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ABSTRACT

Pediatric patients often require individualized dosing of medi-
cine due to their unique pharmacokinetic and developmental
characteristics. Current methods for tailoring the dose of pedi-
atric medications, such as tablet splitting or compounding liquid
formulations, have limitations in terms of dosing accuracy and
palatability. This paper explores the potential of 3D printing as
a solution to address the challenges and provide tailored doses
of medication for each pediatric patient. The technological
overview of 3D printing is discussed, highlighting various 3D
printing technologies and their suitability for pharmaceutical
applications. Several individualization options with the poten-
tial to improve adherence are discussed, such as individualized
dosage, custom release kinetics, tablet shape, and palatability.
To integrate the preparation of 3D printed medication at the
point of care, a decentralized manufacturing model is pro-
posed. In this setup, pharmaceutical companies would rou-
tinely provide materials and instructions for 3D printing, while
specialized compounding centers or hospital pharmacies per-
form the printing of medication. In addition, clinical opportu-
nities of 3D printing for dose-finding trials are emphasized. On
the other hand, current challenges in adequate dosing, regula-
tory compliance, adherence to quality standards, and mainte-
nance of intellectual property need to be addressed for 3D
printing to close the gap in personalized oral medication.

Keywords: 3D printing, personalized dosage forms, pediatric
medication, compounded medicine, additive manufacturing,
decentralized manufacturing

INTRODUCTION

Pediatric patients often require individual dosing of medications, even in cases where
standard doses for adults are available. Pediatric patients exhibit altered pharmacokinetics
(PK) compared to adults, leading to a need for dose calculations based on factors such as
a child’s age, weight, and body surface area (1). During a child’s growth, the developmental
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changes in metabolic capacity, distribution sites, gastrointestinal function, acquisition of
the renal function, and integumentary development occur rapidly and determine age-
-related dose personalization (2). Non-individualized pediatric medications present a
tolerability risk as a result of overdosing or the lack of efficacy by underdosing.

To address palatability, dosing accuracy, and swallowability concerns with regard to
pediatric patients, multiparticulate oral solid dosage forms have been introduced (3). How-
ever, manually compounded liquid dosage forms (suspensions, emulsions, solutions) still
present a well-established widely used approach for flexible dosing in oral drug delivery
(1). Nevertheless, extemporaneous preparations come with some setbacks. The palatability
of the liquid dosage is a major issue, especially when the taste sensation difference between
individuals is considered. In addition, taste perception varies between cultural environ-
ments, making it difficult to find globally acceptable flavors (4). Dosage precision is another
issue with liquid dosage forms, such as reconstitution errors carried out by inexperienced
caregivers, with several studies indicating suboptimal dosing accuracy with spoons and
cups (5). For instance, under-dosing of antibiotics might lead to the risk of microbial resis-
tance, and over-dosing might result in toxicity (6). Tablet crushing or extemporaneous
modifications of marketed medications often lack dose accuracy and might change the
bioavailability, toxicity, and stability of the drug product (7). For instance, mixing crushed
tablets with liquid vehicles or food might alter the pharmacokinetics of the active pharma-
ceutical ingredient (API) (e.g. thickening agents could hinder drug release) (8).

An automated manufacturing approach such as 3D printing could circumvent the
mentioned setbacks and address the need for individualized dosage forms. This paper
discusses how 3D printing can address the challenges associated with pediatric medica-
tion and provide personalized doses of medication for each individual patient. In addition,
various aspects related to technology, quality, manufacturing, intellectual property, and
regulation will be highlighted.

TECHNOLOGICAL OVERVIEW OF 3D PRINTING

3D printing or additive manufacturing is an umbrella term for a variety of technolo-
gies, where the objects are produced in a layer-by-layer process based on digital models
(9). Numerous 3D printing technologies with different raw materials (gels, pastes, poly-
mers, powders, liquids, efc.) and processing principles can be utilized (10, 11). Common
denominators for most 3D printing processes are summarized below (Fig. 1) (12):

- Digital design. The process starts by designing an object using computer-aided
design (CAD) software.

— Conversion of the design to 3D printer-compatible format. CAD file is converted
into printable layers by slicing of external surface. The printing instructions are
transferred to the 3D printer. Multiple settings (speed, temperature, infill pattern,
etc.) are defined at this step and might have a critical influence on the product.

— Raw material preparation. To facilitate the printing process, raw materials may be
processed into pastes, gels, granules, filaments, or binder solutions.

- 3D printing. Materials are added and solidified in an automatic layer-by-layer
process to produce the final object.
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Fig. 1. Flow chart of the 3D printing process.

— Post-processing. 3D printed products may require drying, curing, sintering, or excess
powder removal after the printing process is completed. In some cases, the excess
material may be collected and recycled for the next printing process.

Several 3D printing technologies have already been evaluated for pharmaceutical
applications, such as stereolithography, selective laser sintering, inkjet printing, binder
jetting, fused deposition modeling and semi-solids extrusion (13-15) (Table I). In general,
the above-mentioned printing approaches can be categorized into extrusion-based, powder-
-based, and liquid-based operations based on working principles. There are also other 3D
printing approaches with limited applicability for pharmaceutical applications.

The foundation of extrusion-based printing technologies is material deposition
through a heated nozzle into a final dosage form (16). The most commonly explored printing

Table I. Summary of main pharmaceutically applicable 3D-printing technologies
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technologies in this category are fused deposition modeling (FDM) and semi-solid
extrusion (SSE). Based on the author’s opinion, both technologies have a high potential for
personalized medication preparation at the point of care, as they offer a high degree of
freedom in personalization options with regard to selected dosage, release kinetics, and
tablet shape (17, 18). FDM is the most popular technology for the drug delivery system
today (Fig. 2a) (14). A thermoplastic polymeric thread — the filament — is loaded into the
heated print head via a feeding mechanism. The filament is an entry feedstock for the 3D
printer and is prepared separately by hot melt extrusion (19). Once the filament is softened,
thin strands are deposited through the nozzle onto the print bed, where the material cools
and solidifies (20). Subsequently extruded layer is fused with the previously deposited
layer to create a strong bond. No post-processing is required after the object is formed.
Additional advantages of FDM include low equipment cost and good mechanical proper-
ties of the printed dosage forms (21). A crucial limitation of FDM is the use of high printing
temperatures, usually above 120 °C, which may induce drug degradation (22, 23). To avoid
the filament preparation step, FDM can be upgraded into a direct extrusion system, where
powders or pellets are heated within the printhead and extruded directly into a final
dosage form (24, 25). On the other hand, SSE is based on pneumatic or mechanical extru-
sion of gels or pastes through a syringe-like mechanism in a layer-by-layer fashion (Fig. 2b)
(13). Syringes are prefilled with semi-solid material, which is prepared by mixing optimal
ratios of API, polymers, and appropriate solvent(s) (26). SSE allows for room or slightly
elevated processing temperatures, while a wide array of pharmaceutical-grade materials
are available (12). Therefore, drug degradation due to thermal input is negligible (27).
Nevertheless, comprehensive formulation studies are necessary to avoid low-resolution
printing and post-printing deformations after the completed printing process (12, 28). In
addition, a lengthy post-processing step is required to ensure complete solvent removal
from the dosage form, as excessive solvent presence can lead to moisture-related drug
degradation or toxicity (28, 29). Overall, FDM and SSE offer a potentially useful alternative
to current compounding approaches.

