C, and [43], which used extrusion temperatures of
80 ◦C–100 ◦C. Kempin et al. [44] used the solvent-casting method to prepare polymer
films containing the drug before extrusion to enable a decrease in the required extrusion
temperature. Polycaprolactone and poly (L-lactide) were dissolved in methylene chloride,
while Eudragit RS and ethyl cellulose were dissolved in acetone. An ethanolic solution of
quinine was then added to the mixture, homogenized, and poured onto a glass plate as a
thin layer, and the volatile solvent was evaporated in a drying oven. The dried films were
then cut into small pieces and fed to the extruder.

Nevertheless, the application of drug-loaded filaments opens up many ways to further
tailor device properties such as mechanical strength or drug release rate. Tablets with
higher drug load and infill density generally have slower drug release rates than tablets
with a lower drug load and infill density [45–49]. Another study also found that the
drug loading % has a significant effect on release rate, since the release of felodipine was
slower in the case of tablets with a higher drug percentage [31]. Contrary to this, in the
study of Macedo et al. [50], the drug load was considered a non-significant factor and only



Pharmaceuticals 2024, 17, 1496 7 of 13

the aqueous solubility of the drug and polymer type had a significant effect. Also, the
disintegration time and the subsequent dissolution time can be decreased significantly by
adding mannitol as a plasticizer and a pore former to the filament [51].

Multiple other studies [38,52,53] also revealed that polymer types significantly im-
pacted release rates, whereas the effect of infill percentage on release rate in most for-
mulations was relatively minor. Specifically, the combination of hydroxypropyl cellulose
(HPC) and Eudragit L100 resulted in slow drug release, with 80% of the drug released
within 334 min [38], while combinations of Eudragit EPO and POLYOX™ N80 exhibited
faster drug release compared to formulations with POLYOX™ N10 [52]. Nevertheless,
this study also concluded that the dissolution rate of the tablets increased as the tablet
thickness decreased.

Viidik L. et al. [36] also mentioned the effect of using different geometries on drug
release from 3D-printed pharmaceutical dosages. The results revealed that honeycomb-
patterned tablets released approximately 12% of the drug within 24 h, whereas cylinder-
shaped tablets only released about 2% during the same timeframe. Kulkarni et al. [54]
found that the orientation of layers significantly affects the release rate of printlets. They
examined two orientations: a 45◦ print layer produced continuously and a 0◦ print layer
produced in batches. At a 25% infill percentage, they observed distinct differences in
release rates between the two methods. Printlets from the batch process exhibited a faster
release compared to those from the continuous process. This difference is attributed to how
layer orientation changes the surface area exposed to the release media. In the continuous
process, where layers are oriented at 45◦, the top and bottom surfaces of the printlets are
tightly packed, limiting the penetration of the medium and its interaction with the matrix.
Conversely, in the batch process with a 0◦ orientation, internal pores are open, allowing
immediate contact with the surrounding medium upon introduction.

Also, a waffle shape design and honeycomb-shaped tablets were associated with faster
drug release rates in comparison with traditional cylindrical tablets [55,56]. Furthermore,
conventional core–shell tablets usually contain solid cores; for example, in the study of
Alzahrani et al., amlodipine besylate was deposited in the shell while the tablet core
contained conventional compressed atorvastatin calcium [57], but sometimes the core may
contain solutions or hydrogel [58].

Finally, the printing temperature can also impact drug release from 3D-printed tablets.
Tablets printed at different temperatures (e.g., 190 ◦C, 200 ◦C, 220 ◦C) showed variations
in drug release profiles. Higher temperatures potentially promoted better drug-carrier
miscibility and enhanced drug release [34].

There are multiple factors influencing the mechanical strength of 3D-printed tablets,
and one of them is polymer particle size. Smaller particles tend to enhance the mechanical
strength and toughness of the printed tablets, whereas larger particles can create structural
weaknesses, potentially diminishing the overall mechanical properties of the printed dosage
forms [35].

