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HIGHLIGHTS

o 3D printing offers unique possibilities in
dosage form design.

e Reports on peroral, parenteral, cuta-
neous, and other solid dosage forms.

e Extrusion-based techniques dominate
the manufacturing of 3D printed dosage
forms.

e Unique control of drug release and
shape of dosage form.

e Might be the key technique for individ-
ualized dosage forms.
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ABSTRACT

Three-dimensional (3D) printing, also referred to as additive manufacturing, is considered to be a game-changing
technology in many industries and is also considered to have potential use cases in pharmaceutical
manufacturing, especially if individualization is desired. In this review article the authors systematically
researched literature published during the last 5 years (2019 — spring 2024) on the topic of 3D printed dosage
forms. Besides all kinds of oral dosage forms ranging from tablets and capsules to films, pellets, etc., numerous
reports were also identified on parenteral and cutaneous dosage forms and also rectal, vaginal, dental, intra-
vesical, and ophthalmic preparations. In total, more than 500 publications were identified and grouped ac-
cording to the site of administration, and an overview of the manuscripts is presented here. Furthermore, selected
publications are described and discussed in more detail. The review highlights the very different approaches that
are currently used in order to develop 3D printed dosage forms but also addresses remaining challenges.
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1. Introduction

The interest in three-dimensional (3D) printing has greatly increased
during the last decades. The techniques that are summarized under this
term are sometimes referred to as an industrial revolution [1] and may
have the potential to disrupt even developed markets [2]. When the first
3D printed medicinal product Spritam® received approval by the United
States of America Food and Drug Administration (FDA) in 2015, many
people assumed that this revolution would also spread quickly in the
pharmaceutical sector. However, to date, no further 3D printed medic-
inal products have been approved by the FDA or by the European
Commission (following a recommendation by the European Medicines
Agency (EMA)), in spite of an immense increase in the number of
research articles published on the topic. However, several companies are
working on 3D printed products. Triastek, for example, has reported to
have received investigational new drug (IND) clearance to allow for
shipping across state lines within the United States of America for at
least four different 3D printed products under development [3]. These
products are based on an extrusion technique, which is quite different
from the ZipDose® technique used for Spritam® - nevertheless, both
methods belong to 3D printing technologies.

3D printing technologies have in common that during the production
process, data sets are used, which describe the position of every element
in the created object using three coordinates. Typically, computer-aided
design (CAD) is employed to devise a digital plan of the product, and
then the goods are produced using the digital information in an additive,
often layer-wise manner. This leads to a very precise control of the
arrangement of materials, which is not common in other manufacturing
techniques in which often homogenous arrangements of all components
throughout the dosage form are essential to assure the correct dosing. 3D
printing, therefore, offers the possibility to produce unconventional new
shapes and also material arrangements which may be used, for example,
to control release behaviors or to accommodate separated compartments
within one dosage form. As the processes are either free-forming pro-
cesses or within a material bed/bath of which only certain parts are
solidified, the volume and/or outer dimensions of the dosage form can
be varied easily, allowing for an adaptation of the dose without the need
to change tooling, etc. Also, inner structures can be controlled with some
techniques via the infill. These and other potential benefits of 3D
printing of dosage forms have already been compiled in 2017 in a review
concluding that the FDA encourages the development of such ap-
proaches [4]. However, to date, the 3D printing techniques also have
limitations concerning dosage from production. One of the main chal-
lenges seems to be the comparably long production times which make
the process currently economically rather inefficient. Nevertheless,
when, for example, personalization is desired, and only small batches
are needed, these techniques may offer economical and standardized
alternatives to traditional compounding techniques. It is expected that
these markets will grow as more knowledge, for example, on pharma-
cogenomics becomes available and screening tools as well as algorithms
to support prescribers become available [5-7]. However, personalized
dosage forms pose further challenges, e.g. regarding regulatory ap-
proaches to approval and batch release. In this context, the FDA pub-
lished a discussion paper in 2021 on 3D printing of medical devices at
the point of care, which shows that the agency is willing to discuss these
issues [8]. In addition to finished product production, 3D printing
techniques may be beneficial in rapid prototyping of dosage forms even
if the final products might be manufactured using a different approach,
e.g. to provide dosage forms for early phase clinical studies in which a
great dosing or release profile flexibility may be desirable.

Many different techniques and names are used for 3D printing pro-
cesses. It may be assumed that not all techniques are equally suitable to
produce all types of dosage forms and that the size of the dosage forms as
well as the materials that may have beneficial properties for the site of
application and, last but not least, the processing conditions will play a
major role in choosing the most suitable method for a certain drug
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product. For the purpose of this review article, the authors decided to
use a terminology to differentiate between the 3D printing methods
based on the guidelines by the International Organization for Stan-
dardization (ISO) in cooperation with the American Society for Testing
and Materials (ASTM) on additive manufacturing [9]. Therefore, the
following terms and abbreviations will be used to describe the different
processes where possible. Firstly, the techniques were divided into the
following main categories: material extrusion (MEX), material jetting
(MJT), binder jetting (BJT), powder bed fusion (PBF), and vat photo-
polymerization (VPP).

MEX describes processes where the deposition of the material is
performed by extruding it through an orifice or nozzle. As there is a wide
variability between the different methods used in MEX-based tech-
niques, these were further categorized for this review as filament
extrusion (FE), syringe extrusion (SE) and screw extrusion (SCE).

In FE, a filament is used as an intermediate product, which is typi-
cally produced by hot-melt extrusion (HME). During the printing pro-
cess, the filament is softened again in the nozzle area, while the
extrusion is driven by the mechanical feed of the downstream filament.
The terms fused deposition modeling (FDM) and fused filament fabri-
cation (FFF) are often used synonymously for this type of process.
Several reviews on the various methods of drug incorporation, the ma-
terials used, the process parameters, typical challenges, and other topics
have already been published [10-12].

Syringe extrusion (SE) describes processes where the typically semi-
sold material (a semi-solid state often caused by the addition of solvent/
dispersant or application of heat or a combination) is extruded from a
syringe or similar container. Extrusion through the nozzle is usually
achieved by pressurized air or mechanically. In some cases, especially
when using solvents, post-treatment of the printed objects, e.g. drying,
might be necessary. Other names and acronyms are also commonly used
for this printing method and its different variants, such as semi-solid
extrusion (SSE), pressure-assisted microsyringe (PAM) printing, pneu-
matic extrusion, direct ink writing (DIW), paste or gel extrusion. Re-
views have been published on common materials, areas of application,
and process parameters, including post-treatment [13,14].

The term screw extrusion (SCE) defines extrusion methods where a
solid material is pushed through the nozzle by a screw-driven process,
such as in many dry powder extrusion (DPE) setups. Powders and
granules can serve as raw materials. The extrusion setup can consist of
one or more screws. The recently published review by Aguilar-de-Leyva
et al. describes the different setups, formulation and printing parame-
ters, and applications of SCE [15].

MJT describes processes in which the object is built up by selectively
jetted droplets of material. Examples of printable materials include
molten substances, photopolymer resins, or solvent-based inks, which
may need to be processed further (e.g., by drying or UV-curing) during
or after the printing process. Processes or terms that belong to material
jetting include inkjet printing, drop—on-demand (DoD) and electro-
hydrodynamic printing (EHD). For further information on the princi-
ples, process details, and materials of material jetting in the
pharmaceutical context, the reader is referred to more specific reviews
on this topic [16-18].

While in MJT, the object is built up from the jetted material alone,
BJT processes utilize the presence of a powder bed. The powder is bound
together by jetting it with liquid. The bond between the powder particles
can be strengthened by adding a binding agent, which can be present in
both the powder bed and the jetting liquid. Other commonly used names
for binder jetting are drop-on-powder (DoP) or powder bed inkjet. An
overview of the most important aspects of the BJT for drug printing has
been given by Wang et al. [19].

A powder bed is also used in the PBF. Instead of inducing bonds via a
jetting liquid, they are created here by fusing the particles together
through the input of thermal energy. Lasers are often used for the tar-
geted application of the required energy; examples of such processes are
selective laser sintering (SLS) and selective laser melting (SLM). In their
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review, Awad et al. analyzed the applications of PBF in healthcare,
including pharmaceutical dosage forms and medical devices. They also
evaluated technical considerations and challenges [20].

Another 3D printing method known as VPP also utilizes light or la-
sers. However, here, the light induces local photopolymerization re-
actions within the liquid resin, which then leads to solidification and
bonding of the irradiated region. The technologies of digital light pro-
cessing (DLP), stereolithography (SL or SLA), and two-photon poly-
merization describe VPP processes. An overview of VPP techniques,
their applications in the manufacture of dosage forms and medical de-
vices, examples of materials, advantages and challenges can be found in
a review by Xu et al. [21].

The ISO/ASTM guideline on additive manufacturing also describes
other manufacturing principles but to the authors’ knowledge these
have not yet had any considerable influence on the manufacturing of
pharmaceutical dosage forms. For a review of different 3D printing
techniques and materials and the advantages and disadvantages of
pharmaceutical manufacturing in general, the reader is referred to other
review articles, such as [22-25].

Lately, authors have also been referring to 4D printing. The “fourth
dimension” in these products is typically time as these products change
their shape over time (e.g. due to shape memory effects) [26]. As
mentioned above, very different materials are also used in the different
3D printing technologies. For 3D printing of medicinal products and
medical devices, the suitability of the materials has to be ensured. While
for some techniques traditional pharmaceutical excipients can be used of
which pharmaceutical grades are available, and safety has been shown.
This is problematic for other processes using materials that have not
been used for this type of application before. Some of the challenges
associated with new excipients in pharmaceutical dosage forms, in
general, are reviewed by Elder et al. [27]. Another important topic is the
equipment used for the manufacturing process. However, this problem
seems solvable, as there are reports on an FDA-approved printer for
medical devices as well as a GMP-ready pharmaceutical printer [28,29].
Nevertheless, the quality strategy, including equipment, digital design,
raw and intermediate materials, as well as manufacturing and controls,
have to be carefully considered in order to ensure that the high phar-
maceutical standards are met and to allow for regulatory approval.
Further insight into this topic was provided by Khairuzzaman [30].

There are a couple of other reviews dealing with 3D printed dosage
forms. However, their scope differs from that of this review. Some re-
views focus either on a few chosen dosage forms [31,32] or on single
printing techniques [13]. Other reviews, like the one from dos Santos
et al., examine publications from an earlier period of time than the ones
studied here and focus on specific materials [33]. The purpose of this
review is to provide the reader with an overview of recent developments
regarding 3D printed pharmaceutical dosage forms. In the scope of this
review article, the authors cover pharmaceutical dosage forms that have
been manufactured using a 3D printing formulation strategy to define
the shape and/or composition of the dosage form. Aspects such as drug
design (3D printing to synthesize molecules, etc.) are not included here.
As the arrangement of the different components or the shape of the
dosage forms are in the focus, typically solid dosage forms are produced,
even though for some applications also semi-solids such as hydrogels
have been described, that however do not change their shape during the
administration (except for 4D printed objects, as defined above).

In order to prepare this review and to exclude bias due to the se-
lection of literature and/or authors already known by the authors of this
review, a systematic literature research based on the database PubMed®
(https://pubmed.ncbi.nlm.nih.gov) was performed using the search
terms “3D printing drug” on March 26™ 2024. The search was con-
stricted to the years 2019 — 2024 (until the above-mentioned date) and
yielded 3828 results. All abstracts available from these 3828 manu-
scripts were screened by at least one of the authors. Manuscripts were
excluded from the further review process in which no pharmaceutical
dosage form was produced (e.g. with a focus on material development
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but without a specific use case) or no 3D printing technique was used,
research that did not include a drug or model drug or in which the drug
was not included in the printing process (e.g. by spray- or dip-coated
printed dosage forms or 3D printing of molds for injection molding),
manuscripts in which the main focus was on bioprinting or tissue en-
gineering, manuscripts that were entirely off topic (printing of organ
models, printing of analytical tools, printing for cell culture) and review
articles, editorials, opinions, etc.. Some of the excluded topics are
addressed in other articles of this special issue. After the initial abstract
screening, the remaining full manuscripts were re-considered and
evaluated using the same criteria. After this process, 538 manuscripts
published from 2019 until March 26" 2024 remained that were
included. These were roughly grouped into the following categories: oral
dosage forms, parenteral and associated dosage forms and other dosage
forms: cutaneous, ophthalmic, vaginal, intravesical and rectal. The
categories were further subdivided, as will be addressed in the indi-
vidual chapters of this review. Fig. 1 shows the distribution of the
identified manuscripts among the categories. In rare cases, manuscripts
were assigned to more than one subcategory, such as orodispersible
minitablets (ODMT) which were assigned to orodispersible tablets as
well as pellets and minitablets.

Among these papers, MEX-based techniques were by far the most
frequently used methods with more than 75 % of the manuscripts,
nevertheless some trends for certain dosage forms were also observed
and will be discussed in the following chapters. An overview of the
distribution of printing methods is given in Fig. 2. A small difference in
the total number of methods used to the number of publications iden-
tified results from the fact that in a few manuscripts, more than one
technique was explored. In spite of the immense effort and care that was
put into literature screening, the authors wish to point out that this re-
view cannot provide an overview of all reported data and manuscripts
may have been falsely excluded or were not identified as the search
terms may not have been suitable, even though these were on purpose
chosen to be very general as the authors assumed that they would
thereby cover a large range of manuscripts. However, manuscripts not
listed in the PubMed® database are also not included. As the authors
also perform their own experimental research work on the topic of 3D
printing of dosage forms, also additional literature known to the authors
from the respective period of time may have been included. The com-
plete tabular overview of all the literature included from 2019 until
March 26 2024, sorted by categories, including the citations is given in
the supplementary material to this review (see supplementary material).

2. Oral dosage forms

Oral dosage forms belong to the most common dosage forms and
include dosage forms that are swallowed and dosage forms that are
placed in the oral cavity. Spritam®, the first and so far only FDA-
approved 3D printed dosage form belongs to this group.

Solid oral dosage forms for human use listed in the European Phar-
macopoeia (Ph. Eur.) include powders, granules (which include pellets
by the Ph. Eur. definition), capsules, tablets, medicated chewing gums
and oromucosal preparations such as films and lozenges.

In this review, the authors grouped the oral dosage forms identified
from the literature in tablets, pellets and minitablets, capsules, and
films. Furthermore, dosage forms with a specific feature are described
separately such as gastro-retentive dosage forms (GRDF), chewable
dosage forms and other very specialized dosage forms including dental
devices. The discussions concerning the individual dosage forms are
given in the individual chapters. In general, for oral dosage forms, 3D
printing is mainly applied in order to individualize the dose(s) of drugs,
to influence the drug release behavior, or, in some cases, to promote
patient adherence. The 3D printing techniques used for this purpose
showed high variability. However, some trends were detectable, such as
the use of solvent-free techniques for orodispersible forms and MEX
methods for extended-release peroral tablets. The excipients used for
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Immediate-release tablets: 58

Orodispersible tablets: 34

Rectal: 10
Intravesical: 5
Vaginal: 10
Ophthalmic: 7

Cutanous: 44

Vascular and stents: 13—

Bone: 14

Intratumoral: 28

No specific site given: 24
Other oral: 11

Dental: 3
Chewables: 17

/Extended—release tablets: 115

Delayed-release tablets: 17
Pellets and minitablets: 14

Capsules: 22

Films: 40

Gastroretentives: 33

Fig. 1. Distribution of the topics of the 538 included manuscripts in the categories oral, parenteral, and other dosage forms in general (circle) and in the individual

sub-categories (ring).

MEX (FE):

200 MEX (SCE):
\

27
/

VPP:

50
_—

__PBF:
25

| BJT:
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~
MJT:
15

MEX (SE):
208

Fig. 2. Distribution of the reported printing techniques among the manuscripts;
material extrusion-based on filaments (MEX (FE)), material extrusion-based on
syringe extrusion (MEX (SE)), material extrusion-based on screw extrusion
(MEX (SCE)), material jetting (MJT), binder jetting (BJT), powder bed fusion
(PBF), vat photopolymerization (VPP).

oral dosage forms are often classical excipients that are also used with
established production methods. An exception from this was the printing
of capsule shells, for which mainly poly(vinyl alcohol) (PVA) was used
as an excipient as opposed to traditional capsules typically made from
gelatine.