The working principles of the powder-based printing category involve powder depo-
sition in several fine layers, where particles are bound together by an external source after
each deposition. In the case of selective laser sintering (SLS), a high-power laser beam
melts and sinters the powder particles together in a compact layer (Fig. 2¢) (30). After the
first layer is completed, the printing process alternately continues between powder deposi-
tion and sintering, until the final dosage form is produced and subsequently recovered
from the powder bed (14, 31, 32). A key benefit of SLS is the absence of any solvent and the
potential for high-resolution printing. On the other hand, SLS involves exposure of materi-
als to high temperatures and high-energy lasers, which could lead to drug degradation
(33). An alternative technology to SLS is binder jetting, where the particles are bound
together by a binding liquid instead of a high-energy laser (Fig. 2d). The binding liquid is
sprayed on the surface of the powder bed after each powder deposition cycle (34). Liquid
bridges are created between particles, which are solidified after drying in a process similar
to granulation (35, 36). Binder jetting was used to manufacture the first FDA-approved 3D
printed medication Spritam® by Aprecia Pharmaceuticals on a large scale. In addition,
various pharmaceutical-grade excipients are compatible with the technology (37). The
main limitation of binder jetting is a rather fragile character of the manufactured dosage
forms, as tablets are prone to damage during handling and transport (14, 38). This is
because of the high porosity of the printed dosage forms and the limited binding ability
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Fig. 2. Schematic overview of commonly used 3D printing technologies: a) fused deposition modeling,
b) semi-solid extrusion, c) selective laser sintering, d) binder jetting, e) stereolithography, and f) inkjet
printing.

of the liquid. With suitable formulation and process approaches, the fragility can be medi-
ated to an extent. Nevertheless, selective laser sintering and binder jetting have a lot of
potential for pharmaceutical 3D printing. While there are arguably fewer personalization
options with regards to tablet shape and release kinetics, scaling the production process is
achievable. Both technologies produce dosage forms that rapidly orally disintegrate, typi-
cally within a few seconds (37, 39—41). This orodispersible feature can aid in administration
and swallowability for pediatric patients. An important limitation is that both technolo-
gies leave residual powder around the powder bed and on the surface of the dosage form
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or manufacturing platform. However, the excess powder blend can be collected and
re-used for future printing cycles, as long as powder blend segregation is avoided (42, 43).
Extracting the tablets from the powder bed is a complex operation that demands delicate
handling and specialized equipment to avoid contamination and ensure the integrity of
the final product (32, 44). Therefore, SLS and binder jetting are primarily suitable for large-
-scale production environments rather than compounding pharmacy offices.

Lastly, liquid-based printing technologies include API-containing liquids, which are
converted into the dosage form. This category might be less applicable to the pharmaceuti-
cal environment, even after being extensively researched. Stereolithography (SLA) is based
on the curing process of photosensitive liquid resins (e.g. polyacrylates and epoxy mac-
romers) by a UV light, where the resin is solidified into a final dosage form (Fig. 2e) (13, 35).
Unfortunately, SLA might introduce an element of toxicity to the dosage form due to the
nature of the material. Uncured resins contain a high concentration of free radicals, while
the long-term stability of photosensitive materials is also questionable (45, 46). Other limi-
tations include the potential for interactions between polymers and APIs, lack of FDA-
-approved excipients, and a lengthy post-processing operation (46, 47). Inkjet printing is a
liquid deposition technique that can be used to apply APIs, polymers, and other excipients
onto an edible substrate (Fig. 2f) (48). The API solution is sprayed through a series of noz-
zles in a single or more layers. The dried liquid forms a thin film that disintegrates upon
contact with saliva (49, 50). While this technology also offers the advantage of rapid disin-
tegration, it is limited by the dosing possibilities and size of the printed object. Therefore,
inkjet printing primarily enables the preparation of mostly low-dose solid dosage forms
(51-53). Normally, dosage forms of up to a few milligrams can be manufactured (54). This
poses a significant challenge, as higher doses are often necessary to achieve therapeutic
efficacy, even for pediatric patients.

Allin all, a careful selection of suitable 3D-printing technology should be performed
to develop a personalized dosage form. Extrusion-based 3D printing technologies have the
potential for small-scale personalized medicine preparation at the point of care, while
powder-based technologies might be more appropriate for large-scale manufacturing.
Currently, there is no preferred 3D printing principle, as each includes key benefits and
limitations.

PERSONALIZATION OPTIONS OF 3D PRINTED MEDICATIONS

With various options for personalization, 3D printed medications have the potential
to improve drug delivery, meet specific patient needs, and enhance treatment outcomes.
Prescribers can consider body weight, body mass index, and various biomarkers specific
to each individual pediatric patient when preparing the personalized 3D printed medica-
tion (55). Physicians could adjust the treatment by taking into account caregiver’s and
children’s preferences. In addition to dose personalization, 3D printing offers a versatile
manufacturing platform that enables tailoring of tablet shape, palatability, release kinetics,
and swallowability (Fig. 3) (56-59). This way, pediatric patients might better adhere to
medication regimens. Opportunities for medicine personalization for pediatric patients
primarily stem from the ability to select a custom size of dosage forms, chosen 3D printing
technology, and tailored shapes.
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The potential benefits of various 3D printing technologies for the pediatric population
have already been extensively researched. Unique advantages related to swallowability
and palatability have been attributed to some technologies. In a visual acceptability study,
children chose chewable 3D printed tablets as a desired tablet formulation among other
traditional solid tablets (65). A chewable character is a distinct advantage as pediatric
patients are probably appealed to easier swallowing and familiar candy structures. Chew-
able dosage forms can be prepared with SSE by selecting appropriate excipients. 3D printed
isoleucine chewable tablets were already prepared in a small experimental study with four
children in Spain, which were comparable to manually compounded capsules based on
isoleucine plasma concentration (66). Similarly, it has been demonstrated that children
prefer orally disintegrating dosage forms (55). These can be manufactured by SLS and
binder jetting. Orodispersible 3D printed formulations disintegrate instantly with a sip of
water (40, 67). The first FDA-approved 3D printed medication Spritam® specifically includes
the orodispersible feature to address the swallowing difficulty (68). Furthermore, immediate,
delayed, pulsatile, and prolonged release profiles can be achieved by choosing fitting
materials and technologies (69-72). Prolonged or delayed drug release would enable
children to take their medication in a familiar setting in the morning or evening instead of
relying on daycare (55). Completely new pharmacokinetic features of dosage forms can
even be developed, such as the two-pulse release profiles or a multi-drug combination
therapy (e.g. polypill) with customized release profiles (73-75).

Shape is another on-demand customizable factor of dosage forms with a direct impact
on drug release due to the change in surface area to volume ratio (SA/V). As already exten-
sively described in the literature, shapes with higher SA/V ratios lead to faster drug release
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Fig. 3. Opportunities for medicine personalization for pediatric patients with 3D printing. Custom
dimensions and custom shapes are available on demand at the point of care, while palatability fea-
tures and release profiles should be considered beforehand in technology selection.
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profiles and vice versa (76, 77). By picking ring-like shapes with a higher SA/V ratio or
sphere-like shapes with a lower SA/V ratio, the release profile could be tailored based on
the patient’s preferences while maintaining the personalized dose (78, 79). For example, it
was demonstrated that the release of paracetamol from 3D printed tablets could be cus-
tomized by varying ring, mesh, and cylinder geometries (80). Moreover, dosage forms
with candy-like structures could be prepared, which are familiar to children (81). In this
way, adherence and swallowability could be improved due to familiarity. Fruit-shaped
and animal-shaped personalized 3D printed dosage forms were already prepared with a
focus on the preferences of pediatric patients (57, 82). However, caregivers should take
special precautions as familiar candy-like shapes might pose a risk of misuse or overdos-
ing for the pediatric population in case of unsupervised administrations. Access and
application of medication should be strictly under the control of the caregiver, which is
obligatory irrespective of the standard or 3D printed medication.

Initially, 3D printing concepts seem to be applicable for individual prescriptions of
dosing schemes and by that represent small-scale batch production. However, it can also
be applied for mass production as in the case of Spritam® (67, 83, 84) by forfeiting some
personalization options. Consequently, 3D printing can cover both demands depending
on the selected printing technology.

3D PRINTING AT POINT OF CARE
Decentralized manufacturing model

Pharmaceutical manufacturing plays an integral role in the overall drug development
value chain in a centralized process. Currently, the supply chain of final dosage forms starts
at the pharmaceutical company and in most cases leads to the distributor (wholesaler, phar-
macy). Based on a prescription, the patient receives the medication from the pharmacist.
Large-scale centralized manufacturing model is preferred to reach the global demand for
established pharmaceuticals. Mass manufacturing at high production capacity ensures low
cost and access to medicine worldwide. In addition, the manufacturing processes are stan-
dardized and globally available, which enables robust technology transfer between conti-
nents. While for standard dosage forms or combination products, the centralized drug-mak-
ing model is superior, a more flexible and adaptable decentralized drug-making model could
be used for individualized doses of 3D printed medication (10, 85-87).