In addition to polymer particle size, another significant factor affecting the mechani-
cal properties of 3D-printed pharmaceutical dosage forms is the filament diameter. The
filament diameter can fluctuate based on several factors during the hot-melt extrusion
process, including screw speed (higher speeds cause diameter variations), barrel temper-
ature, die design, specific feed load, powder feed rate, and cooling rate [59]. However,
based on the studies and general guidelines in the field, the optimal filament diameter
is around 1.75 mm [38]. Also, hot-melt extruded polymers that are used as filaments in
FDM usually have high brittleness, which could be solved by using a plasticizer and talc as
an insoluble structuring agent that can enhance the mechanical properties of the polymer
hydroxypropyl-methyl-cellulose acetate-succinate (HPMC AS) [60].

Overall, it can be stated that extrusion (single- or twin-screw extrusion) stands out
as a superior loading technique among various methods due to its versatility, efficiency,
and ability to produce tailored products with controlled characteristics. Compared to
alternative loading techniques, extrusion provides a more uniform distribution of APIs,
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higher loading efficiency (80–100%), enhanced product uniformity, and improved scalability
for large-scale manufacturing [61]. Additionally, extrusion facilitates the customization of
formulations, the incorporation of multiple components, and the optimization of product
performance, making it a preferred choice for loading drugs into polymer matrices for
various pharmaceutical applications [30]. However, Quality by Design (QbD) plays a vital
role in maintaining the quality and performance of the final product due to the huge number
of variables involved in the extrusion process [62]. The Ishikawa diagram (fishbone diagram
or cause-and-effect diagram) is one of the valuable tools created by Dr. Kaoru Ishikawa,
and it is used to visualize the causes of a problem by ensuring that all possible factors are
considered. Visualization is performed by organizing causes into categories, which helps
in understanding the relationship between different elements [63]. The Ishikawa diagram
for the extrusion process, as shown in Figure 3, is divided into four main groups: process
parameters, material attributes, therapeutic goal, and product characteristics.
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A SWOT analysis is a versatile and powerful tool that provides a comprehensive
framework for evaluating an organization’s position. By systematically examining internal
strengths and weaknesses alongside external opportunities and threats, businesses can
develop strategic plans that enhance strengths, address weaknesses, capitalize on opportu-
nities, and mitigate potential threats. This process aids in achieving long-term success and
sustainability [64]. The SWOT diagram for extrusion is shown in Figure 4.

Comparing the impregnation- and extrusion-based loading methods, it can be stated
that significantly (p < 0.0001) higher drug loadings could be achieved with extrusion-based
methods, but the thermal stress during the loading step is significantly lower (p < 0.001) in
the case of impregnation techniques. Nevertheless, this advantage can be utilized only in
those cases where post-printing impregnation is applied; since there were no significant
differences (p > 0.05) in the printing temperatures or drug release rates between the methods,
these parameters were more related to the applied polymer or to the desired therapeutic
goal, respectively.
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4. Challenges and Future Perspectives

Examining the loading techniques for filaments and conducting a risk assessment for
the extrusion process, it becomes apparent that the field of 3D printing pharmaceuticals
holds considerable promise for future advancements. However, 3D printing technology
faces several issues that need to be resolved before being implemented in commercial
production. One of these challenges is the need for standardization and regulatory accep-
tance. The variability in 3D printing processes, materials, and product outcomes poses
challenges in ensuring consistent quality, safety, and efficacy of 3D-printed pharmaceuticals.
Regulatory bodies are still developing guidelines and standards specific to 3D-printed
medicines, which can hinder the widespread adoption of this innovative manufacturing
approach in the pharmaceutical industry [65].

The limited availability of suitable printing materials is another challenge which makes
the complex task of the selection of suitable polymers and excipients to maintain drug
stability and release properties more complicated. Additionally, new materials designed
specifically for pharmaceutical 3D printing applications are still ongoing [66].

Furthermore, the scalability of 3D printing for mass production remains a challenge.
While 3D printing offers the flexibility to create personalized dosage forms, scaling up
production to meet commercial demands efficiently and cost-effectively is a significant
hurdle [67].

Another considerable challenge in pharmaceutical 3D printing is the need to ensure
the accuracy and precision of drug dosing in printed dosage forms. Achieving uniform
drug distribution within the printed structure and maintaining the intended drug release
profile throughout the entire dosage form can be technically demanding. Moreover, the
integration of complex drug delivery systems, such as controlled-release mechanisms or
combination therapies, into 3D-printed dosage forms presents additional challenges [68].