2.1. Tablets

Tablets are solid dosage forms containing a single dose, often derived
from powders or granules via compression, but also other techniques,
such as molding or extrusion, can be used. Tablets often have a cylin-
drical shape with either flat or convex end surfaces. Several character-
istics regarding the disintegration and/or drug release behavior, as well
as other properties or methods of administration, may be used to
differentiate among different types of tablets. The Ph. Eur. distinguishes
between immediate-release and modified-release, whereas the latter
group is further divided into prolonged-release (often also referred to as
extended-release), delayed-release, and pulsatile-release. For the pur-
pose of this review, the following categories will be distinguished: oro-
dispersible tablets (ODT), immediate-release (IR) tablets, extended-
release (ER) tablets, and delayed-release (DR) tablets. Delayed-release
tablets for this purpose are defined as tablets in which the onset of
release has been modified. This group includes gastro-resistant tablets.
The differentiation between IR and ER tablets was based on the Ph. Eur.
recommendations on dissolution testing [34], which specifies a typical
acceptance criterion for IR tablets of 80% release within 45 min for the
first test level. In addition, the Ph. Eur. describes an IR dosage form as
one ,that is not deliberately modified by a special formulation design
and/or manufacturing method* [35]. It also mentions that for a solid
dosage form, the dissolution profile of the active ingredient essentially
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depends on its intrinsic properties. This means that even comparatively
slow releases can be classified as immediate-release dosage forms if they
contain, for example, active ingredients that possess a low dissolution
speed. Some examples of developed tablets found in the screened
manuscripts are depicted in Fig. 3 highlighting the diversity of the
proposed tablet formulations.

2.1.1. Orodispersible tablets

ODTs are uncoated tablets that are placed in the oral cavity, where
they disintegrate quickly before being swallowed. The disintegration
time requirements vary depending on the legal framework. The Ph. Eur.
demands a disintegration time of less than 3 minutes, while the FDA asks
for a disintegration time of 30 seconds or less [39-41]. ODTs are usually
produced by compression, lyophilization, or molding [42,43].

The only 3D printed drug approved to date, Spritam®, is an ODT,
supposed to be taken with a small volume of liquid. It is produced via the
ZipDose® technology, which is basically a type of BJT on a conveyor

hollow powder layer

PN layer

outer shell layer
-

Stepper motors

Driving gears
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belt. The high porosity of the dosage form due to the manufacturing
method and the use of highly soluble excipients support a claimed
average in vivo disintegration time of 11 seconds [7]. As an innovative
product in the field of 3D printing, the choice of this BJT manufacturing
process and the choice of excipients is certainly leading the way for
research in this field, which also explains the high proportion of publi-
cations using this printing method. Other printing techniques have also
been investigated for the production of ODTs. Table S1 provides an
overview of all included manuscripts that fulfill the requirements of the
European Pharmacopoeia for ODTs, including their printing method and
their disintegration times.

BJT research often involves screening the starting materials. Both the
powder bed [44-49] and the jetting fluid [44,47,48,50,51] can be
modified to determine the properties of the final dosage form. For the
production of ODTs using BJT, the use of easily water-soluble powder
mixtures based on mannitol and lactose is just as suitable as for con-
ventional production methods [36,45-48,50-55]. The choice of these

-—
-—

4.5cm
~ 6.75cm
9cm

Outline cross-section

3D-printed
placebo tablet

Naproxen
B Aspirin
I Paracetamol
M Caffeine
B Chloramphenicol
B Prednisolone

Fig. 3. Different 3D printed tablet dosage forms, A: orodispersible tablet, the green layer was impregnated with drug-free jetting fluid, the orange layer was sprayed
with jetting fluid containing a photosensitive drug, the white-structured core was not sprayed; 3D section view (Al); side view (A2) (Reproduced with permission
from [36], published by MDPI, 2021), B: 3D printed tablet for extended-release; two-material co-extrusion print head (B1); printed tablet with two materials within
the same strand (B2) (Reprinted from [37], with permission from Elsevier), C: cylindrical and ring-shaped VPP printed polypill with six different water-soluble drugs
(Reproduced with permission from [38], published by MDPI, 2019), all figures were modified.
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excipients also enables compliance with the FDA’s disintegration time
requirements for ODTs of 30 seconds or less [36,45-48,50,51,53,54] in
addition to their sweet taste.

Research projects also involved the modification of the primary
particles in the powder mixture e.g. by coating or co-processing with the
binder in order to simultaneously reduce the disintegration time of the
dosage form while improving its mechanical stability [45] or to improve
the printability of the powder [44]. Higher binder content can increase
the mechanical stability and lead to longer disintegration times [45,54].
The chain length of the binder can also influence the disintegration and
release time, as was shown in the case of hydroxypropyl cellulose (HPC),
where of those tested, only the one with the shortest chain length
resulted in tablets that fulfilled the requirements of the Ph. Eur. for ODTs
[49].

The 3D printing of core-double-shell tablets by Hong et al. is
particularly interesting. Two different jetting fluids were used for the
process, one containing a photosensitive drug and the other free of
drugs. The outer shell, which was impregnated with the drug-free jetting
fluid, is intended to protect the photosensitive drug in the inner shell
from degradation. The latter was applied with the drug-containing
jetting fluid. The powder core of the tablet was not impregnated with
any jetting fluid and is thus intended to promote even faster disinte-
gration of the ODT. In addition, a second drug was included in the
powder bed and was therefore also incorporated in all compartments of
the tablets [36]. A schematic of the ODT design is given in Fig. 3A.

MEX (SE) of pastes can also lead to tablets with low disintegration
times. Yi et al. evaluated different excipients in different proportions for
their development of loratadine ODTs. For their best-performing
formulation, they achieved disintegration times of 30 seconds and
less. However, this FDA-compliant disintegration time could only be
achieved for infill percentages of 40 and 60%, while tablets with 80 and
100% infill only met the Ph. Eur. requirements. However, a lower infill
resulted in a higher friability and also reduced the maximum drug
loading [56].

The development of orodispersible minitablets (ODMT) that met the
requirements of the Ph. Eur. with less than 90 seconds disintegration
time has also been reported by using high proportions of the super-
disintegrant sodium starch glycolate as well as povidone (PVP) as a
binder and lactose as a filler [57]. The Ph. Eur. compliant disintegration
time is undoubtedly also supported by the small size of the minitablets
and their high specific surface area. The authors also investigated cro-
scarmellose sodium as a disintegrating agent. The resulting minitablets
disintegrated on average in just under 3 minutes. This excipient was also
used in other publications [58-60]. It is striking that this super-
disintegrant was partly used in atypically high concentrations, which
suggests that it could also act as a binder in the moistened mass [57-59].
The excipient can also be used for the aqueous outer phase in emulsoid
systems. The formulation by Johannesson et al. disintegrated in less than
a minute for infill percentages of 25 and 50% so that the incorporated,
dispersed lipid-based formulation was subsequently liberated [61].

BJT and MEX (SE) usually do not work without solvents such as
water. This may reduce the activity of added disintegrants and super-
disintegrants, which in turn can have a negative effect on the disinte-
gration time [62,63]. The use of solvent-free printing methods is,
therefore, an obvious alternative. In this context, publications using
solvent-free methods like MEX (FE) and PBF, were identified for the
period under investigation. Besides BJT, PBF is also particularly suitable
for printing highly porous objects [64,65].

Copovidone seems to be the polymer of choice of many authors here
[66-74]. It can be processed with pigments, that are usually used to
absorb the energy of the laser, and drug to form tablets that disintegrate
in less than 5 seconds. Additional features that have been reported
include the printing of Braille on tablets for identification, although
friability tests would have been interesting here in order to assess the
durability of the writing on the tablets [66]. Gueche et al. demonstrated
that it is even possible to print ODTs with copovidone without pigments

Advanced Drug Delivery Reviews 217 (2025) 115504

[69,72].

Also macrogol poly(vinyl alcohol) grafted copolymer (PEG-PVA)
[75-77]1 and PVP [78] are suitable to formulate ODTs via PBF. It is also
interesting to note that the speed of the fusing laser in the process can
influence the density of the tablet and thus also its hardness and most
importantly in this context the disintegration time [67].

For MEX (FE) printed ODTs Pyteraf et al. describe an interesting case
in which a higher proportion of a slightly soluble drug can shorten the
disintegration time. Fluconazole-containing PVA tablets with drug
contents of 70% disintegrated in less than 3 minutes, while the same
geometric structures with 40 and 20% drug load did not. The authors
attribute this effect to the lower weight of the high-dose tablets and the
lower PVA content. In addition, analyses of the filament showed that a
higher PVA content makes the filament more mechanically stable [79].
By producing amorphous solid dispersions with PEG-PVA, disintegra-
tion times can also be reduced to values of around one minute. The 3D
printed tablet with 100% infill is also superior to the pure drug and its
physical mixture with the polymer in terms of release behavior [80].

Currently, it seems challenging for printing methods based on MEX
to fulfill the specified disintegration time of the Ph. Eur., even if
macroscopic surface enlargements such as reduced infill or smaller
dosage forms are already being used. Therefore, it is reasonable to as-
sume that BJT or PBF are the better choice for the production of oro-
dispersible dosage forms. The publications in the period under review
that used the latter methods were often able to meet the requirements of
both the Ph. Eur. and the FDA. This is presumably due to the high
porosity of the dosage forms resulting from these processes, which in
turn promotes wetting by the disintegration media.

2.1.2. Immediate-release tablets

In this chapter, 3D printed tablets whose drug release is not pro-
longed or delayed will be discussed. An IR tablet can be defined as a
tablet for which the release of the drug has not been intentionally
modified by a special formulation design or manufacturing process
[35,40]. However, 3D printing, particularly MEX, partly challenges this
definition, as dosage forms produced with excipients that typically
exhibit relatively good dissolution properties in the dissolution medium
can still show an extended-release. This becomes particularly clear with
FE, where the melting process leads to densely fused products and the
polymers themselves can also often show release-delaying effect, as
already stated by Kempin et al. [81]. The dense packing and reduced
porosity of 3D printed tablets are particularly apparent when a high
infill is used. Therefore, the tablets often show ER kinetics, which might
explain the high number of screened papers in that chapter (see
Extended-release tablets). One challenge in 3D printing lies in the pro-
duction of IR formulations, which is to be illustrated in the following.

For the period analyzed, 60 manuscripts were identified that fit into
this category. More than 87% of the publications used MEX processes for
the production of IR tablets. Within the MEX processes, FE dominates
with 50% of all publications within this chapter, as also visible in the
manuscript overview in Table S2.

Among the reported MEX (FE) dosage forms, the most prominent
excipient was PVA, which was used in the majority of publications
[82-95]. Sometimes as the only polymer [82,84,92,93,95], sometimes
in combination with other polymers [86] and sometimes in comparison
with other polymers [90,91].

In addition to the “generally recognized as safe” (GRAS) status of the
polymer, this is probably also because its printability is well-studied, as
it is also commercially available as a filament. These marketed PVA
filaments can be loaded with drugs by placing them in drug-containing
solutions [82,84]. However, the drug loading of the PVA filament de-
pends highly on the solvents and drugs used. Another way of loading
drug substances can be realized by extruding PVA together with the drug
substance [92,93]. For PVA filaments, the effect of changed mechanical
properties due to the drug loading is apparent due to its comparability
with commercially available filaments [84,92,96]. The mechanical
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properties of PVA filaments can also be modified by adding other ex-
cipients, e.g., plasticizers like sorbitol [89,95], triethyl citrate (TEC)
[83,88], macrogols [85,89], mannitol [85,91] , or glycerol [90].

A noteworthy approach was reported by Pereira et al. in their
addition of water as a “temporary plasticizer” [94]. This allowed them to
extrude the filaments at lower temperatures of 90 °C compared to their
approaches without water, which were extruded at temperatures of 170
°C. However, it is worth mentioning that there are also reports in which
the unintentional addition of water (for example due to high humidity)
can influence the printability of the PVA filament [92,97].

The relatively slow drug release from PVA tablets can be modified by
the addition of other polymers such as copovidone [86] or disintegrating
agents such as crospovidone [85,86], croscarmellose sodium [85] , or
sodium starch glycolate [98,99].

Water-soluble cellulose derivatives are also suitable for printing IR
tablets using MEX (FE). Hypromellose [100,101] and short-chain HPC
[88,90,98,99,102] were predominately used here.

The utilization of other polymers, which are soluble in water or
gastric fluid, can also be applied for the 3D printing of IR tablets. Ex-
amples include basic butylated methacrylate copolymer (bbMA, e.g.,
Eudragit® E) [88,99,101,103-108], PEG-PVA [102,109] , or copovi-
done [86,91,99,100,102,104,109-112]. Even the production of fila-
ments and tablets solely from short- and long-chain macrogols (also
sometimes referred to as polyethylene glycol (PEG)/polyethylene oxide
(PEO)) is possible [113]. However, systematic comparisons of the
polymers are hard to find. Okwuosa et al. carried out a larger screening
regarding the question of whether and under what conditions filaments
are stable under storage - at least for the filaments examined. While the
drug content decreased by no more than 1.3% within 6 months, even at
elevated temperatures of 30 °C, some of the filaments could no longer be
printed after storage. This mainly affected the more hygroscopic fila-
ments made of PVP and HPC [88].

Without filament as an intermediate product, MEX (SCE) technolo-
gies can also be used to produce IR tablets. The excipients used can be
the same as those used for FE printing. Examples of this are the use of
copovidone [114-117], bbMA [114,118,119], PEG-PVA [115] or cel-
lulose derivates. The latter was used by Mendibil et al. who printed HPC
together with starch and guar gum as well as paracetamol at 90 °C by
incorporating water. This is especially interesting as the thermal burden
on the drug and the excipients are lower in comparison to water-free
MEX (SCE) or even MEX (FE) [120]. MEX (SE) techniques have
already been investigated with polymers of natural origin, semi-
synthetic polymers, and synthetic polymers, but emulsions can also be
successfully printed as outlined in the following.

The biopolymer gelatine can be used for both IR tablets and ER
dosage forms. For this purpose, Yang et al. modified the design of the
dosage form and added hypromellose for ER [121].

Among the semi-synthetic cellulose derivates, hypromellose, which
is able to form gels with water [122,123] or ethanol-water mixtures
[124], was mainly used for manufacturing IR tablets via MEX (SE). Here
too, rapid release was often supported by an increase in the surface-area-
to-volume ratio (SA/V). For example, the naftopidil tablets printed by
Tagami et al. were less than or equal to 2 mm thick [123]. Even liquid-
free production of IR tablets was possible by MEX (SE) of cellulose de-
rivatives such as HPC at temperatures above 150 °C, whereby the release
rate can be increased by adding a further water-soluble polymer and
plasticizer [125].

The binding properties of PVP and its related substances are already
well-known from conventional tablet manufacturing methods
[126-129]. PVP was also used several times in MEX (SE) of IR tablets. It
is noticeable that in this context, it was apparently only used together
with other binders or swelling agents [122,130]. This also applies to its
copolymer with vinyl acetate, copovidone [125,131]. The binding
properties of starch have also been investigated for SE [132]. Already
mentioned above in the category of FE printlets is the copolymer of PVA
and macrogol. PEG-PVA was primarily investigated by El Aita et al. to
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formulate levetiracetam into IR tablets [131,133]. Macrogol is often
added as a plasticizing or pore-forming additive, as already mentioned
for FE printing. However, macrogol itself can also be the main excipient.
In addition to the macrogol suppositories described in the section for
Rectal dosage forms, macrogol can also be printed directly with drugs
[134] or in combination with other excipients [135] leading to IR tablets
due to its good water solubility.

Similar to the extrusion of macrogol for the production of tablets,
whose printing temperature is usually below 70 °C [136], some lipids
can also be melt-extruded at relatively low temperatures. They also have
the potential to improve the bioavailability of some drugs [137].
Macrogol-32 stearate, for example, can be printed at temperatures
below 45 °C [138,139]. However, the storage conditions for dosage
forms with ingredients with a relatively low melting point, such as
macrogol or macrogol-32 stearate, are critical parameters.