In the case of a decentralized manufacturing model, the value chain of the pharma-
ceutical company would no longer include the production of the final dosage form (Fig. 4).
Rather, the pharmaceutical company would provide the 3D printing materials together
with the printing instructions and dosing recommendations to the compounding center.
This information could be stored in a specific algorithm for 3D printing, which refers to a
digital library of files such as the CAD file (Fig. 1), printing parameters, and even guide-
lines for individualized dosing calculations. The development of a specific algorithm
would require an in-depth knowledge of the complex drug development process, regula-
tory requirements, and good practice guidelines (GxP). All highly specific printing materi-
als including patent-protected APIs can be provided in prefilled cartridges or filaments in
a secured supply chain via wholesalers. This is no different from the existing supply chain
for centralized manufacturing. The novelty of the decentralized manufacturing model
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Fig. 4. Decentralized manufacturing model for 3D printed medication.

would be in the manufacturing process outside of the pharmaceutical company. 3D printed
medication would be prepared and packaged at point-of-care by specialized pharmacies,
hospital pharmacies, or even by vendors specialized in 3D printing. This would require an
adaptation in quality control (QC) processes for all 3D printed products and equipment,
as traditional QC approaches do not address decentralized manufacturing on a clinical
site.

In parallel with advances in personalized medication, the relevance of patient-gene-
rated health data (PGHD) and medical data for evidence-based treatment decisions will
increase (88, 89). The use of health apps and sensors for physiological parameters (fitness
trackers, medical devices such as blood pressure meters, blood glucose meters, sleep detec-
tors, etc.) and the telemetric transmission of such data to a treating physician will enable
patients to provide essential input for the determination of the optimal dosing for their
medication (90, 91). For example, PGHD from mobile applications were discussed to sup-
port clinical decisions to treat asthma (92). When determining optimal doses, physicians
may need to consider all measured parameters. This can be achieved through the use of
advanced dosing software, unless physicians are able to determine the custom doses using
traditional diagnostic methods and physiological parameters, such as age, vital signs, BMI,
weight, gender, metabolic state, efc.

In the proposed decentralized manufacturing model, the role of the pharmaceutical
companies would change to providers of specific algorithms and supply chain manage-
ment for printing materials. The role of the pharmacist might be changed to that of a
facilitator, specifically to enable 3D printing under good manufacturing practice (GMP).
Concepts of specialized compounding pharmacies for 3D printing purposes have already
been discussed in detail (18). Furthermore, specialized vendors dedicated to 3D printing
may step in to offer printing services, materials, maintenance, and other related assistance,
in case pharmaceutical companies fail to cover the decentralized manufacturing model.
The role of the prescriber would expand to a PGHD interpreter using state-of-the-art algo-
rithms and other technology to determine optimal dosing for medications. Finally, the role
of the patients would extend to contributors of PGHD to allow for personalized medication
prescriptions.
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Limitations of 3D printing at the point of care

Several limitations need to be addressed before 3D printing becomes a viable option for
medication preparation at the point of care. Firstly, the creation of intellectual property (IP)
can create some challenges (84). The final product would be prepared at the point of care in
a compounding center, hence it would be hard for pharmaceutical companies to claim patent
protection. CAD files and printing instructions can be regarded as innovative IPs. Yet once
the pharmaceutical company develops a specific algorithm, it cannot be protected by patent-
ing (93). Therefore, a new dimension is needed to protect the innovative components of the
3D printing system.

An important limitation represents the oversight and monitoring of QC for the 3D
printed products (94, 95). In a decentralized manufacturing model, QC of the final dosage
form is no longer under the surveillance of the pharmaceutical company but rather needs to
be established by the compounding center under adequate QC standards. Consequently, the
quality of final dosage forms could be assured by in-process controls accompanying the
printer technology. Further process control steps need to be developed to allow the decen-
tralized manufacturer to perform analytical testing of 3D printed medicine. Some potential
solutions are discussed in the next chapter.

The ability to individualize dose selection by the physician could become a setback. The
prescriber might face a challenge when selecting a personalized dose beyond the current
standards such as a high and low dose prescribed in a gd (once a day), bid (twice a day), or tid
(three times a day) intake regimen. Training programs for prescribers can have a crucial role
in overcoming dose selection shortcomings by providing comprehensive education on the
diverse possibilities and advantages associated with 3D printing (67, 96). In addition, physi-
cians would benefit from specific dose selection software to calculate optimal dosing based
on health data and physiological parameters from an individual patient. PGHD transmis-
sion from patients to the physician could represent a limitation due to data privacy. Instead,
an evaluation of physiological parameters could be conducted directly in the physician’s
office while the patient is present. This would enable the collection of essential data for
accurate dose calculations without the risk of unwanted data disclosure.

The costs associated with the 3D printed medication might represent an economic limi-
tation, especially for the reimbursement of prescriptions by health insurance. 3D printing
materials and equipment are not necessarily a high-cost driver (97). Rather, slower process-
ing times and many individual manufacturing steps raise the total expenses. As long as
highly efficacious optimal doses are used and side effects are avoided, a significant economic
value for such medication can be demonstrated (98, 99). In the case of expensive APIs, a
proportionally higher price of the medicine might be justified. Nevertheless, commercially
viable solutions for mass production are more difficult to develop compared to the smaller
scale of 3D printing.

Lastly, there are regulatory limitations that currently prevent the mass adoption of 3D
printing (100). Although the FDA released the “Technical Considerations for Additive Manu-
factured Medical Devices: Guidance for Industry and Food and Drug Administration Staff”
(101) addressing medical devices, there are no specific guidance documents yet released
from any health authority about 3D printing of medicine (94,102,103). In the United Kingdom,
research groups are in discussion with regulatory bodies to develop guidance documents
(85). Other open questions remain from a regulatory point of view, such as the potential
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classification of 3D printers as medical devices, the regulatory status of the CAD file, and the
regulation of a final individualized 3D printed medication (104). It might even be required
to receive specific guidelines from regulators for each printing technology due to the varia-
bility between them (67). Furthermore, the current procedure of gaining health authority
approval for just a few doses of a new medication might need to be adjusted. Rather, a broad
dosage range would be preferred for approval of a new chemical entity for application in
specialized 3D printed medication (105).

GOOD MANUFACTURING PRACTICE AND QUALITY CONTROL

Before 3D printing emerges as a new commercially viable pharmaceutical technology,
QC considerations associated with the formulation and manufacturing methods should
be elaborated (14, 106). With a potential shift from mass production to mass customization,
innovative QC strategies are required (107). For a highly regulated pharmaceutical indus-
try, appropriate QC methods are of critical importance due to the impact of the final prod-
uct on a patient’s health and safety.

Current QC approaches are based on destructive analysis of a small sample taken
from the manufactured batch. However, customized 3D printed dosage forms may poten-
tially lead to a unique product for a single patient. In this context, current QC strategies
are not feasible anymore (107). As a result, process analytical technology (PAT) and simu-
lation approaches could be integrated into a 3D printer to advance quality assurance (QA)
together with QC (108, 109). Preparation of 3D printed medication should encompass GMP,
software validation, in-line process control during the printing process, non-destructive
QC of the final product, cleaning validation, and QA.

Current commercial 3D printers have not been designed for GMP use in the pharma-
ceutical industry (86). The printer parts in contact with the formulation should be pharma-
ceutical grade without the potential for leaching. The cleaning process should be simple to
ensure the safety of the dosage form for human use. In addition, 3D printers should guar-
antee traceability and data security to prevent prescription tampering or medicine coun-
terfeiting. Software for CAD file creation and slicing needs to be validated to produce a
given dosage form for selected equipment (110). A QC system should be sensitive to the
vast customization features while remaining sufficiently robust across all variations within
a product line.

Extemporaneous 3D printing of oral solid dosage forms requires real-time process
control. PAT tools could be implemented for on-line measurements, such as mass, unifor-
mity of mass, temperature, and pressure measurements, as well as surface scanning for
the detection of defects (111). Additionally, non-destructive analysis is relevant as a QC
strategy for 3D printed medication (107, 112). Simple optical imaging may provide informa-
tion on the external dimensions, the surface area, overall shape, and structure of the final
dosage form. Scanning electron microscopy (SEM) could be utilized to assess important
quality attributes such as resolution, layer height, and surface porosities. API concentra-
tion could be quantified using near-infrared (NIR) imaging (108). To assess release profiles,
novel nondestructive or nano-probing analytical methods should be developed. Currently,
the high price and complexity of such technologies are limiting factors for implementation
at compounding centers.