Additionally, the long-term stability and shelf-life of 3D-printed pharmaceuticals pose
a challenge that requires thorough investigation. Understanding the impact of printing
parameters, material properties, and storage conditions on the physical and chemical
stability of printed dosage forms is essential for determining their shelf-life and ensuring
consistent drug efficacy over time [69].

Moving forward, researchers should focus on refining loading techniques to enhance
drug loading efficiency while minimizing extrusion-associated risks. Nevertheless, ad-
vancements in material science may lead to the development of novel polymers with
improved compatibility with various drugs, facilitating smoother extrusion processes and
ensuring the stability of active pharmaceutical ingredients. Moreover, integrating ad-
vanced process monitoring and control systems could enable real-time adjustments during
extrusion, enhancing reproducibility and ensuring consistent product quality. Effective
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collaboration among academic institutions, industry, and regulatory agencies is crucial for
tackling safety concerns, creating standardized guidelines, and accelerating the transition of
3D-printed pharmaceuticals from experimental phases to commercial production. Looking
forward, the future of 3D printing in the pharmaceutical field offers immense potential
for innovation, efficiency, and personalized medicine, paving the way for transformative
advancements in drug delivery and patient care.

5. Conclusions

This systematic review examined various drug loading techniques employed in prepar-
ing filaments for FDM 3D printing, analyzing 45 publications to highlight differences in
these methods. The most used technique is hot-melt extrusion, utilizing either a single or
twin-screw extruder. Alternative methods, such as soaking, microwave, or supercritical
impregnation, have limitations, particularly in terms of drug loading capacity. Despite its
popularity, the extrusion process is complex and involves numerous variables, necessitating
the use of risk assessment tools like the Ishikawa diagram and SWOT analysis to manage
this complexity.
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Husic, M.; Dervišević, A. 3D printing—A “Touch-Button” approach to manufacture microneedles for transdermal drug delivery.
Pharmaceutics 2021, 13, 924. [CrossRef]

https://www.mdpi.com/article/10.3390/ph17111496/s1
https://www.mdpi.com/article/10.3390/ph17111496/s1
https://doi.org/10.1016/j.jmbbm.2023.105930
https://www.ncbi.nlm.nih.gov/pubmed/37267735
https://doi.org/10.1007/s11095-018-2454-x
https://www.ncbi.nlm.nih.gov/pubmed/29998405
https://doi.org/10.1243/095440603762554569
https://doi.org/10.3390/pharmaceutics10040203
https://www.ncbi.nlm.nih.gov/pubmed/30356002
https://doi.org/10.1080/15583724.2019.1597883
https://doi.org/10.1016/j.susoc.2021.09.004
https://doi.org/10.1007/s00170-022-08860-7
https://doi.org/10.3390/pharmaceutics13070924


Pharmaceuticals 2024, 17, 1496 11 of 13

10. Gregor-Svetec, D. Polymers in printing filaments. In Polymers for 3D Printing; Elsevier: Amsterdam, The Netherlands, 2022;
pp. 155–269.

11. Wang, J.; Zhang, Y.; Aghda, N.H.; Pillai, A.R.; Thakkar, R.; Nokhodchi, A.; Maniruzzaman, M. Emerging 3D printing technologies
for drug delivery devices: Current status and future perspective. Adv. Drug Deliv. Rev. 2021, 174, 294–316. [CrossRef]

12. Alhijjaj, M.; Belton, P.; Qi, S. An investigation into the use of polymer blends to improve the printability of and regulate drug
release from pharmaceutical solid dispersions prepared via fused deposition modeling (FDM) 3D printing. Eur. J. Pharm.
Biopharm. 2016, 108, 111–125. [CrossRef]

13. Grosso, P.; Cejudo, C.; Sánchez-Gomar, I.; Durán-Ruiz, M.C.; Moreno-Luna, R.; Casas, L.; Pereyra, C.; Mantell, C. Supercritical
Impregnation of Mango Leaf Extract into PLA 3D-Printed Devices and Evaluation of Their Biocompatibility with Endothelial Cell
Cultures. Polymers 2022, 14, 2706. [CrossRef] [PubMed]

14. Saviano, M.; Bowles, B.J.; Penny, M.R.; Ishaq, A.; Muwaffak, Z.; Falcone, G.; Russo, P.; Hilton, S.T. Development and analysis
of a novel loading technique for FDM 3D printed systems: Microwave-assisted impregnation of gastro-retentive PVA capsular
devices. Int. J. Pharm. 2022, 613, 121386. [CrossRef] [PubMed]