The extrusion of emulsoid systems represents a combination of the
extrusion of classic hydrophilic components, such as the cellulose de-
rivatives and lipids that have already been described. In this field,
Johannesson et al. published three papers on the lipid-based inner
phases of emulsion gels. The water-containing outer phases were dried
after printing so that the gel formers contained therein formed a stable,
manageable framework for the dispersed lipids [61,140,141]. This
resulted in a short disintegration time of the tablets and a supersatura-
tion of the release medium or the lipolysis medium. While the 3D printed
capsular, self-emulsifying drug delivery systems are only filled (see
Capsules), Algahtani et al. formulated them directly as a printable
formulation for the manufacturing of tablets [142].

MJT has also been reported for the production of IR tablets. As with
any 3D printing process, it is only possible to build up another layer if
the previous one has solidified sufficiently (e.g. by drying). As only
liquid printing inks build up the dosage form in the MJT process, the
method is of limited suitability for printing thicker tablets. Due to the
need to allow the solvent to evaporate and the low layer height, the
process is relatively slow. The printing of 10 tablets with a thickness of
about 1 mm consisting of 250 layers took more than 8 hours in Cader
et al.’s experiments [143]. It can be assumed that this is a possible
reason why only one publication with MJT IR tablets could be identified
for the period analyzed.

As already discussed for ODTs, BJT and PBF are printing methods
that can be used to achieve rapid disintegration of the dosage form and,
in some cases, also rapid release. It is therefore logical to use BJT
[144,145] and PBF [146-148] for producing IR tablets. The reason why
so many publications are not listed here is that many of the tablets
produced with this method also fulfill the requirements of the Ph. Eur.
for ODTs and are therefore listed there. For PBF in particular, copovi-
done was again the most important excipient [146-148], but combi-
nations with PVA were also analyzed [146,147]. In addition, it was
shown for both BJT and PBF that the disintegration time or release time
of HPC tablets correlated with the molecular weight of the polymer
[49,149].

IR tablets can also be 3D printed using VPP technologies, even if not
much research has been published with only one publication in the
investigated time period. The rapid release of zolpidem tartrate was here
accelerated by the SA/V of the 3D printed flat tiles and minitablets as
well as by higher content of macrogol and water within the poly
(ethylene glycol) diacrylate (PEGDA) formulation [150]. However, due
to the small number of publications, it could be hypothesized that VPP is
not necessarily the method of choice for the production of IR tablets at
the present time.

In most of the identified publications on IR dosage forms, a material
screening of various excipients and combinations of excipients was
carried out. Changing the SA/V appears to have been utilized by the
majority of authors to further investigate and improve release from their
3D printed tablets. This was done, for example, by adapting the infill,
printing thinner dosage forms or by choosing printing methods that can
produce dosage forms with high porosity, such as BJT and PBF. In some
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cases, it has also been shown that lower drug loading can accelerate
release [116,150]. However, this is highly dependent on the drug and
the polymer used and can also be the other way around, as already
described for fluconazole in the ODT section [79]. Overall, it was hardly
possible to identify any truly innovative approaches that accelerated the
release from 3D printed tablets.

2.1.3. Extended-release tablets

According to the Ph. Eur., ER tablets are classified as a type of
modified-release tablets. They can be coated or uncoated and are
designed to modify the rate, place, or time at which a drug is released.
Within the Ph. Eur., ER, tablets are labeled as prolonged-release tablets
[151]. Those and other terms like controlled-release, sustained-release
or long-acting tablets can be used synonymously. The definition of
modified-release also includes tablets with delayed-release kinetics,
which are addressed in a separate section of this article (see Delayed-
release tablets). The utilization of ER tablets offers numerous advan-
tages for certain drugs: the controlled release of the drug facilitates a
more consistent therapeutic effect, reduces the frequency of adminis-
tration, and can enhance patient adherence. By avoiding the high peaks
in drug concentration associated with IR formulations, ER tablets can
potentially decrease the incidence of adverse effects [152]. The
controlled ER of the drug is typically achieved through various mecha-
nisms. Conventional ER tablets are classified into matrix, reservoir
(membrane), or osmotic systems [153]. Deviating from the description
of IR dosage forms in the Ph. Eur., dosage forms are included in the ER
category of this review that are “not deliberately modified by a special
formulation design and/or manufacturing method” [35], but which
have a dissolution rate far below the threshold value of the recom-
mendations on dissolution testing of 80 % release in 45 min [34].
However, this was not done if the dissolution behavior essentially
depended on the intrinsic properties of the particular drug. Furthermore,
studies that investigated different release kinetics (e.g., broad polymer
screenings resulting in both IR and ER kinetics) were included in this
category. Strictly separating into well-defined categories is challenging
in this complex topic due to frequent overlaps.

3D printed ER tablets form the largest category in this article, with
115 papers identified after the final screening process (see also
Table S3). All 3D printing methods according to the classification pre-
sented in the introduction are represented within this category. More
than half of the articles employed MEX (FE), followed by VPP and MEX
(SE) methods. As all printing processes are represented, the used poly-
mers and other excipients are diverse: e.g. from water-soluble polymers
such as PVA [154-158] to water-insoluble polymers such as poly-
caprolactone (PCL) [159-163] and cross-linkable PEGDA [164-168].
Many studies about the effects on the release behavior of proposed ER
tablets followed similar approaches. For example, the composition of the
formulation was often varied [169-173] or multiple polymer types were
screened [174-178]. In addition, the internal structures were often
changed, e.g., the proportion or pattern of the infill was investigated in
regard to the release behavior [179-183]. Model variations of the tablets
e.g. in terms of shape, size or number of printing layers were also
frequently used in the investigations [184-188]. In addition, the com-
bination of different 3D printing processes, e.g. MEX (FE) with PBF, was
also researched [158]. To highlight the diversity of the used printing
methods, five different publications were chosen exemplarily and will be
highlighted in the following paragraphs.

Jamroéz et al. employed MEX (FE) utilizing a two-material co-extru-
sion print head. Instead of using two separate print heads, each assigned
to a different polymer with distinct solubility properties, they utilized a
single nozzle that co-extruded drug-loaded water-soluble PEG-PVA
alongside drug-free water-insoluble polylactic acid (PLA). This approach
resulted in single printing layers comprising two materials within the
same strand (Fig. 3B). The authors investigated various tablet designs,
infill parameters (50% and 100% infill, rectangular, and honeycomb
infill patterns), and different layer compositions. For instance, by
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increasing the proportion of water-insoluble PLA in the strand compo-
sition (0%, 25%, and 50% PLA) for a one-compartment tablet, they were
able to extend the release of bicalutamide from 30 minutes to several
hours (50% PLA: 36% drug release after 6 hours, total amount within
one tablet around 7 mg) [37]. This specialized approach highlights the
possibilities achievable through variations in software (printing set-
tings) and hardware (different print head) configurations. However, the
benefit of drug printing of this print head compared to multiple standard
print heads for a single FE was not evaluated within the publication.

MEX (SE) was used by Alayoubi et al. to print a polypill comprising
metoprolol succinate and atorvastatin calcium dihydrate within a single
tablet, utilizing two distinct compartments made from different mate-
rials (lactose, starch, and/or hypromellose) and various formulations for
each compartment. The objective was to produce a polypill with dual-
release kinetics: an IR compartment for atorvastatin and an ER
compartment for metoprolol. The IR compartment was designed as a
cylindrical tablet with defined gaps between the printing layers to
facilitate rapid water penetration. The ER compartment was structured
as a core-shell tablet with diverse formulation compositions beneath the
IR compartment. A separation layer was printed between the IR and ER
compartments. Using different formulations and geometric parameters,
only three formulations for atorvastatin achieved IR, whereas all for-
mulations resulted in ER for metoprolol in the printed polypills [189].
This is an excellent example of how much more effort is sometimes
needed to create MEX immediate-release tablets than extended-release
ones as already described in the chapter about Immediate-release tab-
lets. It also shows that efforts are made to print tablets with multiple
drugs to reduce the pill burden and enhance patients’ adherence.

Duranovic et al. provide another example of the challenge of printing
IR tablets. Despite reducing the filling to 20 % and incorporating various
disintegration-promoting excipients into the PVA filament used, the
complete release of the active ingredient paracetamol still took at least 2
hours and was therefore categorized as an extended-release tablet [190].

Another approach was to use a PBF printer, as done by Trenfield
et al., to print methacrylic acid-ethyl acrylate copolymer (1:1) (MA-EA;
e.g., Eudragit® L 100-55) tablets containing theophylline and to inves-
tigate the release behavior when using different scanning speeds (100-
180 mm/s). The authors showed that with higher laser speeds, a faster
drug release was achieved. With the highest laser speed of 180 mm/s,
approximately 80% were released after 60 minutes. With a laser speed of
only 100 mm/s, only about 30% were released after 8 hours. The reason
for those differences was the production of less porous and more dense
objects when using lower printing speeds due to the higher energy input
per tablet of the laser. Apart from the printing process, the prediction of
the tablet’s density and release behavior using a near-infrared spec-
troscopy method was addressed [191]. This manuscript shows that
similar to changing infill patterns for MEX, the scanning speed of lasers
is a crucial parameter to control the drug release from dosage forms
produced via PBF.

Robles-Martinez et al. used VPP and were able to print a polypill with
six different water-soluble drugs. As this is quite challenging when using
resin tanks for printing instead of for example multiple print heads with
different filaments, the tanks had to be exchanged frequently throughout
the printing process by stopping and continuing the printing process
(multi-resin printing). Two different tablet geometries (cylindrical and
ring shape) were tested, and the release behavior was investigated
(Fig. 3C). The authors showed that printing polypills with VAT photo-
polymerization in general is possible and that ER for the different drugs
can be achieved (after 20 hours, 22-80% of drugs released) [38]. This
publication shows that new methods are consistently developed to
broaden the horizon of possibilities for 3D printing.

A relatively new method of rotatory volumetric 3D printing was used
by Rodriguez-Pombo et al. [167]. This VPP technique differs from other
techniques as the entire object was printed simultaneously and not in a
layer-wise manner as was the case for all other above-mentioned papers
[38,189,191,192]. Rodrigues-Pombo et al. printed two objects
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simultaneously and used different shapes (cylindrical and ring-shaped),
and analyzed different formulations. Dissolution testing proved that an
ER for several hours is possible. This paper used a promising new
printing method that can create objects within seconds (12 to 32 seconds
for two objects), which might be beneficial regarding higher throughput
of products.

As mentioned above, the ER tablets category accounts for the largest
proportion of screened papers. The reason for this is probably that the
usual initial workflow for 3D printing dosage forms starts with screening
of various potentially suitable polymers or conducting infill tests. The
results of such investigations are often tablets with ER, probably due to
the often-used printing process of MEX. In general, 3D printing is very
well suited for producing ER tablets. The large selection of polymers, for
example, or the almost infinitely variable software printing settings,
provide an ideal basis for scientific research with promising results in
adjusting the release behavior.

2.1.4. Delayed-release tablets

DR tablets are tablets in which the onset of release is adjusted by the
formulation design. This includes gastro-resistant dosage forms, which
typically show a pH-dependent drug release. Gastro-resistance can be
beneficial as some drugs are not stable inside the acidic environment of
the stomach or even harm the stomach mucosa [193]. Other DR for-
mulations aim at releasing drugs at a specific, more distal portion of the
intestine, e.g., the colon. This is often also called targeted release. Tar-
geting of specific regions, for example the colon, can have a positive
effect especially when a local treatment at a specific site is desired as
smaller doses are typically required which can lead to fewer adverse
effects [194]. Gastro-retentive dosage forms can also be understood as a
type of targeting approach. Nevertheless, papers focusing on gastro-
retention in general are discussed separately in the chapter about
Gastro-retentive dosage forms.

Strictly separating some of the tablets in the screened manuscripts
into these categories is difficult, especially when different release ki-
netics are evaluated within one paper. Therefore, overlaps with other
categories are possible. Furthermore, the categorization depends on the
chosen methods for dissolution testing of the printed dosage forms.
Different media with pH values ranging from ~1.0 - 1.2 (stomach
environment) to ~6.8 - 7.4 (small intestine) specify the in vitro release
behaviors. If for example only water was used for dissolution testing, a
possibly existing gastro-resistance could not be detected. In Table S4-7,
the manuscripts on delayed-release tablets are categorized according to
the targeted region in the gastrointestinal tract (GIT).

MEX (FE) and (SE) techniques were used to print DR tablets. Dual
extrusion printing was sometimes used to print different polymers
within the same dosage form [195-198]. The most used materials were
polymers with different swellability/solubility at various pH values,
such as hypromellose acetate succinate (HPMCAS) [195,198-202] and/
or different polymethacrylate types [196,197,203].

Chung et al. used dual MEX (FE) to create core-shell tablets of two
different polymers. The shell was made of hypromellose, and the core of
HPMCAS contained indomethacin. The idea was to create an oral dosage
form releasing the drug after a defined lag time for morning stiffness in
rheumatoid arthritis. The authors printed tablets with different shell
thicknesses for different lag times and analyzed their release behavior in
pH 1.0 and 6.8. With increasing shell thickness (0.4, 0.6 and 0.8 mm), a
lag time of 4, 5 and 8 hours, respectively, was achieved. The drug release
after the lag time was completed within 3 hours, independent of the shell
thickness [195]. This design of an inner structure and an outer protec-
tive structure is a reoccurring approach to achieve delayed release.

The research group with Melocchi et al. went one step further and
used a complex dual extrusion MEX (FE) method to produce a multi-
component core-shell system for colon targeting. The authors created
a PVA core containing caffeine and two shells with different formula-
tions. The first shell around the core was made of HPC, and the second
(outer) shell was made of MA-EA. The aim of using two instead of only
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one shell was to withstand the stomach’s acidic environment and, once
the small intestine is reached, to target the colon region by inducing a
lag time with the second shell. Dissolution testing at pH 1.2 and 6.8
showed a lag time of approximately three hours after reaching the
higher pH values [197]. The printing procedure is quite complex as
different parts had to be printed independently of each other and then
manually inserted into the surrounding shell. For this, the printing
process had to be paused temporarily. Such an approach is extremely
challenging regarding the printing parameters as the smallest deviations
in the height of the object that is placed within the shell during printing
may lead to problems in the following layer due to the close proximity
between the core and the nozzle and may result in instability of the shell
as reported by Kempin et al. [204].

By designing tablets with different parts and assigning different
polymers with different incorporated drugs to those parts, targeting of
two sites can be achieved. This approach was tested by Tabriz et al. with
a bilayer tablet containing two drugs. One layer incorporated isoniazid
embedded in HPC. The second part of the tablet was made of HPMCAS
and contained rifampicin. The idea was for the isoniazid to be imme-
diately released pH-independent most likely inside the stomach while
rifampicin would be released later inside the small intestine. This was
supposed to decrease the degradation of rifampicin and to reduce drug-
drug interaction. Dissolution testing was conducted at pH 1.2 and 7.4.
An independent release of the two drugs depending on the pH value
mimicking the stomach or the small intestine was observed [201].

3D printing of DR tablets seems to be a promising approach. Espe-
cially the concept of core-shell structures is often used, and the idea can
be successfully achieved by choosing suitable polymers. This concept
attempts to mimic the idea of a coating, as is done for conventional
tablets. Because printing thin, fully closed layers with MEX techniques
might be difficult, thicker layers are often printed, resulting in a thick
shell. Gaps or pores within the shell resulting from bad printing results
might be problematic in regard to achieving DR [198]. On the other
hand, a perfect but thick shell might take a long time to dissolve
compared to thin film coatings. Since at least two different polymers are
required, the overall manufacturing process is quite complex and must
be well understood in order to achieve good printing results.

2.2. Pellets and minitablets

While pellets and minitablets describe different dosage forms and
their conventional production is very different, they will be described
together in this review due to their similar dimensions and the resulting
requirements and challenges. The related manuscripts are also listed
together in Table S8 in the supplementary material to this review. Fig. 4
(A and B) shows two examples of dosage forms belonging to this
category.