239



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

3D PRINTING FOR CLINICAL TRIALS

Dose range finding studies are usually executed during Phase IIb clinical trials. These
studies are suitable for flexible dosing as a feature of 3D printed medication, which is of
particular interest to the pediatric population. Dose-finding trials could be redesigned by
determining a minimal and a maximum effective dose, while all doses in between would
not have to be tested in a clinical trial setting. Although the regulatory acceptance of in-
-silico modeling still needs to be established, simulation techniques and mathematical
models allow for efficacy prediction of a wide range of doses. To test some selected doses,
a 3D printed tablet would be required for clinical trial supplies (84). As this represents a
small-scale batch production, printing could be performed on demand and with little if
any overage. In this way, 3D printing could provide more flexibility to clinical trials and
accelerate pediatric medicine introduction.

There is considerable promise in adaptive dose-finding trials, in which studied doses
could be changed based on accumulating data (113). One of the obstacles to realizing the
full potential of these trials is the logistics of the drug supply (114). Drug manufacturing
and drug supply chains are not sufficiently flexible to produce new dosage strength and
resupply trial centers within feasible timeframes. Thus, the necessary drug supply for all
potential adaptations is usually prepared at risk. In practice, this limits the feasibility of
the number and frequency of trial adaptations. On-demand creation of dosages at trial
centers — along with progress in real-time data capture from patient sensors — has the
potential to optimize the adaptive dose-finding trials. The drug development stage of the
product life cycle may be optimized using 3D printing. Products, that are initially 3D
printed in development for dosing trials, could still be manufactured by standard pro-
cesses with few dosage strengths in later stages of development before commercial launch.
In case clinical data shows there is indeed a need for dose individualization, the approach
of 3D printing in small batches can be kept as a commercial approach as well.

Furthermore, 3D printing would allow for faster prototyping which is relevant for
first-in-human trials. Matching 3D-printed medication could be printed at the same time
as placebo for clinical trials. However, academic or industry adoption cases are required
as the proposed benefit otherwise remains hypothetical (17). A related review further
summarizes the advantages of 3D printed oral solid dosage forms for first in human clini-
cal trials (86). Lastly, high dose flexibility is of particular interest for pediatrics. While
long-term stability can be established for any printing entry material (filaments, powder
blends, etc.), only short-term stability data are required for final dosage forms. Moreover,
a new variety of taste masking and blinding procedures are possible for clinical trials.

CONCLUSIONS

3D printing of oral medications might be used as a promising niche for specialized
products instead of a mainstream mass-production model. The advantages of 3D printed
medication have been demonstrated throughout the article. Improvements in dose
personalization, shape customizations, palatability, release kinetics, and swallowability
can increase adherence for pediatric patients.

Apart from the first FDA-approved 3D printed medication, a major breakthrough has
not yet occurred. However, there seems to be a lot of commercial interest beyond the
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academic niche. Several manufacturing companies are involved in 3D printing develop-
ment in the form of a product, service, or collaboration, such as Merck, Triastek, FabRx,
and Aprecia (32, 83, 103, 115).

Currently, the technological limitations of 3D printing need to be surpassed as there
is no single preferred manufacturing technology yet. The printing process requires com-
pletely new IP, quality, dosing, and regulatory approaches, which are not yet reflected in
guidelines from health authorities especially for a decentralized manufacturing model.
These bottlenecks would have to be circumvented to facilitate the adoption of 3D printing
for pharmaceutical applications.

With advancements in 3D printing, the dose-finding studies in clinical trials would
not be limited to dose optimization. A clinically relevant broad dose range for a given
treatment could be determined. Digitization will play an important role in the adoption of
3D printing. CAD files, printing instructions, and guidelines for individualized dosing
calculations will have to be interwoven to provide new opportunities for the expansion of
traditional business models within the pharmaceutical value chain.

Funding. — This research received no external funding.
Conflict of interest. — The authors declare that they have no known conflict of interest. Opinions
of the authors are their own, and do not represent an opinion of their employers.

Authors contributions. — Conceptualization and investigation, K.K., M.F. and V.M,; original draft
preparation, K.K, M.F. and V.M; review and editing, K.K.,, M.F. and V.M. All the authors have read
and agreed to the published version of the manuscript.

REFERENCES

1. J. Breitkreutz and J. Boos, Paediatric and geriatric drug delivery, Expert Opin. Drug Deliv. 4 (2007)
37-45; https://doi.org/10.1517/17425247.4.1.37

2. G. L. Kearns, S. M. Abdel-Rahman, S. W. Alander, D. L. Blowey, J. S. Leeder and R. E. Kauffman,
Developmental pharmacology — Drug disposition, action, and therapy in infants and children, N.
Engl. J. Med. 349(12) (2003) 1157-1167; https://doi.org/10.1056/NEJMra035092

3. A.lyire and A. R. Mohammed, Multiparticulate Systems for Paediatric Drug Delivery, in Multiparticulate
Drug Delivery (Ed. A. Rajabi-Siahboomi), Springer, New York 2017, pp. 213-236.

4. 5. M. Hanning, F. L. Lopez, I. C. K. Wong, T. B. Ernest, C. Tuleu and M. Orlu Gul, Patient centric
formulations for paediatrics and geriatrics: Similarities and differences, Int. |. Pharm. 512(2) (2016)
355-359; https://doi.org/10.1016/j.ijpharm.2016.03.017

5. K. Griefimann, J. Breitkreutz, M. Schubert-Zsilavecz and M. Abdel-Tawab, Dosing accuracy of mea-
suring devices provided with antibiotic oral suspensions, Paediatr. Perinat. Drug Ther. 8(2) (2007)
61-70; https://doi.org/10.1185/146300907X178950

6. World Health Organization, Revised WHO Classification and Treatment of Pneumonia in Children at
Health Facilities: Evidence Summaries: Flexible Solid Oral Dosage: Dispersible formulations of amoxicillin,
World Health Organization, Geneva 2014, pp. 17.

7. F.Liu, S. Ranmal, H. K. Batchelor, M. Orlu-Gul, T. B. Ernest, I. W. Thomas, T. Flanagan and C. Tuleu,
Patient-centered pharmaceutical design to improve acceptability of medicines: Similarities and dif-
ferences in paediatric and geriatric populations, Drugs 74(16) (2014) 1871-1889; https://doi.org/10.1007/
540265-014-0297-2

8. Y.]J. Manrique-Torres, D. J. Lee, F. Islam, L. M. Nissen, J. A. Y. Cichero, J. R. Stokes and K. J. Steadman,
Crushed tablets: Does the administration of food vehicles and thickened fluids to aid medication

241



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

242

swallowing alter drug release?, J. Pharm. Pharm. Sci. 17(2) (2014) 207-219; https://doi.org/10.18433/
i39w3v

. L. Bacskay, Z. Ujhelyi, P. Fehér and P. Arany, The evolution of the 3D-printed drug delivery systems:

A review, Pharmaceutics 14(7) (2022) Article ID 1312 (30 pages); https://doi.org/10.3390/pharmaceu-
tics14071312

C. L. Ventola, Medical applications for 3D printing: Current and projected uses, P T. 39(10) (2014)
704-711.

S. Singh, M. Kumar, A. A. Doolaanea and U. K. Mandal, A recent review on 3D-printing: Scope and
challenges with special focus on pharmaceutical field, Curr. Pharm. Des. 28(30) (2022) 2488-2507;
https://doi.org/10.2174/1381612828666220623091629

G. Auriemma, C. Tommasino, G. Falcone, T. Esposito, C. Sardo and R. P. Aquino, Additive manu-
facturing strategies for personalized drug delivery systems and medical devices: Fused filament
fabrication and semi solid extrusion, Molecules 27(9) (2022) Article ID 2784 (63 pages); https://doi.
org/10.3390/molecules27092784

M. A. Alhnan, T. C. Okwuosa, M. Sadia, K. W. Wan, W. Ahmed and B. Arafat, Emergence of 3D
printed dosage forms: Opportunities and challenges, Pharm. Res. 33(8) (2016) 1817-1832; https://doi.
0rg/10.1007/s11095-016-1933-1