15. Cerda, J.R.; Arifi, T.; Ayyoubi, S.; Knief, P.; Ballesteros, M.P.; Keeble, W.; Barbu, E.; Healy, A.M.; Lalatsa, A.; Serrano, D.R.
Personalised 3D Printed Medicines: Optimising Material Properties for Successful Passive Diffusion Loading of Filaments for
Fused Deposition Modelling of Solid Dosage Forms. Pharmaceutics 2020, 12, 345. [CrossRef]

16. Lee, S.-H.; Kim, J.-K.; Jee, J.-P.; Jang, D.-J.; Park, Y.-J.; Kim, J.-E. Quality by Design (QbD) application for the pharmaceutical
development process. J. Pharm. Investig. 2022, 52, 649–682. [CrossRef]

17. Rajora, A.; Chhabra, G. Quality by design approach: Regulatory need, current, and future perspective. Asian J. Pharm. Clin. Res.
2021, 14, 29–35. [CrossRef]

18. Tagami, T.; Kuwata, E.; Sakai, N.; Ozeki, T. Drug Incorporation into Polymer Filament Using Simple Soaking Method for Tablet
Preparation Using Fused Deposition Modeling. Biol. Pharm. Bull. 2019, 42, 1753–1760. [CrossRef]

19. Shaqour, B.; Samaro, A.; Verleije, B.; Beyers, K.; Vervaet, C.; Cos, P. Production of drug delivery systems using fused filament
fabrication: A systematic review. Pharmaceutics 2020, 12, 517. [CrossRef]

20. Beck, R.C.R.; Chaves, P.S.; Goyanes, A.; Vukosavljevic, B.; Buanz, A.; Windbergs, M.; Basit, A.W.; Gaisford, S. 3D printed tablets
loaded with polymeric nanocapsules: An innovative approach to produce customized drug delivery systems. Int. J. Pharm. 2017,
528, 268–279. [CrossRef] [PubMed]

21. Ibrahim, M.; Barnes, M.; McMillin, R.; Cook, D.W.; Smith, S.; Halquist, M.; Wijesinghe, D.; Roper, T.D. 3D Printing of Metformin
HCl PVA Tablets by Fused Deposition Modeling: Drug Loading, Tablet Design, and Dissolution Studies. AAPS PharmSciTech
2019, 20, 195. [CrossRef]

22. Kukkonen, J.; Ervasti, T.; Laitinen, R. Production and characterization of glibenclamide incorporated PLA filaments for 3D
printing by fused deposition modeling. J. Drug Deliv. Sci. Technol. 2022, 77, 103843. [CrossRef]

23. Qamar, N.; Abbas, N.; Irfan, M.; Hussain, A.; Arshad, M.S.; Latif, S.; Mehmood, F.; Ghori, M.U. Personalized 3D printed
ciprofloxacin impregnated meshes for the management of hernia. J. Drug Deliv. Sci. Technol. 2019, 53, 101164. [CrossRef]

24. Naranjo, L.V.; Bastante, C.C.; Cardoso, L.C.; Serrano, C.M.; Fernández, E. Supercritical Impregnation of Ketoprofen into Polylactic
Acid for Biomedical Application: Analysis and Modeling of the Release Kinetic. Polymers 2021, 13, 1982. [CrossRef] [PubMed]

25. Rosales, J.M.; Cejudo, C.; Verano, L.; Casas, L.; Mantell, C.; de la Ossa, E.J.M. Supercritical Impregnation of PLA Filaments with
Mango Leaf Extract to Manufacture Functionalized Biomedical Devices by 3D Printing. Polymers 2021, 13, 2125. [CrossRef]
[PubMed]

26. Okwuosa, T.C.; Soares, C.; Gollwitzer, V.; Habashy, R.; Timmins, P.; Alhnan, M.A. On demand manufacturing of patient-specific
liquid capsules via coordinated 3D printing and liquid dispensing. Eur. J. Pharm. Sci. 2018, 118, 134–143. [CrossRef]

27. Thiry, J.; Krier, F.; Evrard, B. A review of pharmaceutical extrusion: Critical process parameters and scaling-up. Int. J. Pharm. 2015,
479, 227–240. [CrossRef]