According to the Ph. Eur., pellets (spheroids) are classified as gran-
ules. They are spherical objects, usually between 200 and 2800 pm in
diameter, with a smooth and uniform surface and generally have an
increased mechanical strength and flow behavior compared to conven-
tional granules [35,209-211]. Pellets are produced conventionally by
rounding segments of extrudates or granules.

Minitablets are tablets with a diameter smaller than 3 mm, according
to Lennartz and Mielck [212]. Oblong minitablets with a length of 6 mm
have also been described [213]. Regardless of these definitions, this
chapter also lists those tablets that were described as minitablets by the
respective authors. For a better overview, the dimensions of the 3D
printed tablets are included in the supplementary material in the list of
manuscripts for this chapter (see Table S8). These tablets offer several
potential advantages, including improved dosing accuracy and
increased adherence in patients who have difficulty swallowing larger
tablets, e.g. children [214-217]. Minitablets are usually produced by
using conventional tablet presses equipped with single- or multi-tip
punches [217,218].

The 3D printing of pellets and minitablets is an alternative, additive
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Drug loaded infill

Fig. 4. 3D printed pellets, capsules and orodispersible films, A: Ibuprofen pellets made from PEO (Al), EC (A2) and MA-EA (A3) (Reprinted from [205], with
permission from Elsevier), B: VPP printed pellets with support structure; CAD model (B1), non-optimal formulation (B2), optimal formulation (B3) (Reproduced with
permission from [206], published by MDPI, 2021), C: Model of multicompartmental capsules with (C1) and without (C2) pores (Permission granted by [207],
published by John Wiley and Sons, © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim), D: MEX (SE) printed film with QR Code labeling containing various
information, view of the plain film (D1), rolled-up film, visualizing its flexibility (D2) (Reproduced with permission from [208], published by MDPI, 2019), all figures

were modified.

manufacturing method. The size of the dosage forms is a challenge for
the process depending on the additive manufacturing technique chosen.
Sizes of less than 2 mm, for example, which are required for unimpeded
passage through the pylorus even in the fed stomach state with given
mechanical stability, pose challenges for some printing methods
[219-222]. Nevertheless, besides VPP and PBF also MEX methods have
been described.

The spatial resolution of the light or laser-based printing systems
supports their use in the production of small structures such as pellets.

10

Using PBF, Awad et al. were able to produce pellets with diameters of
1 and 2 mm and different release kinetics. To achieve IR properties, they
utilized PEG-PVA while to extend the release ethyl cellulose (EC) was
used. The authors were also able to combine both release properties in
dual-layered pellets [223].

The excipients and drugs used in the production of pellets by PBF
also appear to have a decisive influence on the morphology of the par-
ticles obtained. Comparatively smooth particles were obtained with MA-
EA, while 3D printed particles containing EC were relatively sharp-
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edged. PBF of macrogol, which was also investigated in this research
work, is interesting because only comparatively low processing tem-
peratures of 50 °C were needed. The macrogol and EC pellets shown
seem to possess a rougher surface than those made of MA-EA (Fig. 4A)
[205].

In contrast, relatively smooth ibuprofen particles with ER can be
produced from a mixture of PEG 400, PEGDA 600, diphenyl (2,4,6-tri-
methylbenzoyl) phosphine oxide and tartrazine using VPP. Even if the
particles obtained are printed very precisely, particularly in the x-y di-
rection, an increase in size was seen in the z direction depending on the
resin composition. In addition, the support structures required for the
printing process must be removed after printing (Fig. 4B) [206] which
complicates the process.

Minitablets can also be produced with VPP, as shown by Adamov
et al. Here too, the dimensional deviations from the CAD model are
larger in the z-direction than in the x- and y-directions. The printed
minitablets were always flatter than they should be. For almost all
models, the complete release of the drug was achieved in less than an
hour [150].

The resolution of the MEX (FE) and MEX (SCE) processes appears to
be sufficient for minitablets. Recently, cellulose derivatives like hypro-
mellose [224,225], HPC [224,226,227] and HPMCAS [228,229] have
mainly been investigated for MEX.

Krause et al. printed hypromellose and HPC tablets with a 0.25 mm
nozzle and investigated the influence of the size of the minitablets (di-
ameters of 1.5, 2, 3, and 4 mm) on the release of the model drugs. The
release of the entire drug took between approx. 1 and 4 hours depending
on the size of the minitablet [224]. Similar results were also shown for
oblong minitablets made of PVA [230]. Structural adjustments, that
appear to be primarily of a cosmetic nature, such as star shapes, heart
shapes or rings, are also an option for 3D printed minitablets [231].

Ayyoubi et al. studied the impact of excipients and geometry on
nifedipine dissolution from minitablets. The authors printed solid and
porous, spherical minitablets with PVA, HPC, EC, and copovidone fila-
ments. The effect of the excipients used exceeded the influence of the
geometry [226].

Due to observing high drug degradation (> 30%) with MEX (FE)
printing, Malebari et al. switched to MEX (SCE) printing methods for
printing minitablets, which reduced the degradation to less than 5%.
This is probably also due to the process parameters, as temperatures of
120 °C were required for the production of the filament, whereas only 80
°C was needed for printing with MEX (SCE) [228].

Sanchez-Guirales et al. used MEX (SCE) to produce minitablets with
a nifedipine loading of 25% to enable the printing of materials which are
usually difficult to process into filaments. The authors observed that a
higher proportion of the plasticizer PEG 4000 improved content uni-
formity, while higher proportions of HPC further extended drug release
[229].

The only MEX (SE) printed minitablets identified for the investigated
period are already described within the ODT section [57,59].

Dose adjustments for drug products formulated as pellets or mini-
tablets can usually be made by weighing or counting the dosage form.
3D printing of these dosage forms is possible and can also be used to
influence their properties, but the throughput is still too low for mean-
ingful medication production, especially for pellets, particularly if they
still have to be post-processed as with VPP methods.

2.3. Capsules

According to the Ph. Eur., capsules are single-dose, solid pharma-
ceutical dosage forms, which are usually intended for oral administra-
tion. The Ph. Eur. distinguishes between hard and soft capsules [232].
Traditionally, capsule shells for hard capsules are usually manufactured
industrially using the dipping pin process. The animal product gelatine
is mainly used, but vegan and vegetarian alternatives such as hypro-
mellose and pullulan are also used [233-235]. Soft capsules are formed
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and filled in a single production step [232,236].

In this analysis, research articles that repurposed 3D printers as
dosing devices to fill non-3D printed capsules were excluded. Manu-
scripts were included in the capsule section in which the printing of an
outer envelope and a non-3D printed filling is described. This filling
material can also be a tablet [237]. For this chapter, 3D printed capsules
were also included in which the active ingredient itself was not printed
and was only filled into the capsule, as this is also more common in
conventional processes. Thus, most of the examined studies on 3D
printed capsules focus on the production and functionalization of
capsule shells. A distinction is also made between one-piece and two-
piece capsules. This information is also included in the list of manu-
scripts on printed capsules in Table S9. Two-piece capsules can be filled
after manufacture, whereas this is not possible with most one-piece
capsules. With the latter, filling takes place during the process, which
is usually made possible by pausing the printing process. The predom-
inant printing method is MEX (FE). PVA in particular is currently used
for the printing of capsule shells. Even though PVA is water-soluble, its
swelling and dissolution process can lead to a higher lag time in disso-
lution curves and a slower dissolution compared to regular gelatine
capsules. This effect can be increased by using PVA-hypromellose-
mixtures [238]. In their comparison, however, Gaurkhede et al.
mention but do not discuss the influence of different capsule wall
thicknesses. The gelatine capsules had a lower thickness (approx. 100
pm) compared to the printed PVA capsules (approx. 390 pm). An even
thicker, uninterrupted PVA capsule shell of 0.9 mm was printed by
Cotabarren et al. to successfully delay drug release [239]. The influence
of printing settings such as wall thickness and infill of 3D printed PVA
capsules on their release was investigated. Single and multi-
compartment capsules with different filling materials were intended to
provide customized ER profiles [240]. 3D printed, pure PVA shells have
also been used to encapsulate filling materials like spray-dried solid
dispersions and drugs which were applied via inkjet printing [241,242].

No lag time was observed when holes were incorporated into the
model of the capsule shell so that the filling material was immediately in
direct contact with the release medium. This was utilized, for example,
by Alganthano et al. for the release of a cyclosporin containing self-
nanoemulsifying drug delivery system. They observed that the release
rate was slower when the substance was only released through the
capsule hole. However, after approximately 30 minutes, the release rate
increased notably when the 0.8 mm thick PVA shell ruptured, exposing a
larger surface area of the filling to the media. In addition, a larger hole
size slightly increased the release rate [243].

Another option to achieve direct contact of the drug to the release
medium is to incorporate the drug directly into the PVA capsule shell as
shown by Palekar et al. Here, the one-piece capsule itself was filled with
an aversion liquid to prevent possible misuse of the drug, which could
theoretically also be an opioid, for example, through manipulation of the
dosage form, e.g. by crushing or extracting the drug with solvents which
would also lead to release of the aversion liquid [244].

A broad variety of delayed and both delayed and sustained release
profiles with PVA-based capsules was achieved by Pereira et al. The
authors also varied the wall thicknesses of their 3D printed, multi-
compartmental “polypill” for this purpose, while filling each compart-
ment with a mixture of macrogols of different chain lengths, lactose
monohydrate and either lisinopril, rosuvastatin, indapamide and
amlodipine. Furthermore, the water-insoluble, thermoplastic polymer
PLA was utilized for a modified, multicompartmental capsule model
with pores of different sizes in order to achieve IR- as well as ER profiles
for the four drugs incorporated (Fig. 4C) [207].

PVA- and PLA-based filaments not only promise a certain potential
for the printing of dosage forms for humans in addition to their already
established application in technical 3D printing but could also be used
for the production of veterinary medicines. The mono- and multi-
compartmental capsules for ruminants developed by Gallo et al.
measured up to 106 mm in length and were so large that the authors had
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to modify the USP 2 apparatus for dissolution testing. The drug urea was
released from the capsule after the PVA-printed parts dissolved [245].

PLA can also be used in conjunction with pharmaceutical polymers.
PLA improved the mechanical and adhesive properties of the MA-EA
filament which was used by Nober et al. to produce enteric capsules.
It was also found that a higher layer height can cause premature release
from the capsules in this setting [246].

The enteric properties of MA-EA were also utilized for two-chamber
polypills. Also here, filaments made of the pure polymer were reported
to be too brittle if not enough plasticizer was added [247].

Other filaments and 3D printed dosage forms made from pure
methacrylate copolymers were also reported to be brittle
[185,248-250]. The fact that this property can also be used to create
pressure-sensitive capsules was demonstrated with the use of pure
ammonio methacrylate copolymer (type B) (amMA-B; e.g. Eudragit®
RS) [251,252].

Various processes such as banding and sealing have become estab-
lished in conventional production for the gapless closure of liquid-filled
hard capsules [39,253]. For their 3D printed capsule shell, Zhang et al.
tested different formulations based on HPC and evaluated the sealing of
the capsule to ensure prolonged release of the drug inside the capsule.
While formulations without plasticizers were either not printable or the
printed capsules had pores, the addition of high-molecular macrogol and
amMA-B enabled a delayed release from the encapsulated, directly
compressed tablets by up to 3.5 hours. Sufficient sealing of the capsule is
also ensured by the seamless fit of the two capsule parts into each other
and their large overlapping area [254].

Another methacrylate copolymer-based material, bbMA, was used
together with TEC and talc to 3D print an ER capsule. Since bbMA is
soluble in acid media the capsule was enteric coated with MA-EA after
printing using the dip-coating method [250].

A one-piece capsule filled with a self-nanoemulsifying drug delivery
system for an ER of lansoprazole and curcumin was achieved by Kul-
karni et al. using HPC and polyvinyl caprolactam—polyvinyl aceta-
te—polyethylene glycol graft copolymer (Soluplus®) as capsule shell
materials. The authors were also able to increase the delaying effect by
varying the thickness of the capsule shell [255].

Other enteric-coated polymers, such as the cellulose derivative
hypromellose phthalate, have also been used for the production of
gastro-resistant or pH-responsive capsule shells using MEX (FE) printing.
The bronze-colored capsule printed by Eleftheriadis et al. contained
macrogol as a plasticizer and showed a strong acceleration of drug
release during the transition from simulated intestinal fluid (pH 6.8) to
phosphate buffer (pH 7.4). There was no release of the model substance
in the gastric medium [256].

To date, little research has been reported in the field of 3D printing of
capsules with laser-based systems. Nevertheless, prolonged releases
from capsule shells have been achieved with VPP and PBF printing
processes [257,258]. Two-piece capsules were printed in both
approaches.

Capsules intended for colon targeting release the drug even later in
the GIT. For this targeting approach, the capsule shell can be function-
alized, e.g. by using polymers that are expected to dissolve in the colon
at pH values above 7.0. Asadi et al. printed capsules made of 80% poly
(methyl acrylate, methyl methacrylate, methacrylic acid) (7:3:1) (MA-
MMA-MA, e.g. Eudragit® FS 100) and 20% PLA. By using this approach,
the authors showed that no drug was released at pH 1.2 and less than
20% was released at pH 6.8. Once pH values of 7.4 were reached the
drug was released from the hydrogel within 29 hours [259]. Another
approach for colon targeting is the use of an insoluble, open capsule shell
made of PLA and fill it with a drug-loaded ink based on colon release
polymers. This was done by Almeida et al. by also using an automated
filling approach for their camptothecin-loaded MA-MMA-MA-based ink
[260].

Interestingly the literature research for this review did not identify a
research article utilizing gelatine to 3D print capsule shells. So far, it
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seems that PVA in 3D printing of capsules is the analogy to gelatine in
conventional manufacturing. It is most likely widely used because it is
cheap and easily available. A certain functionalization of the capsules, e.
g. by adjusting the geometric structures, seems to offer advantages over
regular capsules. The chapter on gastro-retentive dosage forms, for
example, provides further insights into this (Gastro-retentive dosage
forms). However, from the authors’ point of view, a simple, 3D printed
capsule shell, e.g. made of PVA, offers no general advantage over regular
capsule shells.

2.4. Films

While the Ph. Eur. only mentions orodispersible films (ODF) and
mucoadhesive buccal films in the context of preparations for use in the
oral cavity, the USP names films as an independent pharmaceutical
form. In addition to buccal films, sublingual films are also intended to
facilitate the absorption of the drug through the mucosa. Oral films, on
the other hand, are intended to achieve a local effect or absorption via
the GIT [39,261].

Based on the various definitions of films, they are classified into these
different types hereinafter:

- ODF: Film that disintegrates rapidly in the oral cavity (less than 3
minutes, limit for ODT according to Ph. Eur. [40])

- Oral film (local): Films applied in the oral cavity to deliver the drug
locally.

- Oral film (GIT): Films that are intended for absorption via the GIT
and are not ODF.

- Buccal/sublingual film: Mucoadhesive film designed for prolonged
systemic absorption of the drug through buccal or sublingual
mucosa.

This classification was also applied to the dosage forms listed in
Table S10.

Conventionally, films are produced via hot-melt extrusion and
solvent-casting methods [262]. Theoretically, the dose of a film can be
adjusted by cutting it to size if the drug distribution within the film is
homogeneous. Here, 3D printing of films could be a solution to provide
accurate dosing directly for individual patients. 3D printed films con-
taining solvents have a production advantage over many other geome-
tries with a lower SA/V. Due to their large surface area, films allow rapid
evaporation or vaporization of solvents, so that they can dry quickly
after the printing process or sometimes even during the process [263]. In
a majority of the identified manuscripts (15 out of 40), ODFs were re-
ported, followed by local oral films (10 manuscripts) and buccal/sub-
lingual films (8 manuscripts). Most often, MEX (SE) printing was
employed (26 times).