Z.Rahman, S. F. Barakh Ali, T. Ozkan, N. A. Charoo, I. K. Reddy and M. A. Khan, Additive manu-
facturing with 3D printing: Progress from bench to bedside, AAPS ]. 20(6) (2018) Article ID 101 (14
pages); https://doi.org/10.1208/s12248-018-0225-6

R. Daly, T. S. Harrington, G. D. Martin and I. M. Hutchings, Inkjet printing for pharmaceutics — A
review of research and manufacturing, Int. J. Pharm. 494(2) (2015) 554-567; https://doi.org/10.1016/;.
ijpharm.2015.03.017

J. H. Kim, K. Kim and H. E. Jin, Three-dimensional printing for oral pharmaceutical dosage forms,
J. Pharm. Investig. 52 (2022) 293-317; https://doi.org/10.1007/s40005-022-00561-3

A. Awad, S.]. Trenfield, S. Gaisford and A. W. Basit, 3D printed medicines: A new branch of digital
healthcare, Int. |. Pharm. 548(1) (2018) 586—-596; https://doi.org/10.1016/j.ijpharm.2018.07.024

M. R. P. Aratjo, L. L. Sa-Barreto, T. Gratieri, G. M. Gelfuso and M. Cunha-Filho, The digital pharma-
cies era: How 3D printing technology using fused deposition modeling can become a reality,
Pharmaceutics 11(3) (2019) Article ID 128 (14 pages); https://doi.org/10.3390/pharmaceutics11030128
G. M. Khalid and N. Billa, Solid dispersion formulations by FDM 3D Printing — A review, Pharma-
ceutics 14(4) (2022) Article ID 690 (23 pages); https://doi.org/10.3390/pharmaceutics14040690

L. Krueger, J. A. Miles and A. Popat, 3D printing hybrid materials using fused deposition modelling
for solid oral dosage forms, J. Control. Release 351 (2022) 444-455; https://doi.org/10.1016/j.jcon-
rel.2022.09.032

A. Konta, M. Garcia-Pifia and D. Serrano, Personalised 3D printed medicines: Which techniques
and polymers are more successful?, Bioengineering 4(4) (2017) Article ID 79 (16 pages); https://doi.
org/10.3390/bioengineering4040079

S. Cailleaux, N. M. Sanchez-Ballester, Y. A. Gueche, B. Bataille and I. Soulairol, Fused deposition
modeling (FDM), the new asset for the production of tailored medicines, J. Control. Release 330 (2021)
821-841; https://doi.org/10.1016/j,jconrel.2020.10.056

L. Hoffmann, J. Breitkreutz and J. Quodbach, Fused deposition modeling (FDM) 3D printing of the
thermo-sensitive peptidomimetic drug enalapril maleate, Pharmaceutics 14(11) (2022) Article ID 2411
(14 pages); https://doi.org/10.3390/pharmaceutics14112411

A. Goyanes, N. Allahham, S. J. Trenfield, E. Stoyanov, S. Gaisford and A. W. Basit, Direct powder
extrusion 3D printing: Fabrication of drug products using a novel single-step process, Int. J. Pharm.
567 (2019) Article ID 118471 (7 pages); https://doi.org/10.1016/j.ijpharm.2019.118471

J. Boniatti, P. Januskaite, L. B. da Fonseca, A. L. Vigosa, F. C. Amendoeira, C. Tuleu, A. W. Basit, A.
Goyanes and M.-I. Ré, Direct powder extrusion 3D printing of praziquantel to overcome neglected



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

disease formulation challenges in paediatric populations, Pharmaceutics 13(8) (2021) Article ID 1114
(19 pages); https://doi.org/10.3390/pharmaceutics13081114

S. A. Khaled, J. C. Burley, M. R. Alexander and C. J. Roberts, Desktop 3D printing of controlled
release pharmaceutical bilayer tablets, Int. |. Pharm. 461(1-2) (2014) 105-111; https://doi.org/10.1016/j.
ijpharm.2013.11.021

I. Seoane-Viano, P. Januskaite, C. Alvarez-Lorenzo, A. W. Basit and A. Goyanes, Semi-solid extru-
sion 3D printing in drug delivery and biomedicine: Personalised solutions for healthcare chal-
lenges, ]. Control. Release 332 (2021) 367-389; https://doi.org/10.1016/j.jconrel.2021.02.027

D. R. Serrano, A. Kara, I. Yuste, F. C. Luciano, B. Ongoren, B. ]. Anaya, G. Molina, L. Diez, B. I.
Ramirez, I. O. Ramirez, S. A. Sanchez-Guirales, R. Fernandez-Garcia, L. Bautista, H. K. Ruiz and A.
Lalatsa, 3D Printing technologies in personalized medicine, nanomedicines, and biopharmaceuti-
cals, Pharmaceutics 15(2) (2023) Article ID 313 (28 pages); https://doi.org/10.3390/pharmaceu-
tics15020313

M. S. Algahtani, A. A. Mohammed and ]J. Ahmad, Extrusion-based 3D printing for pharmaceuti-
cals: Contemporary research and applications, Curr. Pharm. Des. 24(42) (2018) 4991-5008; https://doi.
org/10.2174/1381612825666190110155931

N. A. Charoo, S. F. Barakh Ali, E. M. Mohamed, M. A. Kuttolamadom, T. Ozkan, M. A. Khan and Z.
Rahman, Selective laser sintering 3D printing — an overview of the technology and pharmaceutical
applications, Drug Dev. Ind. Pharm. 46(6) (2020) 869-877; https://doi.org/10.1080/03639045.2020.17640
27

F.Fina, A. Goyanes, S. Gaisford and A. W. Basit, Selective laser sintering (SLS) 3D printing of medi-
cines, Int. |. Pharm. 529(1-2) (2017) 285-293; https://doi.org/10.1016/;.ijpharm.2017.06.082

D. Muhindo, R. Elkanayati, P. Srinivasan, M. A. Repka and E. A. Ashour, Recent advances in the
applications of additive manufacturing (3D printing) in drug delivery: A comprehensive review,
AAPS PharmSciTech. 24(2) (2023) Article ID 57 (22 pages); https://doi.org/10.1208/s12249-023-02524-9

O. L. Okafor-Muo, H. Hassanin, R. Kayyali and A. ElShaer, 3D printing of solid oral dosage forms:
Numerous challenges with unique opportunities, J. Pharm. Sci. 109(12) (2020) 3535-3550; https://doi.
org/10.1016/j.xphs.2020.08.029

Y. Wang, A. Miillertz and J. Rantanen, Additive manufacturing of solid products for oral drug deli-
very using binder jetting three-dimensional printing, AAPS PharmSciTech. 23(6) (2022) Article ID
196 (21 pages); https://doi.org/10.1208/s12249-022-02321-w

J. Goole and K. Amighi, 3D printing in pharmaceutics: A new tool for designing customized drug
delivery systems, Int. J. Pharm. 499(1-2) (2016) 376-394; https://doi.org/10.1016/j.ijpharm.2015.12.071
L. K. Prasad and H. Smyth, 3D Printing technologies for drug delivery: A review, Drug Dev. Ind.
Pharm. 42(7) (2016) 1019-1031; https://doi.org/10.3109/03639045.2015.1120743

M. Kozakiewicz-Latata, K. P. Nartowski, A. Dominik, K. Malec, A. M. Gotkowska, A. Zlociniska, M.
Rusinska, P. Szymczyk-Ziotkowska, G. Ziétkowski, A. Gérniak and B. Karolewicz, Binder jetting 3D
printing of challenging medicines: From low dose tablets to hydrophobic molecules, Eur. ]. Pharm.
Biopharm. 170 (2022) 144-159; https://doi.org/10.1016/j.ejpb.2021.11.001

S.Y. Chang, J. Jin, J. Yan, X. Dong, B. Chaudhuri, K. Nagapudi and A. W. K. Ma, Development of a
pilot-scale HuskyJet binder jet 3D printer for additive manufacturing of pharmaceutical tablets, Int.
J. Pharm. 605 (2021) Article ID 120791 (11 pages); https://doi.org/10.1016/j.ijpharm.2021.120791

F. Fina, C. M. Madla, A. Goyanes, J. Zhang, S. Gaisford and A. W. Basit, Fabricating 3D printed
orally disintegrating printlets using selective laser sintering, Int. |. Pharm. 541(1-2) (2018) 101-107;
https://doi.org/10.1016/j.ijpharm.2018.02.015