28. Abeykoon, C. Single screw extrusion control: A comprehensive review and directions for improvements. Control Eng. Pract. 2016,
51, 69–80. [CrossRef]

29. Ayyoubi, S.; Cerda, J.R.; Fernández-García, R.; Knief, P.; Lalatsa, A.; Healy, A.M.; Serrano, D.R. 3D printed spherical mini-tablets:
Geometry versus composition effects in controlling dissolution from personalised solid dosage forms. Int. J. Pharm. 2021, 597, 120336.
[CrossRef]

30. Goyanes, A.; Wang, J.; Buanz, A.; Martínez-Pacheco, R.; Telford, R.; Gaisford, S.; Basit, A.W. 3D Printing of Medicines: Engineering
Novel Oral Devices with Unique Design and Drug Release Characteristics. Pharmaceutics 2015, 12, 4077–4084. [CrossRef]

31. Iovanov, R.I.; Porfire, A.S.; Crisan, A.G.; Dobre, A.A.; Iurian, S.M.; Rus, L.M.; Casian, T.; Tomuta, I. 3D printing of prolonged-
release oral solid dosage forms containing felodipine. Farmacia 2023, 71, 480–490. [CrossRef]

32. Katsiotis, C.S.; Åhlén, M.; Stromme, M.; Welch, K. 3D-Printed Mesoporous Carrier System for Delivery of Poorly Soluble Drugs.
Pharmaceutics 2021, 13, 1096. [CrossRef]

33. Kollamaram, G.; Croker, D.M.; Walker, G.M.; Goyanes, A.; Basit, A.W.; Gaisford, S. Low temperature fused deposition modeling
(FDM) 3D printing of thermolabile drugs. Int. J. Pharm. 2018, 545, 144–152. [CrossRef] [PubMed]

34. Figueiredo, S.; Fernandes, A.I.; Carvalho, F.G.; Pinto, J.F. Performance and paroxetine stability in tablets manufactured by fused
deposition modelling-based 3D printing. J. Pharm. Pharmacol. 2022, 74, 67–76. [CrossRef]

https://doi.org/10.1016/j.addr.2021.04.019
https://doi.org/10.1016/j.ejpb.2016.08.016
https://doi.org/10.3390/polym14132706
https://www.ncbi.nlm.nih.gov/pubmed/35808751
https://doi.org/10.1016/j.ijpharm.2021.121386
https://www.ncbi.nlm.nih.gov/pubmed/34921952
https://doi.org/10.3390/pharmaceutics12040345
https://doi.org/10.1007/s40005-022-00575-x
https://doi.org/10.22159/ajpcr.2021.v14i6.33733
https://doi.org/10.1248/bpb.b19-00482
https://doi.org/10.3390/pharmaceutics12060517
https://doi.org/10.1016/j.ijpharm.2017.05.074
https://www.ncbi.nlm.nih.gov/pubmed/28583328
https://doi.org/10.1208/s12249-019-1400-5
https://doi.org/10.1016/j.jddst.2022.103843
https://doi.org/10.1016/j.jddst.2019.101164
https://doi.org/10.3390/polym13121982
https://www.ncbi.nlm.nih.gov/pubmed/34204192
https://doi.org/10.3390/polym13132125
https://www.ncbi.nlm.nih.gov/pubmed/34203556
https://doi.org/10.1016/j.ejps.2018.03.010
https://doi.org/10.1016/j.ijpharm.2014.12.036
https://doi.org/10.1016/j.conengprac.2016.03.008
https://doi.org/10.1016/j.ijpharm.2021.120336
https://doi.org/10.1021/acs.molpharmaceut.5b00510
https://doi.org/10.31925/farmacia.2023.3.5
https://doi.org/10.3390/pharmaceutics13071096
https://doi.org/10.1016/j.ijpharm.2018.04.055
https://www.ncbi.nlm.nih.gov/pubmed/29705104
https://doi.org/10.1093/jpp/rgab138


Pharmaceuticals 2024, 17, 1496 12 of 13

35. Crisan, A.G.; Porfire, A.; Ambrus, R.; Katona, G.; Rus, L.M.; Porav, A.S.; Ilyés, K.; Tomuta, I. Polyvinyl Alcohol-Based 3D
Printed Tablets: Novel Insight into the Influence of Polymer Particle Size on Filament Preparation and Drug Release Performance.
Pharmaceuticals 2021, 14, 418. [CrossRef] [PubMed]