2.4.1. Orodispersible films

ODFs are designed to disintegrate quickly in the oral cavity [261]. In
addition, ODFs promise good swallowability and are, therefore, also
promising dosage forms for use in pediatrics [264]. In contrast to orally
disintegrating tablets, neither the Ph. Eur. nor the USP have regulations
for the disintegration time or release time of ODFs. As a result, publi-
cations often follow the disintegration guidelines for orally dis-
integrating tablets, which are 3 minutes for the Ph. Eur. and 30 seconds
for the FDA Guidance for Industry, respectively [40,41]. Various ap-
proaches for suitable test methods have already been published
[265-267]. However, these methods differ from one another and make
it difficult to compare the results.

Most 3D printed ODFs are produced by the precise deposition of
liquid, highly viscous or semi-solid preparations using MEX (SE). The
solidification of the liquid or semi-solid formulations after deposition
can occur, for example, through drying, freezing, or sol-gel transitions.
Hypromellose is primarily used as the film-forming excipients
[268-273]. These hypromellose formulations can contain only a
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plasticizer in addition to the drug and the cellulose derivative in the
dried state [270,273]. Similar to conventionally produced films, 3D
printed hypromellose films can also contain other additives such as
fillers and sweeteners [268]. But also, the combination with other gel-
ling agents and thickening agents to modify the film properties has been
studied. This involved examining both, the combination of film formers
in a multilayer film, where each layer contained one film former, and the
mixture of multiple film formers for use within one layer [269,271].
Panraksa et al. evaluated hypromellose as well as other cellulose de-
rivatives and polysaccharides, examining their effects on rheology,
printability, disintegration time, and other film properties. They ach-
ieved a rapid in vitro disintegration within 2.1 + 0.3 seconds with films
containing carmellose sodium [272]. The cellulose derivative hydrox-
yethylcellulose (HEC) was also used in various grades for the production
of multilayer ODFs [263,272], while HPC films were used to customize
the dosage of the drug warfarin, which has a narrow therapeutic range
[208,263]. The latter was also compared with MJT-printed films and
also labeled with a quick response (QR) code by MJT (Fig. 4D).

In further investigations HPC was superior to PVA, whose dried,
drug-loaded films did not exhibit the required mechanical properties
without further additives [274].

Although cellulose derivatives dominate ODF printing with MEX
(SE), other polymers can also be used. Sublingual films made from so-
dium alginate and macrogol with insulin disintegrated in less than 6
seconds and released the entire drug in 30 seconds, reducing blood
glucose levels by about 60% in rats within 30 minutes [275]. Melt sy-
ringe extrusion below 100 °C was used to produce maltodextrin-based
films that disintegrate within 80 seconds [276].

The syringe extrusion of molten macrogol and poloxamer has been
investigated in two studies, of which one also included QR codes for
digital information access [277,278]. This utilization of 2D and 3D
printing can also be found in other dosage forms and is certainly a
beneficial use of the technology, as it can contribute to drug and therapy
safety by providing any type of information, starting with general in-
formation such as the drug substance and dosage to more specific data
such as the patient’s name and individual instructions for use.

While MEX (SE) methods are widely used for 3D printed ODFs, MEX
(FE) is also usable. Printing macrogol filaments follows a relatively
simple approach in terms of the materials used. Macrogol with a relative
molecular weight of 100,000 was printed into films at temperatures of
135 °C. The addition of the model drug cannabidiol had a softening
effect on the film and reduced the hardness and elastic modulus with
increasing proportion [279].

Comparing films printed using MEX (FE) with those produced by
conventional solvent casting using HPC and PVA with aripiprazole
showed faster release from printed films. The publication further illus-
trates the resulting surface structures of the different manufacturing
techniques. However, the solvent-casted films exhibited higher puncture
strengths [280]. Also, structure related is the approach to print mesh-
like structures instead of thinner but uninterrupted films. This can
decrease disintegration times by about half [281].

2.4.2. Oral films (local)

Oral films that are intended to exert a prolonged local effect should
be mucoadhesive to avoid their accidental swallowing and to ensure
greater patient compliance. The fields of application are, for example,
the treatment of inflammation [282-285] and candidiasis [286] or for
local pain therapy [287,288]. To achieve this, the majority of re-
searchers utilize the mucoadhesive properties of hypromellose
[283,285-291] and carbomer [291,292] by MEX (SE) methods. But also,
the printing of molten polymers can lead to mucoadhesive films
[282,285,288].

VPP was also used to print flexible films for local intraoral therapies,
even if the number of publications is very low - as is the case with many
intraoral and peroral dosage forms [283].
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2.4.3. Oral films (GIT)

Cellulose derivatives are the predominant film formers for the pro-
duction of films that are intended to be swallowed as well [293-298].
The polymers were printed by MEX (FE) [293,297] or as hydrogels using
MEX (SE) [294,295,299]. The research group led by Ming-Wei Chang
used electrohydrodynamic printing to print cellulose acetate IR- [296]
and ER [296,298] films. The method is reminiscent of a mixture of
classic inkjet printing and electrospinning and is intended to deliver a
high resolution while minimizing the thermal burden. The authors also
printed a film in the form of a hollow cylinder with various release
properties, which they call a capsule. However, as the dosage form
cannot be filled, it is listed here [300].

2.4.4. Buccal films

Buccal films are intended to deliver the drug over a longer period of
time via the oral mucosa and therefore require mucoadhesive properties.
The incorporated drug is intended to bypass the GIT and thus the first-
pass effect and leads to a systemic effect [39,261].

Buccal films usually contain hydrophilic polymers that form hydro-
gels with saliva, which adhere to the oral mucosa [261]. Here too, MEX
(SE) of hydrogels made from these polymers was the most frequently
used 3D printing method for the production of buccal films in recent
years. Unfortunately, not every publication that claims to develop a
mucoadhesive dosage form actually investigates this mucoadhesiveness.
Occasionally, reference is made to the mucoadhesive properties of in-
dividual excipients without proving that these can also exert this prop-
erty in the given concentration or in combination with the other
components of the film. In addition to the synthetic polymers, PVA
[301,302], natural and semi-synthetic substances such as gelatine
[302], alginates [301] and cellulose derivatives [293,301,303-305] are
used as film formers.

In addition to simple films, more complex structures can also be
printed into films with special properties. The two-layer, hormone-
containing film produced by Abdella et al. is intended to reduce the
leaching of the drug through the saliva with its backing layer. The in-
fluence of the pattern of the drug layer on the release was also investi-
gated. The rectangular pattern released the drug most quickly, while a
plain film led to the slowest release. The release rate of the films with
honeycomb pattern was in between [305]. The mesh-like film developed
by He et al. contained three layers designed to improve the bioavail-
ability of the drug, the local pH value, and the mechanical stability of the
film. MEX (FE) of mucoadhesive substances for the production of buccal
films also seems possible, even if it is less popular [306,307]. It can be
coupled with MJT to deposit heat-sensitive drugs [306].

2.5. Other oral dosage forms

2.5.1. Gastro-retentive dosage forms

GRDFs are advanced peroral medications designed to enhance the
retention of the dosage form in the stomach and release the drug there,
thereby improving the drug’s bioavailability and therapeutic efficiency.
Drugs that are absorbed primarily in the upper small intestine and with a
narrow absorption window are expected to benefit from gastro-retention
[308,309]. Several strategies have been proposed to avoid gastric
emptying of dosage forms, including high and low density dosage forms,
expanding dosage forms, and mucoadhesive dosage forms. Conventional
GRDFs are often floating drug delivery systems (FDDS). They are usually
divided into effervescent or non-effervescent floating systems. Effer-
vescent tablets used for gastric retention create gases which make the
dosage form float [309,310]. Turac et al. recently published a review
article where they listed the different types of GRDFs and also included
recent research of such 3D printed devices [311]. GRDFs are not spe-
cifically listed in the Ph. Eur. 3D printing of GRDFs is an interesting
approach as it opens up completely new possibilities for dosage forms.
By adapting the printing parameters (especially infill parameters), air-
filled spaces can be created. Those air pockets can make the dosage
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form swim on top of the gastric fluids, which is called buoyancy. Other
essential parameters for GRDFs are the floating time, the floating onset
(lag time of floating mechanism) and the release kinetics.

This chapter focuses on the different shapes and approaches of 3D
printed GRDFs (see also Table S11-13). It is essential to point out that
many 3D printed dosage forms contain air-filled spaces because of the
general printing build-up process of three-dimensional objects (shell and
infill). Changing infill patterns or percentages is often done to modify
the release kinetics of dosage forms, as seen in the chapter on
Immediate-release tablets and Extended-release tablets. But also cap-
sules frequently contain air pockets. Therefore, the floating of such ob-
jects on liquids is always a possible property. Unfortunately, many
papers do not check for buoyancy of the final printed dosage forms. It
depends on where the research focus is put. Furthermore, even if
buoyancy is achieved in vitro this is no guarantee for in vivo gastro-
retention. The manuscripts screened within this chapter focused on
the implementation of potentially gastro-retentive properties and often
claimed this attribute already in the paper’s title. It is possible that some
papers listed here also fit into a different category (e.g. capsules) of this
article.

Most of the screened papers used the concept of FDDSs. For example,
air-filled sections were created by changing the tablet’s infill [312-318],
predetermined air-filled chambers were designed in the computer model
[319-322] or capsule-shaped devices with air-filled sections and
incorporated tablets were manufactured [323-326]. In the case of
tablet-filled capsules, typically, the shell designed to promote gastro-
retention was printed while tablets were incorporated that were pro-
duced using conventional manufacturing processes. Nevertheless, these
manuscripts are included in this category. Completely different ap-
proaches of 4D printing and mucoadhesion were also utilized to a
certain extent [327-329]. 4D printing incorporates the dimension of
time, enabling the printed object to change its shape [26]. For
mucoadhesive dosage forms, the tablet is supposed to stick to the
stomach’s mucosa therefore increasing the gastric residence time [330].

The 3D printing techniques used were MEX (FE) and (SE). For MEX
(FE), most of the authors combined the method with a preceding HME to
manufacture drug-loaded filaments [313,331,332].

The most used materials were hypromellose, HPC, PLA, different
polymethacrylate types, and PVA. Water-soluble materials which can
swell or erode, such as hypromellose or PVA, were often used
[333-335]. Water-insoluble materials such as PLA were also used e.g. to
print cavities for manufactured incorporated IR tablets [336]. The used
drugs were versatile, and often, model drugs were used for a proof-of-
concept.

One example of 3D printed FDDSs is the work of Chen et al.. By
changing the infill parameters (infill percentage) within the slicing
software, (rectangular) multiple air-filled pockets were created, which
can presumably lead to gastric retention. Chen et al. extruded pro-
pranolol hydrochloride containing PVA filaments and used them to print
ellipsoid-shaped tablets. They used two different infill percentages, 15
and 25%, respectively, and analyzed the in vitro gastric floating.
Floating of their printed tablets, without any lag time, was achieved but
with a relatively short floating time of 2.11 + 0.05 hours (15 % infill)
and 1.96 + 0.04 hours (25% infill) [318]. Changing infill parameters
can lead to floating dosage forms because of air-filled pockets, but the
choice of material is also crucial for longer floating times.

Another design approach was implementing one big air chamber
inside the tablet. Zhao et al., for example, designed a core-shell tablet
with one big air chamber on one side and a drug-releasing hole on the
other. The shell consisted of water-insoluble PLA, and the core was made
of hypromellose and loaded with venlafaxine hydrochloride. The au-
thors used a dual extrusion MEX (FE) approach to print FDDSs. They also
analyzed the drug release behavior with changing hole diameters (3 to 9
mm). Because of its insoluble PLA shell, the tablets floated for the tested
24-hour period without any lag time. It is reported that the tablets al-
ways faced down towards the release medium with its drug-releasing
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window. With a diameter of 9 mm, a drug release over 24 h was ach-
ieved [319]. Unfortunately, the paper does not state the size of the final
dosage form, but it is probably at least 11 mm in diameter. After the
hypromellose core is dissolved, the PLA shell stays inside the stomach,
which might be problematic with respect to potential intake frequency
as opposed to the presumed slow degradation.

Chen et al. also designed a core-shell tablet but used a dual nozzle
MEX (SE) instead of a dual MEX (FE) approach. One print head was used
to print a clarithromycin-loaded low-density hypromellose shell, and
another was used to print a gas-creating floating core mainly consisting
of EC and carbomer. Interestingly, the core structure of the dosage form
incorporated two different floating approaches. Instead of one big air-
filled chamber, as seen by Zhao et al., it had multiple microcavities.
Those irregular microcavities were created between the print layers by
changing their alignment. These grew into small round cavities as the
ethanol contained in the formulation evaporated during production. On
top of that, the authors incorporated CaCOj into the core, which
generated CO2 once the tablet came into contact with water. This
combinational effect led to a floating time of more than 10 hours
without a lag time [337].

Another overall design approach is manufacturing capsule-shaped
devices with an air-filled space inside. Jeong et al. designed a complex
PLA capsule with two integrated magnets, two different incorporated
tablets, perforations for water influx and drug-releasing holes (Fig. 5A1-
2). The design aimed at controlling the drug release of an incorporated
commercially available IR baclofen tablet by the capsular floating device
around it through drug-releasing holes. The second placebo tablet was
incorporated to dissolve faster than the baclofen tablet. When this
happens, the two magnets would get closer together, closing the previ-
ously opened windows which were intended to allow for initial water
influx. The components of the baclofen tablet were then released
through the still-opened drug-releasing hole. Floating of the capsular
device for more than 24 hours was achieved (Fig. 5A3) [324]. This
approach also results in a quite large insoluble capsular device. More-
over, the basic idea is quite complicated. However, it shows the potential
of designing complex geometries and what is already possible with
filament-based 3D printing.

A completely different idea is the design of shape-changing GRDFs
over time by using 4D printing. Such an expandable drug delivery sys-
tem was designed by Uboldi et al. They used 3D printing and melt
casting to manufacture a collapsible and expandable device. The
metformin-containing core was melt-casted with PCL, and the flexible
arms were 3D printed and made of polyurethane (PU). After assembling
both parts, the device was collapsed and put into a capsule. This trans-
formative process is supposed to keep the devices inside the stomach by
expansion after oral intake of the capsule [327]. Once again, printing
techniques were only used to print the device responsible for gastric
retention, not the drug itself. In addition, a rather large capsule with a
size of 25.3 mm has to be swallowed, in order to realize a dosage form
with the doses required for the treatment of type II diabetes (500 - 1000
mg).

In summary, using 3D printing processes (especially MEX (FE) and
(SE)) offers a lot of potential for complex, previously unrealizable shapes
of GRDFs often used for proof-of-concept studies. Air-filled spaces can be
flexible and easily adapted during the design phase or when adapting
infill parameters, and they offer the potential for floating dosage forms.
The use of 3D printing for potentially gastro-retentive dosage forms
seems to be reasonable; however, quite large dosage forms are often
manufactured and in vivo performance has not been evaluated.

2.5.2. Chewables

There are various preparations that can or must be chewed or
crushed by the patient prior or during administration, which can be
found in different parts of the Ph. Eur. and the USP. Both Pharmaco-
poeias describe chewable tablets and gums, while the USP also mentions
chewable gels [39,40,342]. The Ph. Eur. also lists soft capsules for use in
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Fig. 5. 3D printed gastro-retentive dosage form, child friendly chewable gels and food-like chewables and dental dosage forms, A: Gastro-retentive 3D printed
capsular device, components of capsular device with integrated tablets and magnets, (IR: immediate-release, RDT: rapidly dissolving tablet, A1), final dosage form
after assembly (A2), floating capsule on the surface of a filled vessel (A3) (Reproduced with permission from [324], published by MDPI, 2020 B: molded, LEGO brick-
like gummies with embedded, 3D printed, drug-containing strands (Reproduced with permission from [338], published by MDPI, 2019), C: 3D printed food-like,
chewable cereals in various shapes (Reprinted from [339], with permission from Elsevier), D: heart and bear shaped gummies (Reprinted from [340], with
permission from Elsevier), E: Clonidine-HCl loaded 3D printed dental retainer (Reproduced from [341], Springer Nature, 2019, reproduced with permission from
SNCSCQ), all figures were modified.
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the oral cavity, which are intended to be chewed or sucked [261]. For
this chapter as well as for the overview in Table S14, these classifications
have been adopted and also the category of food-like medicines is briefly
described and discussed.