N. Allahham, F. Fina, C. Marcuta, L. Kraschew, W. Mohr, S. Gaisford, A. W. Basit and A. Goyanes,
Selective laser sintering 3D printing of orally disintegrating printlets containing ondansetron,
Pharmaceutics 12(2) (2020) Article ID 10 (13 pages); https://doi.org/10.3390/pharmaceutics12020110

243



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

41. X. Chen, S. Wang, J. Wu, S. Duan, X. Wang, X. Hong, X. Han, C. Li, D. Kang, Z. Wang and A. Zheng,
The application and challenge of binder jet 3D printing technology in pharmaceutical manufacturing,
Pharmaceutics 14(12) (2022) Article ID 2589 (20 pages); https://doi.org/10.3390/pharmaceutics14122589

42. 7. Wang, X. Han, R. Chen, J. Li, J. Gao, H. Zhang, N. Liu, X. Gao and A. Zheng, Innovative color jet
3D printing of levetiracetam personalized paediatric preparations, Asian . Pharm. Sci. 16(3) (2021)
374-386; https://doi.org/10.1016/j.ajps.2021.02.003

43. K. Kreft, Z. Lavri¢, T. Stani¢, P. Perhavec and R. Dreu, Influence of the binder jetting process para-
meters and binder liquid composition on the relevant attributes of 3D-printed tablets, Pharmaceutics
14(8) (2022) Article ID 1568 (21 pages); https://doi.org/10.3390/pharmaceutics14081568

44. K. Sen, T. Mehta, S. Sansare, L. Sharifi, A. W. K. Ma and B. Chaudhuri, Pharmaceutical applications
of powder-based binder jet 3D printing process — A review, Adv. Drug Deliv. Rev. 177 (2021) Article
ID 113943 (12 pages); https://doi.org/10.1016/j.addr.2021.113943

45. S. Pravin and A. Sudhir, Integration of 3D printing with dosage forms: A new perspective for modern
healthcare, Biomed. Pharmacother. 107 (2018) 146-154; https://doi.org/10.1016/j.biopha.2018.07.167

46. P. Lakkala, S. R. Munnangi, S. Bandari and M. Repka, Additive manufacturing technologies with
emphasis on stereolithography 3D printing in pharmaceutical and medical applications: A review,
Int. |. Pharm. X 5 (2023) Article ID 100159 (16 pages); https://doi.org/10.1016/j.ijpx.2023.100159

47. X. Xu, P. Robles-Martinez, C. M. Madla, F. Joubert, A. Goyanes, A. W. Basit and S. Gaisford, Stereo-
lithography (SLA) 3D printing of an antihypertensive polyprintlet: Case study of an unexpected
photopolymer-drug reaction, Addit. Manuf. 33 (2020) Article ID 101071 (8 pages); https://doi.
org/10.1016/j.addma.2020.101071

48. E. V. Blynskaya, S. V. Tishkov, K. V. Alekseev, A. A. Vetcher, A. I. Marakhova and D. T. Rejepov,
Polymers in Technologies of additive and inkjet printing of dosage formulations, Polymers 14(13)
(2022) Article ID 2543 (13 pages); https://doi.org/10.3390/polym14132543

49. M. Scarpa, S. Stegemann, W.-K. Hsiao, H. Pichler, S. Gaisford, M. Bresciani, A. Paudel and M. Orlu,
Orodispersible films: Towards drug delivery in special populations, Int. J. Pharm. 523(1) (2017) 327-
335; https://doi.org/10.1016/j.ijpharm.2017.03.018

50. M. S. Gupta, T. P. Kumar, R. Davidson, G. R. Kuppu, K. Pathak and D. V. Gowda, Printing methods
in the production of orodispersible films, AAPS PharmSci.Tech. 22(3) (2021) Article ID 129 (17 pages);
https://doi.org/10.1208/s12249-021-01990-3

51. B. Morath, S. Sauer, M. Zaradzki and A. H. Wagner, Orodispersible films — Recent developments
and new applications in drug delivery and therapy, Biochem. Pharmacol. 200 (2022) Article ID 115036
(13 pages); https://doi.org/10.1016/j.bcp.2022.115036

52. P. Carou-Senra, J. ]. Ong, B. M. Castro, I. Seoane-Viafio, L. Rodriguez-Pombo, P. Cabalar, C. Alvarez-
Lorenzo, A. W. Basit, G. Pérez and A. Goyanes, Predicting pharmaceutical inkjet printing outcomes
using machine learning, Int. |. Pharm. X. 5 (2023) Article ID 100181 (12 pages); https://doi.org/10.1016/;.
ijpx.2023.100181

53. R. D. Boehm, P. R. Miller, J. Daniels, S. Stafslien and R. J. Narayan, Inkjet printing for pharmaceutical
applications, Materials Today 17(5) (2014) 247-252; https://doi.org/10.1016/j.mattod.2014.04.027

54. H. Oblom, E. Sjsholm, M. Rautamo and N. Sandler, Towards printed pediatric medicines in hospital
pharmacies: Comparison of 2D and 3D-printed orodispersible warfarin films with conventional
oral powders in unit dose sachets, Pharmaceutics 11(7) (2019) Article ID 334 (33 pages); https://doi.
org/10.3390/pharmaceutics11070334

55. M. Preis and H. Oblom, 3D-printed drugs for children — Are we ready yet?, AAPS PharmSci.Tech.
18(2) (2017) 303-308; https://doi.org/10.1208/s12249-016-0704-y

56. T. Tagami, E. Ito, R. Kida, K. Hirose, T. Noda and T. Ozeki, 3D printing of gummy drug formulations
composed of gelatin and an HPMC-based hydrogel for pediatric use, Int. |. Pharm. 594 (2021) Article
ID 120118 (7 pages); https://doi.org/10.1016/j.ijpharm.2020.120118

244



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

N. Scoutaris, S. A. Ross and D. Douroumis, 3D printed “Starmix” drug loaded dosage forms for
paediatric applications, Pharm. Res. 35(2) (2018) Article ID 34 (11 pages); https://doi.org/10.1007/
511095-017-2284-2

H. K. Batchelor and J. F. Marriott, Formulations for children: problems and solutions, Br. J. Clin.
Pharmacol. 79(3) (2015) 405-418; https://doi.org/10.1111/bcp.12268

K. R. Mazarura, P. Kumar and Y. E. Choonara, Customized 3D printed multi-drug systems: an
effective and efficient approach to polypharmacy, Expert Opin. Drug Deliv. 19(9) (2022) 1149-1163;
https://doi.org/10.1080/17425247.2022.2121816

Afsana, V. Jain, N. Haider and K. Jain, 3D printing in personalized drug delivery, Curr. Pharm. Des.
24(42) (2019) 5062-5071; https://doi.org/10.2174/1381612825666190215122208

M. Bogdahn, ]. Torner, J. Krause, M. Grimm and W. Weitschies, Influence of the geometry of 3D
printed solid oral dosage forms on their swallowability, Eur. ]. Pharm. Biopharm. 167 (2021) 65-72;
https://doi.org/10.1016/j.ejpb.2021.07.009

L. Bracken, E. McDonough, S. Ashleigh, F. Wilson, ]. Shakeshaft, U. Ohia, P. Mistry, H. Jones, N.
Kanji, F. Liu and M. Peak, Can children swallow tablets? Outcome data from a feasibility study to
assess the acceptability of different-sized placebo tablets in children (creating acceptable tablets
(CAT)), BM] Open. 10(10) (2020) e036508 (11 pages); https://doi.org/10.1136/bmjopen-2019-036508

J. Krause, L. Miiller, D. Sarwinska, A. Seidlitz, M. Sznitowska and W. Weitschies, 3D printing of mini
tablets for pediatric use, Pharmaceuticals 14(2) (2021) Article ID 143 (16 pages); https://doi.org/10.3390/
ph14020143

S. Palekar, P. K. Nukala, S. M. Mishra, T. Kipping and K. Patel, Application of 3D printing technology
and quality by design approach for development of age-appropriate pediatric formulation of
baclofen, Int. |. Pharm. 556 (2019) 106-116; https://doi.org/10.1016/j.ijpharm.2018.11.062