36. Viidik, L.; Vesala, J.; Laitinen, R.; Korhonen, O.; Ketolainen, J.; Aruväli, J.; Kirsimäe, K.; Kogermann, K.; Heinämäki, J.; Laidmäe, I.;
et al. Preparation and characterization of hot-melt extruded polycaprolactone-based filaments intended for 3D-printing of tablets.
Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2021, 158, 105619. [CrossRef]

37. Zhao, X.; Wei, W.; Niu, R.; Li, Q.; Hu, C.; Jiang, S. 3D Printed Intragastric Floating and Sustained-Release Tablets with Air
Chambers. J. Pharm. Sci. 2022, 111, 116–123. [CrossRef]

38. Öblom, H.; Zhang, J.X.; Pimparade, M.; Speer, I.; Preis, M.; Repka, M.; Sandler, N. 3D-Printed Isoniazid Tablets for the Treatment
and Prevention of TuberculosisPersonalized Dosing and Drug Release. AAPS PharmSciTech 2019, 20, 52. [CrossRef]

39. Uitterhaegen, E.; Evon, P. Twin-screw extrusion technology for vegetable oil extraction: A review. J. Food Eng. 2017, 212, 190–200.
[CrossRef]

40. Dhaval, M.; Sharma, S.; Dudhat, K.; Chavda, J. Twin-screw extruder in pharmaceutical industry: History, working principle,
applications, and marketed products: An in-depth review. J. Pharm. Innov. 2022, 17, 294–318. [CrossRef]

41. Martin, C. Twin screw extruders as continuous mixers for thermal processing: A technical and historical perspective. AAPS
PharmSciTech 2016, 17, 3–19. [CrossRef]

42. Prasad, E.; Islam, M.T.; Goodwin, D.J.; Megarry, A.J.; Halbert, G.W.; Florence, A.J.; Robertson, J. Development of a hot-melt
extrusion (HME) process to produce drug loaded Affinisol™ 15LV filaments for fused filament fabrication (FFF) 3D printing.
Addit. Manuf. 2019, 29, 100776. [CrossRef]

43. Shi, K.; Salvage, J.P.; Maniruzzaman, M.; Nokhodchi, A. Role of release modifiers to modulate drug release from fused deposition
modelling (FDM) 3D printed tablets. Int. J. Pharm. 2021, 597, 120315. [CrossRef] [PubMed]

44. Kempin, W.; Franz, C.; Koster, L.C.; Schneider, F.; Bogdahn, M.; Weitschies, W.; Seidlitz, A. Assessment of different polymers and
drug loads for fused deposition modeling of drug loaded implants. Eur. J. Pharm. Biopharm. Off. J. Arbeitsgemeinschaft Fur Pharm.
Verfahrenstechnik E.V 2017, 115, 84–93. [CrossRef] [PubMed]

45. Fanous, M.; Gold, S.; Hirsch, S.; Ogorka, J.; Imanidis, G. Development of immediate release (IR) 3D-printed oral dosage forms
with focus on industrial relevance. Eur. J. Pharm. Sci. 2020, 155, 105558. [CrossRef] [PubMed]

46. Hu, Z.Q.; Xu, P.C.; Zhang, J.X.; Bandari, S.; Repka, M.A. Development of controlled release oral dosages by density gradient modification
via three-dimensional (3D) printing and hot-melt extrusion (HME) technology. J. Drug Deliv. Sci. Technol. 2022, 71, 103355. [CrossRef]

47. Pyteraf, J.; Jamróz, W.; Kurek, M.; Szafraniec-Szczesny, J.; Kramarczyk, D.; Jurkiewicz, K.; Knapik-Kowalczuk, J.; Tarasiuk, J.;
Wronski, S.; Paluch, M.; et al. How to Obtain the Maximum Properties Flexibility of 3D Printed Ketoprofen Tablets Using Only
One Drug-Loaded Filament? Molecules 2021, 26, 3106. [CrossRef]

48. Kissi, E.O.; Nilsson, R.; Nogueira, L.P. Influence of Drug Load on the Printability and Solid-State Properties of 3D-Printed
Naproxen-Based Amorphous Solid Dispersion. Molecules 2021, 26, 4492. [CrossRef]
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