Chewable tablets are tablets that must or can be chewed before
swallowing to ease swallowing or for faster release. Hard chewable
tablets are generally produced by compression, usually using easily
soluble and good tasting excipients such as sugar and sugar alcohols as
binders and fillers. Soft chewable tablets are usually produced by a
molding or extrusion process. The chewability and taste of the chewable
tablets are decisive criteria [39,40].

Taste masking also plays a role for 3D printed chewable tablets.
Tabriz et al. aimed to produce personalized, taste-masked dosage forms
of ibuprofen using polyvinyl caprolactam-polyvinyl acetate—poly-
ethylene glycol graft copolymer (Soluplus®), copovidone, and bbMA.
All polymers effectively masked the taste in vivo. bbMA achieved nearly
90% drug release in gastric acid within 15 minutes, copovidone showed
slower release at pH 7.2 [343]. The authors further optimized the bbMA
formulation for faster release and better taste masking and tested child-
friendly shapes like hearts and bananas to enhance pediatric acceptance
[344].

Han et al. investigated a multiphasic formulation with solid, liquid
hydrophilic, and lipophilic components. The influence of three excipi-
ents on breaking strength, friability and release was examined. Subse-
quently, an evaluation of different amounts of sweetener and flavoring
agents was performed. Different dose levels were realized by different
child-friendly geometries [345].

In the field of veterinary medicine, chewable tablets are quite com-
mon, although it cannot be assumed with certainty whether the animal
really chews the tablet or not. In order to make the dosage form more
palatable to the recipient animal, different flavor enhancers are added
depending on the species. In case of the theophylline and gabapentin-
containing chewable tablets printed by Sjoholm et al., liver powder
was added for dogs and cats. The compositions of the two formulations
used were identical except for the drug [346,347].

Chewable gels, also known as “gummies,” usually consist of gelling
agents, sugars, water, sweeteners, and flavorings. These gels retain their
shape, are elastic, and are meant to be chewed before swallowing. They
are typically produced via molding [39].

3D printed chewable gels are also mostly based on hydrogels.
Therefore, the obvious printing method here is the semi-solid extrusion
of gels. Chewable gummies printed by other methods could not be
identified. Gelatine [338,340,348-350], hypromellose [348,351] and
carrageenan were used in particular [340,349,350,352], but also the use
of other well-known hydrogel formers such as xanthan gum [340,350],
pectin [353,354] and agar [351] has been reported.

Whereas in the production of chewable tablets the added water was
always dried out if present, there are reports on different processes for
chewable gels in which an additional drying step was sometimes carried
out [348,353] or not [338,340,349-354]. Shrinkage has occurred, when
drying was performed [353]. The addition of various polyols not only
usually improved the taste of the dosage form, but also acted as a
plasticizer and humectant [338,352-354]. Two different shaped 3D
printed child friendly gummies can be seen in Fig. 5B and D.

Rouaz-El Hajoui et al. came up with the idea of incorporating
omeprazole pellets into a chewable gel in order to formulate the drug in
a child-friendly way while retaining the enteric properties of the pellet
coating. In order to simulate the influence of the chewing process on the
release, the gels were divided into eight fragments. However, whether
this can simulate to chewing by a child and how a chewing process can
influence the integrity of the pellet coating was not investigated [350].
Overall, this type of oral dosage form could be particularly interesting
for children, as it is visually and haptically reminiscent of familiar
sweets and therefore shows good acceptability [354]. However, it
should be mentioned that this similarity also represents a potential risk
that should not be underestimated.
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Several publications also investigated 3D printed dosage forms that
resemble ordinary foods. These food-like medicines are usually chewed
just like normal food products. Due to their nature, these dosage forms
are difficult to categorize. A completely different approach to the ones
mentioned so far is the production of 3D printed chewable tablets using
commercially available cereals and milk as excipients. While the choice
of milk with a higher fat content led to an improved release of ibuprofen,
this effect was less pronounced with paracetamol. The authors hope that
this formulation will increase the acceptance of medicines by children in
hospitals (Fig. 5C) [339]. Other food materials are also being investi-
gated for oral dosage forms. The 3D printing of chocolate was estab-
lished in the food sector and several printing systems designed for this
purpose are already on the market [355]. Chachlioutaki et al. dispersed
paracetamol into a ready-to-print chocolate formulation and compared
the printed dosage forms with molded dosage forms. The printed dosage
forms showed a faster release of the drug in comparison to the molded
cubes. The reason for this behavior is not discussed by the authors [356].
Also, Karavasili et al. used chocolate and corn syrup to incorporate an-
algesics into child-friendly oral dosage forms [357].

In both cases, however, there is a risk of confusion between the
pharmaceutical form and foodstuffs without active ingredients, espe-
cially if they are inadequately labeled or stored within reach of children.
Furthermore, the polymorphisms of the cocoa butter which is contained
in the chocolate can probably complicate the formulation and produc-
tion of chocolate printlets [358].

Overall, it can be said that MEX (SE) is probably the method of choice
for most researchers to produce chewables by 3D printing. This is
probably not least due to the fact that dosage forms produced using
other techniques (e.g. MEX (FE)) can be too hard to chew. However, it is
remarkable that no approaches to PBF or BJT-printed chewables were
found for the time period analyzed. Most publications mention the
supply of pediatric patients as the intended main area of application.
Here, the 3D printing of chewable preparations should increase the
acceptance through good taste and candy-like appearance, while precise
dosing for these patients should be ensured by the 3D printing process as
such.

2.5.3. Dental

Traditional dental devices, such as dental trays and orthodontic re-
tainers, have primarily been used for maintaining teeth alignment after
orthodontic treatment. These devices are typically custom fitted to the
patient’s dentition and are made using molds taken directly from the
patient’s teeth. However, 3D printing offers a transformative approach
to the design and production of these dental devices, enabling greater
customization, more efficient manufacturing processes, and the poten-
tial for drug delivery directly from the device itself.

Three manuscripts have been identified that explore the application
of 3D printing in dental dosage forms, specifically focusing on dental
trays and orthodontic retainers (see Table S15). These studies demon-
strate the potential for these devices to deliver both local and systemic
treatments.

Jiang et al. investigated the incorporation of clonidine hydrochloride
into a 3D printed orthodontic retainer designed for long-term drug
administration. The study utilized a previous mold of a volunteer’s teeth
to capture the individual teeth orientation, which was then scanned and
transferred to a CAD file to produce a customized retainer (Fig. 5E). The
retainer was printed using a combination of PLA and PCL in an 8:2 ratio
to achieve the necessary mechanical strength, while small amounts of
macrogol 4000 and polysorbate 80 were added to modify printability
and drug release characteristics. Drug release was sustained over a
period of a few days, though the exact amount of drug released depen-
ded on the duration of wear, highlighting a challenge in the application
of drug-loaded retainers. Unlike traditional orthodontic retainers, which
are worn multiple times, often overnight, this drug-loaded retainer was
designed for single use only due to the one-time release of the drug
[341].
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Berger et al. developed an individualized dental tray for the localized
delivery of urea, aimed at preventing tooth decay. This tray was
designed to release the incorporated drug unidirectionally, targeting the
teeth directly without releasing the drug into the oral cavity. While this
controlled release behavior was successfully demonstrated in printed
objects with other forms, the effectiveness of the printed dental tray
itself in achieving similar release characteristics was not confirmed
[359].

Further expanding on these innovations, another study explored the
use of 3D printing to create a controlled fluoride delivery system. This
study demonstrated the feasibility of using 3D printed dental devices to
provide sustained fluoride release, thereby offering a promising method
for continuous prevention against dental caries over extended periods.
The fluoride-releasing devices were created using a specific polymer
blend that allowed for controlled release, ensuring that the therapeutic
agent was delivered directly to the teeth surfaces over a prolonged
period of time [360].

2.5.4. Others miscellaneous

The flexibility of 3D printing has enabled the development of oral
pharmaceutical forms that could not be categorized in previous sections,
either due to a limited number of publications or because they do not
align with traditional pharmacopeia classifications. This chapter focuses
on these rarely investigated or novel 3D printed oral dosage forms. Due
to the diversity of these dosage forms, an analysis of preferred methods
and materials only makes limited sense. A list of these dosage forms is
given in Table S16.

Sublingual tablets are applied under the tongue to achieve a systemic
effect. Their shape is adjusted to the place of application [261]. Lopez-
Vidal et al. used MEX (SE) to modify the shape of sublingual tablets to
fit into the sublingual cavity and to adjust the dose. The formulation is
primarily based on easily soluble macrogol and contains domperidone
nanocrystals as drug [361].

Dispersible tablets are tablets that are dispersed in a dispersion me-
dium before use. Rapid disintegration in the medium is therefore an
advantage and is also explicitly demanded in the Ph. Eur.. This dosage
form is particularly suitable for dysphagic patients and is usually more
stable than aqueous dosage forms during storage, especially regarding
hydrolysis and microbiological contamination. The concept of Panraksa
et al. of the 3D printed tablet in a syringe aims to be able to adjust the
dose precisely and at the same time offer a rapidly dispersible dosage
form [362].

As already described for chewables, hydrogels can also be used for
peroral drug delivery. However, hydrogels that are not chewed and do
not match the typical appearance of tablets are mentioned here. In
addition to MEX (SE) [363-366], VPP was also used to produce oral
hydrogels [367]. Koshovyi et al. printed IR, nanoemulsified eucalyptus
extracts in grid patterns and investigated their antimicrobial activity. De
Oliveira et al. incorporated nanocapsules into cylindrical printlets and
analyzed their release in an ethanol-containing release medium [363].
Vadivel et al. examined the influence of pH on the release from their
biopolymer-based hydrogels. The release from the carrageenan-based
3D printed hydrogels occurred fastest in acidic conditions. In sum-
mary, 3D printed hydrogels for peroral use are currently rather rare and
the areas of application are few.

3. Parenteral dosage forms

Parenteral dosage forms according to the USP include injections and
implants and are administered through an external barrier to allow for
direct administration of drug substances [368]. The monograph lists
special tests for the following specific parenteral dosage forms: solu-
tions, sterile powders for solutions, suspensions, liposomes, sterile
powders for suspensions, emulsions, implants, and drug-eluting stents.
The Ph. Eur. [369] defines parenterals as sterile preparations designed to
be administered via injection, infusion, or implantation and
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distinguishes between injections, infusions, concentrates for injections
or infusions, powders for injections or infusions, gels for injection, im-
plants and intravitreal preparations. Parenteral dosage forms include
liquid, semi-solid and solid dosage forms — for 3D printing applications
solid dosage forms are relevant, even though during the printing process
often semi-solid states are necessary. Solid parenteral dosage forms are
typically intended for a sustained drug release over long periods of time
either to act locally at the site of implantation or systemically after drug
release and absorption into the blood. Traditional production methods
for implants include HME, which is often used to produce rod-shaped
implants, but also molding to produce specialized shapes. For very
specialized local implants, e.g. vascular stents, the use of pharmaceuti-
cally unconventional methods such as laser cutting of the stent backbone
and subsequent coating have been employed.

One of the most important requirements for parenteral dosage forms
is sterility. Besides parenteral dosage forms, ophthalmics, preparations
to be used during surgery, and preparations to be used on large open
wounds are typically required to be sterile. Ophthalmic dosage forms are
not covered in this chapter, however intravitreal preparations which
belong the parenteral dosage forms are mentioned here.

The topic of 3D printed drug-eluting implants has been subject to
reviews before, for example parts of our group gave an overview on this
topic in 2021 [370]. However, quite a few new manuscripts have been
published on the topic since then, therefore it is worthwhile to also
revisit the topic here. In the meantime, passive loading of the implants
with drug, for example by incubation of filaments or printed structures
in drug solutions, has almost disappeared from literature reports.
Sometimes it is still reported, especially when in research settings the
use of highly potent drugs in non-dedicated equipment is problematic
[371]. One of the reasons why these techniques are rarely considered is
the fact that these methods are very limited regarding the loading ca-
pacity as well as the control of drug release. There are still many reports
in which drug-containing coatings are applied to 3D printed structures,
however, these studies have also been excluded here (see introduction
for exclusion criteria). (Micro)-reservoir system approaches are also not
discussed in this chapter. This includes systems which are filled with
drug solutions or drug powders and control release via an external
trigger, via a programmed release rate or via diffusion, even though
several interesting approaches describing 3D printed devices have been
published, e.g. [372-375]. Articles with the main focus on tissue engi-
neering were not included either, even if they contained supplementary
drugs.

Especially in the case of implants, it is also difficult to differentiate in
some cases whether the 3D printed drug-eluting implants would be
categorized as medicinal products or as medical devices. As the decision
regarding this is up to the regulatory agencies, the authors of this review
will avoid these terms for the drug-eluting implants and parenteral drug
delivery devices described. Medical devices are also subject to a separate
article in this special issue.

For implants, shape individualization plays a major role — not only
because of its potential to influence the release characteristics by the SA/
V or inner geometries (infill fraction and pattern) but also because im-
plants for certain implantation sites should fit into the body orifice or
defect into which they are implanted and the outcome for the patient is
expected to improve if the implant has the dimensions to assure ideal fit.
In traditional manufacturing approaches this problem is typically
overcome by offering several sizes of implants that can be selected by the
surgeon, however this approach has obvious limitations if the anatom-
ical structures or defects show great interindividual variability that
cannot be covered with several standard sizes. In these cases, an implant
specifically designed and 3D printed for the individual patient based on
the available imaging data might be suitable to optimize treatment. A
challenge associated with such individualized shapes is, however, that
drug release must also be expected to change as the shape of the im-
plants varies. A potential approach to deal with this problem is predic-
tion of drug release data, as for example attempted by [376-378].



T. Auel et al.

Depending on the size of the implant and the degree of individualiza-
tion, also different techniques to manufacture implants may have to be
considered, as the resolutions that can be achieved using the available
techniques greatly differ to-date. Techniques such as MEX (FE) or MEX
(SE) may find their limitations when a very high spatial resolution is
required and VPP or MJT seem to be promising methods in such cases.
However, washing or rinsing processes which are often reported in
products that were fabricated using polymerization reactions are typi-
cally to be avoided if drug is present at the outer surface of an implant as
it is unclear how much of this drug will dissolve and thus be lost during
the process. So far, these issues have not been systematically addressed
according to the authors’ knowledge.

Also, other aspects such as radial strength in case the implant also
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must fulfill mechanical support functions will greatly depend on the
manufacturing technique and materials used. Therefore, also many new
excipients are developed for use in 3D printed products and may provide
great potential. On the other hand, the potential risk arising from an
implant permanently in contact with the tissue and body fluids is also
expected to be high. The studies necessary to achieve regulatory
approval for new implant materials, such as PEGDA, which is often
employed in VPP printing in combination with crosslinkers that also
would require regulatory approval, are expected to be associated with
high costs.

To the author’s knowledge, there is no FDA-approved, or EMA-
recommended marketed 3D printed drug-eluting implant or parenteral
drug delivery device to date, and the current INDs (investigational
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Fig. 6. Different 3D printed parenteral dosage forms, A: image of a 3D printed hollow implant for the outer ear canal used in an individual curative trial in a human
(Reproduced with permission from [380], published by MDPI, 2022), B: microscopic images of ibuprofen-loaded polylactic-co-glycolic acid implants (meshes)
prepared by droplet deposition modelling (MEX (SCE), top) or MEX (FE) (bottom) using the same materials and digital designs (Reprinted from [382], with
permission from Elsevier), C: scanning electron microscopic images of printed microgels, scale bar 500 pm (Reprinted/adapted with permission from [383], © 2019
American Chemical Society); D: image of compartmental implant with individual near-infrared triggerable release of insulin (Reprinted from [384], with permission
from Elsevier), E - F: different scales of printed meshes, E: photograph (top) and scanning electron microscopic image (bottom) of a scaffold composed of poly-
caprolactone, polyethylene glycol and roxithromycin (Reprinted from [385], with permission from Elsevier), F: scanning electron microscopic image of a nano-
composite specimens printed from polycaprolactone (Reproduced with permission from [386], published by MDPI, 2021), G: photographs of polylactic-co-glycolic
acid scaffolds containing ketoprofen (Reproduced with permission from [387], published by MDPI, 2024), H: design of pulsatile release implant with drug containing
and release controlling layers (Reprinted from [388], with permission from Elsevier); I: images of twisted star-shaped implant in side view (top) and cross sectional
view (bottom) (Reprinted from [389], with permission from Elsevier), J: photograph of arrowhead array device (Reprinted from [390], with permission from
Elsevier), all figures were modified.
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medicinal products) are for peroral dosage forms (see introduction).
However, drug-free implants used as replacement material for bone
defects are available, for example, from Oxford Performance Materials,
Inc. [379]. These implants are produced via selective laser sintering
(SLS), a process belonging to the PBF techniques, from a poly-
etheretherketone (PEEK) — based material. According to Oxford Per-
formance Materials Inc., they are the only company to have received
FDA 510(k) approval to print patient-specific polymeric implants.