P. Januskaite, X. Xu, S. R. Ranmal, S. Gaisford, A. W. Basit, C. Tuleu and A. Goyanes, I spy with my
little eye: A paediatric visual preferences survey of 3D printed tablets, Pharmaceutics 12(11) (2020)
Article ID 1100 (16 pages); https://doi.org/10.3390/pharmaceutics12111100

A. Goyanes, C. M. Madla, A. Umerji, G. Duran Pifieiro, ]. M. Giraldez Montero, M. J. Lamas Diaz,
M. Gonzalez Barcia, F. Taherali, P. Sanchez-Pintos, M.-L. Couce, S. Gaisford and A. W. Basit, Auto-
mated therapy preparation of isoleucine formulations using 3D printing for the treatment of MSUD:
First single-centre, prospective, crossover study in patients, Int. |. Pharm. 567 (2019) Article ID 118497
(8 pages); https://doi.org/10.1016/j.ijpharm.2019.118497

W. Jamroz, J. Szafraniec, M. Kurek and R. Jachowicz, 3D printing in pharmaceutical and medical
applications — Recent achievements and challenges, Pharm. Res. 35 (2018) Article ID 176 (22 pages);
https://doi.org/10.1007/s11095-018-2454-x

J. Yoo, T. ]. Bradbury, T. J. Bebb, J. Iskra, L. Surprenant and T. G. West, Three-dimensional Printing
System and Equipment Assembly, U.S. Pat. 8,888,480, 18 Nov 2014.

A. G. Tabriz, M. S. Mithu, M. D. Antonijevic, L. Vilain, Y. Derrar, C. Grau, A. Morales, O. L. Katsame-
nis and D. Douroumis, 3D printing of LEGO® like designs with tailored release profiles for treat-
ment of sleep disorder, Int. ]. Pharm. 632 (2023) Article ID 122574 (13 pages); https://doi.org/10.1016/;.
fjpharm.2022.122574

Z.Zhang, S. Feng, A. Almotairy, S. Bandari and M. A. Repka, Development of multifunctional drug
delivery system via hot-melt extrusion paired with fused deposition modeling 3D printing tech-
niques, Eur. . Pharm. Biopharm. 183 (2023) 102-111; https://doi.org/10.1016/j.ejpb.2023.01.004

J. dos Santos, G. S. da Silva, M. C. Velho and R. C. R. Beck, Eudragit®: A versatile family of polymers
for hot melt extrusion and 3D printing processes in pharmaceutics, Pharmaceutics 13(9) (2021) Article
ID 1424 (36 pages); https://doi.org/10.3390/pharmaceutics13091424

R.Li, Y. Pan, D. Chen, X. Xu, G. Yan and T. Fan, Design, Preparation and in vitro evaluation of core-

shell fused deposition modelling 3D-printed verapamil hydrochloride pulsatile tablets, Pharmaceutics
14(2) (2022) Article ID 437 (15 pages); https://doi.org/10.3390/pharmaceutics14020437

245



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

73. A. Maroni, A. Melocchi, F. Parietti, A. Foppoli, L. Zema and A. Gazzaniga, 3D printed multi-com-
partment capsular devices for two-pulse oral drug delivery, ]. Control. Release 268 (2017) 10-18;
https://doi.org/10.1016/j.jconrel.2017.10.008

74. H. Windolf, R. Chamberlain, ]. Breitkreutz and J. Quodbach, 3D printed mini-floating-polypill for
Parkinson’s disease: Combination of levodopa, benserazide, and pramipexole in various dosing for
personalized therapy, Pharmaceutics 14(5) (2022) Article ID 931 (22 pages); https://doi.org/10.3390/
pharmaceutics14050931

75. A. Alayoubi, A. Zidan, S. Asfari, M. Ashraf, L. Sau and M. Kopcha, Mechanistic understanding of the
performance of personalized 3D-printed cardiovascular polypills: A case study of patient-centered
therapy, Int. ]. Pharm. 617 (2022) Article ID 121599 (13 pages); https://doi.org/10.1016/j.ijpharm.2022.121599

76. T. D. Reynolds, S. A. Mitchell and K. M. Balwinski, Investigation of the effect of tablet surface area/
volume on drug release from hydroxypropylmethylcellulose controlled-release matrix tablets, Drug
Dev. Ind. Pharm. 28(4) (2002) 457-466; https://doi.org/10.1081/ddc-120003007

77. H. Windolf, R. Chamberlain and J. Quodbach, Predicting drug release from 3D printed oral medi-
cines based on the surface area to volume ratio of tablet geometry, Pharmaceutics 13(9) (2021) Article
ID 1453 (22 pages); https://doi.org/10.3390/pharmaceutics13091453

78. A. Goyanes, P. Robles Martinez, A. Buanz, A. W. Basit and S. Gaisford, Effect of geometry on drug
release from 3D printed tablets, Int. |. Pharm. 494(2) (2015) 657-663; https://doi.org/10.1016/].
iipharm.2015.04.069

79. M. Cui, H. Pan, D. Fang, S. Qiao, S. Wang and W. Pan, Fabrication of high drug loading levetiracetam
tablets using semi-solid extrusion 3D printing, ]. Drug Deliv. Sci. Technol. 57 (2020) Article ID 101683
(9 pages); https://doi.org/10.1016/j.jddst.2020.101683

80. S. A. Khaled, M. R. Alexander, D. J. Irvine, R. D. Wildman, M. ]. Wallace, S. Sharpe, J. Yoo and C. J.
Roberts, Extrusion 3D printing of paracetamol tablets from a single formulation with tunable
release profiles through control of tablet geometry, AAPS PharmSciTech. 19(8) (2018) 3403-3413;
https://doi.org/10.1208/s12249-018-1107-z

81. M. Moreira and M. Sarraguga, How can oral paediatric formulations be improved? A challenge for
the XXI century, Int. ]. Pharm. 590 (2020) Article ID 119905 (9 pages); https://doi.org/10.1016/j.
ijpharm.2020.119905

82. A. G. Tabriz, D. H. G. Fullbrook, L. Vilain, Y. Derrar, U. Nandi, C. Grau, A. Morales, G. Hooper, Z.
Hiezl and D. Douroumis, Personalised tasted masked chewable 3D printed fruit-chews for paedi-
atric patients, Pharmaceutics 13(8) (2021) Article ID 1301 (14 pages); https://doi.org/10.3390/pharma-
ceutics13081301

83. T. Tracy, L. Wu, X. Liu, S. Cheng and X. Li, 3D printing: Innovative solutions for patients and
pharmaceutical industry, Int. |. Pharm. 631 (2023) 122480; https://doi.org/10.1016/j.ijpharm.2022.122480

84. 1. Seoane-Viafio, S.]. Trenfield, A. W. Basit and A. Goyanes, Translating 3D printed pharmaceuticals:
From hype to real-world clinical applications, Adv. Drug Deliv. Rev. 174 (2021) 553-575; https://doi.
org/10.1016/j.addr.2021.05.003

85. A. Awad, S.]. Trenfield, A. Goyanes, S. Gaisford and A. W. Basit, Reshaping drug development using
3D printing, Drug Discov. Today 23(8) (2018) 1547-1555; https://doi.org/10.1016/j.drudis.2018.05.025

86. S.]. Trenfield, A. Awad, A. Goyanes, S. Gaisford and A. W. Basit, 3D Printing pharmaceuticals: Drug
development to frontline care, Trends Pharmacol. Sci. 39(5) (2018) 440-451; https://doi.org/10.1016/j.
tips.2018.02.006

87. J. Rahman and J. Quodbach, Versatility on demand — The case for semi-solid micro-extrusion in
pharmaceutics, Adv. Drug Deliv. Rev. 172 (2021) 104-126; https://doi.org/10.1016/j.addr.2021.02.013

88. V. L. Tiase, W. Hull, M. M. McFarland, K. A. Sward, G. Del Fiol, C. Staes, C. Weir and M. R. Cum-
mins, Patient-generated health data and electronic health record integration: Protocol for a scoping
review, BM] Open 9(12) (2019) e033073 (5 pages); https://doi.org/10.1136/bmjopen-2019-033073

246



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

C. Petersen, Use of patient-generated health data for shared decision-making in the clinical envi-
ronment: Ready for prime time, mHealth 7 (2021) Article ID 39 (3 pages); https://doi.org/10.21037/
mhealth.2020.03.05

G. T. Tucker, Personalized drug dosage — closing the loop, Pharm. Res. 34(8) (2017) 1539-1543; https://
doi.org/10.1007/s11095-016-2076-0

A. A.Kawu, L. Hederman, J. Doyle and D. O’Sullivan, Patient generated health data and electronic
health record integration, governance and socio-technical issues: A narrative review, Inform. Med.
Unlocked 37 (2023) Article ID 101153 (12 pages); https://doi.org/10.1016/j.imu.2022.101153

V. L. Tiase, K. A. Sward, G. Del Fiol, C. Staes, C. Weir and M. R. Cummins, Patient-generated health
data in pediatric asthma: Exploratory study of providers’ information needs, JMIR Pediatr. Parent.
4(1) (2021) 25413 (8 pages); https://doi.org/10.2196/25413

D. Cadillo Chandler and M. Salmi, Law and Technology of 3D Printing and Medical Devices, in 3D
Printing, Intellectual Property and Innovation: Insights from Law and Technology (Ed. R. M. Ballardini,
M. Norrgard, J. Partanen), Kluwer Law International, Alphen aan den Rijn 2017, pp. 149-168.

D. Karalia, A. Siamidi, V. Karalis and M. Vlachou, 3D-printed oral dosage forms: Mechanical pro-
perties, computational approaches and applications, Pharmaceutics 13(9) (2021) Article ID 1401 (37
pages); https://doi.org/10.3390/pharmaceutics13091401

H. Amekyeh, F. Tarlochan and N. Billa, Practicality of 3D printed personalized medicines in thera-
peutics, Front. Pharmacol. 12 (2021) Article ID 646836 (15 pages); https://doi.org/10.3389/
fphar.2021.646836

L. A. Melnyk and M. O. Oyewumi, Integration of 3D printing technology in pharmaceutical com-
pounding: Progress, prospects, and challenges, Ann. 3D Print. Med. 4 (2021) Article ID 100035 (9
pages)100035; https://doi.org/10.1016/j.stlm.2021.100035

M. Alomari, F. H. Mohamed, A. W. Basit and S. Gaisford, Personalised dosing: Printing a dose of
one’s own medicine, Int. J. Pharm. 494(2) (2015) 568-577; https://doi.org/10.1016/j.ijjpharm.2014.12.006

O. Goh, W. Goh, S. Lim, G. Hoo, R. Liew and T. Ng, Preferences of healthcare professionals on
3D-printed tablets: A pilot study, Pharmaceutics 14(7) (2022) Article ID 1521 (15 pages); https://doi.
org/10.3390/pharmaceutics14071521

Y. E. Choonara, L. C. du Toit, P. Kumar, P. P. D. Kondiah and V. Pillay, 3D-printing and the effect
on medical costs: a new era?, Expert Rev. Pharmacoecon. Outcomes Res. 16(1) (2016) 23-32; https://doi.
org/10.1586/14737167.2016.1138860

W. K. Hsiao, B. Lorber, H. Reitsamer and ]. Khinast, 3D printing of oral drugs: A new reality or
hype?, Expert Opin. Drug Deliv. 15(1) (2018) 1-4; https://doi.org/10.1080/17425247.2017.1371698
United States Food and Drug Administration, Technical Considerations for Additive Manufactured
Medical Devices: Guidance for Industry and Food and Drug Administration Staff, December 2017; https://
www.fda.gov/media/97633/download; last access date May 16, 2023.

S. Mohapatra, R. K. Kar, P. K. Biswal and S. Bindhani, Approaches of 3D printing in current drug
delivery, Sensors International. 3 (2022) Article ID 100146 (10 pages); https://doi.org/10.1016/j.sin-
t1.2021.100146

S. Wang, X. Chen, X. Han, X. Hong, X. Li, H. Zhang, M. Li, Z. Wang and A. Zheng, A review of 3D
printing technology in pharmaceutics: Technology and applications, now and future, Pharma-
ceutics 15(2) (2023) Article ID 416 (29 pages); https://doi.org/10.3390/pharmaceutics15020416

A. Bhargav, Regulatory framework in 3D printing, ]. 3D Print. Med. 1(4) (2017) 213-214; https://doi.
org/10.2217/3dp-2017-0014

S. H. Lim, H. Kathuria, J. J. Y. Tan and L. Kang, 3D printed drug delivery and testing systems — a
passing fad or the future?, Adv. Drug Deliv. Rev. 132 (2018) 139-168; https://doi.org/10.1016/;.
addr.2018.05.006

M. Cui, H. Pan, Y. Su, D. Fang, S. Qiao, P. Ding and W. Pan, Opportunities and challenges of thre-
e-dimensional printing technology in pharmaceutical formulation development, Acta Pharm. Sin.
B. 11(8) (2021) 2488-2504; https://doi.org/10.1016/j.apsb.2021.03.015

247



K. Kreft et al.: The potential of three-dimensional printing for pediatric oral solid dosage forms, Acta Pharm. 74 (2024) 229-248.

107.

108.

109.

110.

111.

112.

113.

114.

115.

248

D. Markl, A. Zeitler, T. Rades, ]. Rantanen and ]. Botker, Toward quality assessment of 3D printed
oral dosage forms, J. 3D Print. Med. 2(1) (2018) 27-33; https://doi.org/10.2217/3dp-2017-0016

M. Deon, J. dos Santos, D. F. de Andrade and R. C. R. Beck, A critical review of traditional and
advanced characterisation tools to drive formulators towards the rational development of 3D printed
oral dosage forms, Int. |. Pharm. 628 (2022) Article ID 122293 (22 pages); https://doi.org/10.1016/;.
ijpharm.2022.122293

S.]. Trenfield, A. Awad, C. M. Madla, G. B. Hatton, J. Firth, A. Goyanes, S. Gaisford and A. W. Basit,
Shaping the future: recent advances of 3D printing in drug delivery and healthcare, Expert Opin.
Drug Deliv. 16(10) (2019) 1081-1094; https://doi.org/10.1080/17425247.2019.1660318

J. Norman, R. D. Madurawe, C. M. V. Moore, M. A. Khan and A. Khairuzzaman, A new chapter in
pharmaceutical manufacturing: 3D-printed drug products, Adv. Drug Deliv. Rev. 108 (2017) 39-50;
https://doi.org/10.1016/j.addr.2016.03.001

J. Quodbach, M. Bogdahn, J. Breitkreutz, R. Chamberlain, K. Eggenreich, A. G. Elia, N. Gottschalk,
G. Gunkel-Grabole, L. Hoffmann, D. Kapote, T. Kipping, S. Klinken, F. Loose, T. Marquetant, H.
Windolf, S. GeiSler and T. Spitz, Quality of FDM 3D printed medicines for pediatrics: Considera-
tions for formulation development, filament extrusion, printing process and printer design, Ther.
Innov. Regul. Sci. 56(6) (2022) 910-928; https://doi.org/10.1007/s43441-021-00354-0

G. Pitzanti, E. Mathew, G. P. Andrews, D. S. Jones and D. A. Lamprou, 3D Printing: an appealing
technology for the manufacturing of solid oral dosage forms, |. Pharm. Pharmacol. 74(10) (2022)
1427-1449; https://doi.org/10.1093/jpp/rgabl36

B. Bornkamp, F. Bretz, A. Dmitrienko, G. Enas, B. Gaydos, C.-H. Hsu, F. Kénig, M. Krams, Q. Liu,
B. Neuenschwander, T. Parke, J. Pinheiro, A. Roy, R. Sax and F. Shen, Innovative approaches for
designing and analyzing adaptive dose-ranging trials, J. Biopharm. Stat. 17(6) (2007) 965-995;
https://doi.org/10.1080/10543400701643848

J. A. Quinlan and M. Krams, Implementing adaptive designs: Logistical and operational conside-
rations, Ther. Innov. Regul. Sci. 40 (2006) 437—444; https://doi.org/10.1177/216847900604000409

R. Parhi and G. K. Jena, An updated review on application of 3D printing in fabricating pharma-
ceutical dosage forms, Drug Deliv. Transl. Res. 12(10) (2022) 2428-2462; https://doi.org/10.1007/
s13346-021-01074-6