Furthermore, an individual curative trial using a 3D printed drug-
eluting device has been reported in 2022 by Matin-Mann et al. [380]
in which a shape-individualized hollow implant was printed in a MEX
(SE) setup with a silicone elastomer with subsequent ultraviolet (UV)
light curing for cross-linking. The implant contained dexamethasone
and ciprofloxacin and was implanted into the outer ear canal of an eight-
year-old child who suffered from restenosis of the external ear canal
after a series of surgeries. An image of the implant is given in Fig. 6A.
The drugs were chosen to prevent acute infection, reduce inflammation
and to suppress the formation of granulation tissue. Such a product
containing two different drug substances might still be a medical device
if the support of the hollow structure preventing collapse of the opening
is considered the main therapeutic concept. The implant was removed
after 3 months as the materials were not approved for long-term im-
plantation. 12 months post-surgery the outer ear canal showed good
patency and no adverse effects were reported. However, it must be kept
in mind, that this is not the result of a clinical trial with defined end-
points, parallel group design, etc. and the therapeutic approach as well
as the manufacturing process will have to undergo further thorough
evaluation. Nevertheless, it is to the author’s knowledge the first report
of a successful implantation of a 3D printed drug-eluting implant in
humans. The study, however, also reveals that further effort is needed to
develop products that can be marketed. In this case, for example, the
implant was treated with UV light not only for the polymerization but
also to reduce potential microbial contamination. In the performed
sterility tests, no microbial contamination was detected. However, the
method does not provide the same safety as a terminal sterilization
process. There are other sterile products composed of dexamethasone
and silicone that have been on the market for decades, e.g. lead tips for
pace maker electrodes, so there must be an established procedure to
manufacture sterile implantable medical devices of this composition.
ELA Medical Inc., for example, reports that its pacing leads are sterilized
with ethylene oxide [381]. Nevertheless, the topic of achieving sterility
as well as the absence of pyrogens within parenteral products remains
challenging, as many sterilization processes are expected to potentially
impact on factors such as polymer chain length and drug stability.
However, processes established for implants produced via traditional
manufacturing methods such as HME should be transferable to 3D
printed melt extrusion-based products as well.

The performed literature search yielded 101 manuscripts (see
Table S17-22) that were classified to belong into this section. For sys-
tematic evaluation, the manuscripts were first divided into on the one
hand manuscripts describing no specific implantation site or just a type
of tissue (e.g. subcutaneous administration) but without a specific
location and on the other hand dosage forms for placement in a specific
part of the body (e.g. in the ear, in the vascular system, etc.). The latter
implants are typically designed for a local drug therapy whereas in the
first group also systemic therapy strategies were reported. Fig. 6 shows
exemplary 3D printed parenteral dosage forms.

3.1. Implantable drug delivery systems with no specific implantation site

In the category of implants developed without a specific implanta-
tion site or just a type of tissue specified for administration, 24 manu-
scripts were identified with the described search parameters (see
Table S17). A general problem concerning long-acting parenteral dosage
forms is that the size of the implant to accommodate drug is limited,
which also limits the amounts of drug that can be incorporated,
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especially if release controlling excipients amount to large fractions of
the mass of the dosage form. This limitation is even more pronounced
when the drug is expected to distribute in large compartments as
intended in systemic therapy. Therefore, especially highly potent mol-
ecules should be considered as potential drug candidates for these types
of dosage forms. Besides the use of classical small molecules as drugs for
long-acting 3D printed dosage forms, also attempts to print proteins
[384,391-394] or siRNA [395] have been reported. In addition to the
immense variability concerning potential drug molecules, also a range of
3D printing techniques was used and accordingly also great variability
regarding the materials used as excipients was observed. The described
techniques included different MEX and VPP-based technologies, and one
report also employed MJT-based printing. Solid (full infill) structures as
well as meshes/ grids and other geometric structures such as rings were
reported.

Two reports actually compared the manufacturing of the same
formulation using different techniques. Muhindo et al. [396] compared
a MEX (SE) process with a conventional HME process for production of
implants composed of PCL, PEO and the drug raloxifene hydrochloride.
The authors concluded that both methods were suitable to produce
implants and report comparable data concerning the performed in vitro
characterization. However, the authors stated the potential of 3D
printing to easily adapt the release behavior and to personalize dosage
forms. Bassand et al. [382] presented a study in which the same
formulation consisting of poly(lactic-co-glycolic) acid (PLGA) and the
model drug ibuprofen was printed using either a MEX (FE) process or the
so-called freeforming droplet deposition modeling which is a MEX (SCE)
process in which theoretically no continuous strand is extruded but a
piezo actuator forms droplets at the nozzle outlet. However, the authors
reported on a continuous droplet string caused by the high frequency of
actuation. Nevertheless, the implants obtained with the two techniques
which are depicted in Fig. 6B are optically quite different and also dif-
ferences regarding the release profiles were reported. While the authors
did not draw any general conclusions concerning the suitability of the
compared methods, this publication emphasizes that processing pa-
rameters are extremely important in 3D printed products, especially
when structured objects are produced, as the mechanical properties and
the homogeneity of the material leaving the nozzle as well as its sub-
sequent behavior (e.g. hardening upon and after deposition) will be of
great impact for the resulting product. Therefore, understanding these
processes is essential for further development and production. It is also
interesting to note, that the authors of the above-mentioned manuscript
avoided the filament fabrication with the MEX (SCE) process but
nevertheless performed a HME with subsequent cutting of the extrudate
to small cylinders prior to MEX (SCE) printing, presumably to assure
homogenous material for feeding of the MEX (SCE) printer.

In other studies, the shape of the dosage form in general or the
arrangement of different materials was in the focus of the studies, as the
comparably easy control of these parameters is a clear advantage of the
3D printing techniques. It must be kept in mind though, that implants of
complex shapes may be more challenging regarding the implantation
procedure opposed to rod-shaped objects as typically produced via HME
that can often be administered via a syringe with a large cannula or
similar applicator.

Liaskoni et al. [397] showed how adding a drug-free printed coating
layer (shell) using the same excipient (PCL) as for the drug-containing
core dramatically slowed down release of the drug lidocaine (6% drug
release opposed to 50 — 60% after 4 days) from discs produced using a
MEX (SE) setup.

While MEX techniques were mainly used to produce macroscopic
objects as the aforementioned discs with a diameter of several milli-
meters, VPP can also be used for very small objects. Liu et al. [383]
presented a study in which microgels loaded with paclitaxel-containing
nanoparticles were produced that possessed different shapes such as
cylinders and cubes but also triangles and stars (Fig. 6C). The authors
reported, that the microgels can be injected presumably upon immersion
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in a fluid. In spite of the very small objects printed (from the provided
images, the sizes seem to have been below 1000 pm) in which only fairly
short diffusion path lengths can be achieved, the authors reported drug
release data for 7 days. However, the used drug paclitaxel has a very low
solubility in water and it was not reported whether sink conditions were
maintained in the release experiments. The drug was incorporated into
the gel embedded in nanoparticles, which is an approach that was
chosen by several authors.

In peroral administration, amorphous state of the drug in the dosage
form is often desired to achieve sufficiently fast dissolution and a high
concentration gradient to increase bioavailability. In long-acting im-
plants, this is typically not necessary. Nevertheless, if the polymer
effectively controls release, amorphous state of the drug, if stable during
storage, may also be desired. Manini et al. [398] published a study of
embedding amorphous paliperidone palmitate obtained from cryo-
milling in PCL and printing it using a MEX (SE) process. Drug release for
more than 150 days was reported and the production of a filament,
which typically includes two heating processes, was avoided. Never-
theless, for a thermostable drug HME during filament production might
also be employed for the amorphization of the drug.

A triggerable release device was presented by Kim et al. [384] who
designed an implantable reservoir with four drug-loaded regions sepa-
rated by drug-free compartments consisting of PCL. The drug-eluting
compartments contained PCL as well and in addition lauric acid and
melanin as well as the model protein drug insulin. Drug release was
triggered by near infrared (NIR) light which increased the temperature
of the irradiated compartment and resulted in melting of the lauric acid.
By placing an insulating compartment between the drug-loaded com-
partments it was possible to selectively trigger drug release from an
individual compartment (Fig. 6D). An alternative trigger to initiate drug
release was presented by Wang et al. [399] by using a magnetic field as
an external trigger acting on magnetic hollow fiber scaffolds loaded with
gels that contain drugs or proteins. However, triggered drug delivery
systems will need a lot more investigations, for example to exclude
unintentional triggering of drug release e.g. by physiological (e.g. fever)
or external unintentional stimuli.

When implants are placed in tissue, sometimes implant migration is a
cause for potential concern, which is why some marketed implants
contain radiopaque materials to allow for localization such as barium
sulfate. An alternative suggested by Muldoon et al. [400] in the context
of 3D printed implants is to include iron oxide nanoparticles in printed
implants to provide contrast for computed tomography imaging. How-
ever, the addition of barium sulfate should also be possible in MEX-
based printed objects in many cases, as this is also used in marketed
implants produced via HME.

3.2. Implants with specified sites of implantation

Among the drug-delivery devices for specific application sites,
several manuscripts belonging to the following subcategories were
identified, that are discussed below. These subcategories are implants
placed in the vascular system and stents, implants for ear, eye and si-
nuses, bone implants, and intratumoral implants.

In addition, several reports concerned implants that do not fit into
any of the categories mentioned above. However, to provide an over-
view of the large number of application sites and printed geometries,
these are listed in Table S18, and selected publications are also
mentioned here. Ponsar et al. [378] reported on a modular implant for
intraarticular administration consisting of a drug-free shell and a core
releasing triamcinolone acetonide. The authors reported that the shell
could be adapted to the individual anatomy while the core could be
personalized with regard to dose and release rate. The shell and the core
polymer contained EC, TEC and fumed silica and the core in addition
contained the drug triamcinolone acetonide and hypromellose as a pore
forming agent. Three other manuscripts dealt with cartilage replace-
ment and regeneration where most likely the mechanical aspect of the
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implant is predominant and the drug included might cause an adjuvant
effect to prevent infection or protect the remaining natural cartilage.
Another implant was designed to be implanted in close proximity to a
mechanical implant (e.g. following / during joint replacement surgery)
to prevent or treat infections that are a potential complication associated
with the implantation. Furthermore, three publications were found in
which VPP was used to produce tubes or rolled up self-adhesive films to
be placed around an injured nerve to promote regeneration. Two man-
uscripts reported the printing of hydrogel implants for brain delivery
and two manuscripts were identified in which 3D printed objects were
designed to be used in combination with piercings / earrings to prevent
or treat local infections.

3.2.1. Vascular application sites and stents

Among the drug-delivery systems placed in the vascular system,
especially vascular stents and grafts as well as catheter systems were
reported. Eleven publications were identified presenting systems to be
placed in the vasculature (see Table S19). Therapy goals of the drugs
incorporated included prevention of re-stenosis, promotion of re-
endothelization and prevention or treatment of infections often as an
adjuvant approach to a mechanical function of the implants. MEX (FE),
MEX (SE) as well as VPP based processes were reported. In the case of
drug-eluting vascular stents, an important question is, how much drug
actually reaches the vessel wall tissue and how much is released to the
blood flowing through the device. Another major issue besides con-
trolling drug release is to find a balance between providing enough
mechanical support of the vessel and achieving small struts, as strut
thickness and stent geometric design seem to be a very relevant factor
[401]. Ha et al. [402] showed the great variability of designs that is
easily achievable with a 3D printing approach combining a MEX (SE)
setup with a rotating rod that is used as the print bed in order to form the
delicate cylindrical structures. According to the authors, the radial
strength of at least one of the printed systems was comparable to a metal
stent. The authors report on the in vitro release of paclitaxel from the
PCL based stent for 1.5 years, however, in this study it is also unclear
whether sink conditions were achieved for the extremely poorly water-
soluble drug.

A comparable production setup in which MEX (SE) printing onto a
rotating object was performed was presented by Kim et al. [403] who
developed a stent for the treatment of inflammation occurring during
obstructive salivary gland disease. The stent contained amoxicillin and
cefotaxime in a PCL base. Compared to vascular stents, the amount of
media flowing through the implant is expected to be lower, however a
certain drug drainage from the intended site of action still may be ex-
pected. The development of stents for yet another site of application was
reported by Prasher et al. [404] who designed a steroid-eluting esoph-
ageal stent for the treatment of eosinophilic esophagitis. The system was
printed via a VPP technique and eluted fluticasone for at least 28 days.
The local drug delivery to the esophagus is intended to increase the local
tissue concentration while minimizing potential adverse effects often
associated with systemic exposure and improving patient adherence
through the long-term release.

3.2.2. Drug-eluting implants for ear, eye and sinuses (frontal neo-ostium)

Five reports were identified in the performed literature search in
which systems for the ear were developed, of which one was designed as
the ear piece of a hearing aid with adjuvant antimicrobial drug to pre-
vent biofilm formation [405] (see also Table S20). This drug delivery
system is not an implant, however as no further reports of comparable
devices were found, it is listed here. Another device was the previously
mentioned one for the prevention of re-stenosis of the outer ear canal
[380] which was actually used in a human patient in an individual
curative trial involving surgical opening of the stenosed ear canal. The
other two publications [406,407] were aiming at therapy of the middle
or inner ear which is challenging when administration in the outer ear
canal is intended as the tympanic membrane and in case of inner ear
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delivery also the round and/or oval window membrane have to be
overcome. However, the exact site of administration is not clear. In case
these delivery devices would be placed in the outer ear canal or at the
auricle (as the ear piece mentioned above) sterility would not be
required and it is not a parenteral application. Alternatively, implants
might be placed in the middle ear or even in the cochlear, however the
degree of invasiveness increases and the space available for implanta-
tion decreases. A concept for a 3D printed implant designed to be placed
in the middle ear for inner ear delivery was reported by Mau et al. [408].
Even though this manuscript was not found in the performed literature
search, it shall briefly be mentioned, as the topic is interesting for 3D
printing of individualized implants. The implant is intended to be
printed based on imaging data for the individual anatomy of a patient’s
round window niche and should deliver dexamethasone across the
round window membrane. As the round window niche shows a
comparably large anatomical variability but only a small size, a VPP
method using PEGDA incorporating dexamethasone was used to print
implants with dimensions of approximately 3 x 2.5 x 2 mm. While the
formulation showed good printability, problems concerning drug sta-
bility were observed, which occurred during long-term storage but also
directly after manufacturing in cases when post-curing in a UV light
curing oven was performed. This publication shows how important it is
to look into stability matters as well. Partially the same authors also
published a manuscript [409] on the development of a hollow individ-
ualized implant to be implanted into the frontal neo-ostium in patients
with surgical treatment of chronic rhinosinusitis. In this case a polymer
based on trimethylammonium chloride monomers was printed in a VPP
process and the model drug acetylsalicylic acid was used. There is
another publication on an implant for the same site based on MEX (FE)
by parts of our group, in which a hollow implant was printed with a
drug-free luminal as well as a drug-containing abluminal layer [377].
The idea behind this concept was to allow drainage through the implant
and deliver drug to the contacting tissue while preventing drug release
into and transport from the site with the drained fluid. Ammonio
methacrylate copolymer type A (amMA-A, e.g. Eudragit® RL) and
amMA-B were used as polymers for the abluminal layer containing the
model drug paracetamol and commercially available PLA filament was
used for the barrier layer.

Three reports have been published on drug delivery systems for
placement in or at the eye, namely 2 for intravitreal administrations and
1 for implantation into the conjunctival tissue. The very small size of the
implants is challenging here. In all three manuscripts rod shaped objects
were described in which the MEX (SE) printers were mainly used like a
small extruder and apparently the added value of a printer of being able
to determine the location of deposition was not used. In one of the
manuscripts [410] in addition to rods also cuboids and rings were
printed which showed different release kinetics. However, in this case it
also has to be kept in mind that for intravitreal administration often an
applicator is used to inject the implant into the vitreous, which is most
likely not possible with implants that are not rod-shaped.

3.2.3. Drug-eluting bone implants

A great number of publications were identified dealing with implants
to be placed in contact with or to substitute bone (see also Table S21).
Most studies in this field dealt with the release of anti-infective or anti-
inflammatory drugs in combination with promotion of bone regenera-
tion. However, the topic of bone regeneration and tissue engineering is
very diverse and many unconventional techniques and excipients are
used in this field. For this reason, studies with a focus on tissue engi-
neering were excluded here. There are several other reviews dedicated
to this topic such as [411-413]. Only if the focus was on drug delivery e.
g. for anti-infective drugs, the systems were included in this review. In
total, 14 publications remained, of which 2 included drug-loaded sur-
gical fixation devices in the shape of screws supplemented with an anti-
infective drug. The other publications dealt with materials to be used in
bone defects, e.g. after trauma or due to removal of infected bone. These
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materials would have to be personalized regarding the outer shape for
the specific patient lesion. Benmassaoud et al. [414] and Ranganathan
et al. [415] in their two publications on the topic printed a femoral
implant with a specifically designed shape resembling two inter-
connected semi-circles using MEX (FE) technique. The implant was
designed to be used in patients who suffered from an osteomyelitis
following joint replacement surgery where the initial implant had to be
removed due to a severe infection. Even though the implants were quite
large, the shape of the printed object seemed to have optimization po-
tential. The authors of those studies also evaluated alternatives
including PBF-printing of a metal implant that can be filled with drug
solution and act as a reservoir. In that case, the shape seemed to fit the
designed object much better. In the majority of the identified publica-
tions, however, a specific shape was not printed, even though it should
be a manageable task using 3D printing methods. Typically grid struc-
tures were printed opposed to filled designs as ultimately replacement
by bone tissue was desired. Accordingly, the polymers used were pref-
erably biodegradable such as PLA or PCL. However, the scales on which
these meshes were produced were very different among the publications
and it is conceivable, that this makes a great difference for bone
regeneration as well as mechanical features of the implants. Fig. 6E and
F show exemplary images of the material mesh structures obtained in
different publications. Typically, the scale and resolution of the printed
objects are directly connected to the printing technique. Nevertheless, in
most published reports in this category MEX (SE) printing was employed
but some reports on MEX (FE) were also identified. In the study in which
the strand width was well below 100 ym [385] (Fig. 6G) a special
deposition method was used employing electrohydrodynamic deposi-
tion. In several formulations hydroxyapatite was included as it is a
natural component of bones and teeth. It has been reported to promote
osseointegration in dental implants [416] and bone regeneration [417].
Because of its brittle nature, it has been used as a coating on metal im-
plants but is also considered in combination with other materials.
However, the mechanical aspects of composite materials will also need
to be checked, and individualized shapes might impact these features of
the implants.

3.2.4. Intratumoral drug-eluting implants

In the group of intratumoral implants, a comparably large number of
manuscripts (28 in total, see Table S22) was published in the time frame
chosen for the authors’ literature research with the applied keywords. It
is noticeable, that among the methods used for 3D printing MEX (SE) is
the most prominent method used in this category. Only two published
manuscripts used MEX (FE) setups and only two reports of VPP were
identified. Some authors referred to specific tumor locations such as
breast, brain, liver, ovarian or prostate tumors whereas others did not
specify this. In most publications, authors assumed that a solid tumor
was surgically removed and the implant would be inserted into the
resurrection site in order to prevent tumor re-growth caused by
incomplete tumor removal. The benefit of 3D printing for this site was
generally described as the flexibility to adapt the implant size and shape
to the operational space in combination with a flexibility regarding drug
(s), doses and release rates. Some authors also aimed at a triggered
release by an external stimulus, e.g. [418,419] or at an additional
therapy option such as a layer containing particles intended to enhance
radiation therapy [420]. As mentioned above, in most manuscripts from
this category MEX (SE) processes were employed. In many of the for-
mulations used for this purpose, sodium alginate solutions were used
that were often crosslinked with calcium ions via immersion in calcium
chloride solutions sometimes followed by washing processes. In the case
of water-soluble drugs, this seems to be a challenging manufacturing
method, as drug loss may be expected during the crosslinking and
washing procedures. Internal gelation methods, as described by [421]
might be an option here, however, in that publication the application
site of the epirubicin-loaded hydrogel is not given, which is why it is not
included respective table in the supplementary material section. An
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unconventional approach to “3D print” directly during the operation
into the region in which the surgery is performed was presented by
[422], who used a hand-held device to extrude an alginate-based
formulation which contained the drugs temozolomide and deferiprone
in PLGA and PVA based microparticles. In this study, a co-extrusion
method was used to bring the alginate vehicle in contact with calcium
chloride solution for crosslinking thus also avoiding separate cross-
linking and washing steps.

An interesting implant for application via a trocar to a tumor region
has been reported by Myung et al. [423] and a prototype is depicted in
Fig. 6H [388]. In the presented study the authors printed a PCL shell and
also internal structures composed of the same material to control release
and printed polyoxyethylene-polyoxypropylene triblock copolymer
(Pluronic® F 127) gels containing the drug doxorubicin alone or in
combination with cyclophosphamide in the center. A MEX (SE) method
was used for this purpose. The shell of the implant layer was made of an
eventually biodegradable material but drug release was intended to
occur via an opening on one of the ends of the cylindrical implant prior
to polymer degradation. By alternating drug-containing and drug-free,
porous layers, pulsatile drug release was achieved and modulated via
the design of the drug-free layers. This release behavior was considered
to be beneficial with respect to efficacy and potential adverse effects
according to the authors of that study.

Furthermore, some interesting implant shapes were reported in the
manuscripts dealing with intratumoral drug-eluting implants. These
include biodegradable 3D printed bilayer films loaded with two
different drugs, 5-fluorouracil, and cisplatin, that were incompatible
with each other and were therefore separated into individual layers
[424]. By using this setup, the release properties may also be controlled
separately by using different infill patterns and infill rates. Interesting
shapes were also produced by Hagan et al. [389] who produced drug-
loaded brachytherapy spacers intended for the therapy of prostate
cancer with different surface patterns to control release of the adjuvant
drugs incorporated. The implants loaded with docetaxel and dexa-
methasone were shaped as a regular rod, a star-shaped object (in cross-
sectional view) and a twisted star-shaped implant (Fig. 6I) and were
produced via VPP. VPP was also used by the same group to produce a so-
called arrowhead array device that somewhat optically resembled a
microneedle patch array to be placed within a tumor resurrection cavity
(Fig. 6J) [390]. The printing of implants containing paclitaxel and/or
cisplatin was reported and a first test in a mouse tumor model showed
encouraging results. The authors also exemplarily printed individual-
ized implants based on images of the resurrection sites. In contrast to the
rigid appearance of these implants, Li et al. [425] described flexible
meshes produced via MEX (FE) for glioblastoma treatment. The authors
reported that a flexible, biodegradable and individually shaped 3D
printed mesh might overcome limitations of the commercially available
GLIADEL® wafer due to mechanical mismatches of that implant and by
providing better coverage at the surgical margins.

4. Cutaneous dosage forms

Many dosage forms are administered onto the skin either for sys-
temic delivery of drugs or for local drug delivery to certain layers of the
treated skin section, or for protective or keratolytic effects on the skin
surface. The Ph. Eur. has several monographs for dosage forms admin-
istered onto the skin, including liquid preparations for cutaneous
application [426], semi-solid preparations for cutaneous applications
[427], powders for cutaneous application [428], patches [429], and
medicated plasters [430]. In case the dosage forms are intended for use
on large open wounds or on severely injured skin, they are required to be
sterile. As 3D printing is a manufacturing process for shaped dosage
forms, 3D printing of patches and similar structures may be considered.

Patches, according to Ph. Eur., are applied onto unbroken skin.
Depending on the intended site of action of the delivered drug (systemic
or local) the monograph distinguishes between transdermal and
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cutaneous patches. Transdermal patches are designed to deliver drugs
through the skin and into the systemic circulation [429]. These patches
provide a controlled, sustained release of medication over time, making
them suitable for long-term therapies such as pain management, hor-
mone replacement, and nicotine withdrawal. One of the key features of
transdermal patches is the ability of the drug to bypass the GIT, thereby
avoiding first-pass metabolism and reducing potential adverse effects
associated with oral administration. Those patches typically feature a
backing layer, which protects the dosage form from external influences,
enhances the occlusion effect, and facilitates packaging and secure
application. The drug is incorporated in a reservoir or matrix as a so-
lution or solid dispersion. Due to a pressure-sensitive adhesive, the patch
adheres to the skin. Cutaneous patches may have some similar features
but are intended for localized drug delivery directly to the skin, tar-
geting specific areas without significant systemic absorption. These
patches are ideal for treating localized conditions such as infections,
inflammation, and dermatological disorders. The focus here is on
delivering a high concentration of the drug at the site of application or in
close proximity, which enhances efficacy and minimizes systemic
exposure. Furthermore, the Ph. Eur. lists medicated plasters in an indi-
vidual monograph. These can be administered onto intact or injured skin
and are intended for a local protective, keratolytic, or antimicrobial
effect [430].

Thirty-four manuscripts were identified in the literature search,
investigating 3D printed cutaneously applied dosage forms, including
dermal patches, films, and wound dressings, intended for local or sys-
temic drug delivery. Often, a classification, according to the definitions
given above, was not possible, e.g. because it remained unclear whether
the reported systems achieved transdermal or cutaneous delivery. Many
were also intended for the use on injured skin. The identified formula-
tions were based on different technologies and excipients and can be
divided into gel-based and non-gelled patches.

In addition, 12 manuscripts were identified that presented research
on 3D printed microneedle patches (MNP), a dosage form administered
onto the skin but not listed in the Ph. Eur. to date. MNPs represent a
potentially cutting-edge technology in transdermal drug delivery sys-
tems, enabling the delivery of drugs through the skin by overcoming its
natural barrier with minimal invasiveness. This method has garnered
significant attention due to its potential to deliver a wide range of
therapeutic agents, including highly potent drugs and proteins. The use
of 3D printing in the fabrication of MNPs offers a highly customizable
and precise approach to designing these devices, allowing for tailored
drug delivery profiles and enhanced patient compliance. However, there
are no marketed products (whether 3D printed or not) to date in Europe
or the United States. The number of manuscripts in this category would
have been even higher, but in several cases, the drug was not applied in a
printing process, and therefore, these manuscripts are not discussed
here. In the following sections, the categories of non-gelled patches,
gelled patches, and microneedle patches will be addressed separately.
Fig. 7 gives an overview of some of the 3D printed dosage forms dis-
cussed below.

4.1. Non-gelled patches

The printed non-gelled drug-releasing patches are typically flat and
flexible objects. Some manuscripts describe printing the patch on a
backing layer [431,438,439], on packaging material [440], or just on
the build plate of the printer [441,442]. The materials used depended on
the 3D printing method, but most of the basic compounds were matrix-
forming and/or release-delaying polymers, as also apparent from
Table §23. Taking this into account, drug release could be prolonged for
a couple of hours up to a few days by incorporating the drugs into
different polymers.

Some manuscripts dealt with antibiotic patches, such as a study
presented by Altun et al., who printed a patch based on PCL and bac-
terial cellulose which contained 90° rotated strings, which form a
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Fig. 7. Different 3D printed cutaneous dosage forms, A: ketoprofen-loaded patch with inter-fibrous pores, printed (trans)dermal patch during peeling off from the
release liner (PSA: pressure-sensitive adhesive matrix; BL: backing layer; RL: release liner) (Reprinted from [431], with permission from Elsevier), B1-2: schematic of
coaxial electrohydrodynamic (EHD) printed fibrous mats and individual fibers (B1), fluorescent micrographs of top view of coaxial fibers (B2) (Reprinted from [432],
with permission from Elsevier), C1-4: 3D Core/shell (C/S) printing; C/S scaffold with the shell composed of alginate, methylcellulose and the core of 3% alginate,
colored with blue ink for visibility, after 1 layer of 3D printing (C1); a magnified image of the C/S strand (C2); C/S scaffold of 4 layers after finishing the 3D printing
(C3); a full strand (i.e., no core) 3D bioprinted scaffold of 4 layers (C4) (Reproduced with permission from [433], published by MDPI, 2021), D1-2: MEX (SE) printed
microneedle patch containing insulin (D1), device for post stretching the needle tips to their final form (D2) (Reprinted from [434], with permission from Elsevier),
E1-2: extrusion of the hydrogel ink using a microfluidic printhead (scale bar is 1 cm, E1), multifunctional wound dressings on a Tegaderm™ backing layer after UV
irradiation (scale bar is 2.5 cm). Different filament colors (achieved by using food dyes) highlight the capability to print filaments loaded with distinct drugs (E2)
(Reprinted/adapted with permission from [435], © 2021 American Chemical Society), F1-3: VPP-printed microneedle patch containing ibuprofen, patch after
printing (F1), SEM image of patch showing individual microneedles (F2), magnified view of one row of the microneedles (F3) (Reprinted from [436], with permission
from Elsevier), G: printed drug-eluting contact lens (Reprinted from [437], by permission of Oxford University Press on behalf of the Royal Pharmaceutical Society),
all figures were modified.

network. The authors mixed their basic compounds with one of three 14 days. However, returning to the definition of a patch, adhesion to a
antibiotic drugs to study the impact on the resulting patch. With the backing layer or skin adherence was not tested by Altun et al., leaving
increasing molecular weight of the used drug, the diameter of the in- questions regarding the successful application.

dividual fibers increased as well, changing the optic of the printed mesh. This topic was investigated by Musazzi et al., who took another
However, this did not influence the in vitro dissolution behavior, leading approach with a dense MEX (SE) printed patch based on amMA-A and
to the same dissolution profiles for all three drugs, releasing them over amMA-B and a high amount of plasticizers. The patch was printed

23



T. Auel et al.

containing either ketoprofen or nicotine on a backing layer and sealed it
with a release liner (Fig. 7A). The authors discussed that the viscosity of
the extruded material was crucial for printing patches. High fluidity led
to problems with the desired shape and size, while high viscosity led to
matrices that were too stiff to adhere to the backing layer. With the
developed composition, the authors were able to print patches with
great adherence properties and influence the dissolution behavior with
the ratio of the polymers.

Yao et al. investigated the control of drug release. Coaxial printing
was used to create an antibiotic patch based on PCL and PVP (Fig. 7B1).
The individual fibers of the patch consisted of an inner core containing
the drug in a PVP matrix and an outer drug-free sheath of PCL (Fig. 7B2).
The flow of the inner phase was changed to modify the speed of drug
release. With a low flow, a coarser PCL sheath was obtained, leading to
slower drug release, while a higher flow impeded the outer sheath,
increasing the drug release. Considering this, tailored release profiles
were obtained with 3D printing, contributing to a more personalized
treatment [432].

4.2. Gel-based patches

The gel-based patches found for this category all included gelling
agents that form a 3D network of hydrophilic polymers containing water
or water-miscible liquid. They adhere to the skin due to their specific
physical properties and are often used in wound care, burns, and other
applications where maintaining a moist environment is beneficial. In
most cases, the printed hydrogels were crosslinked by UV radiation or
the addition of chemical components to form an applicable dosage form.
For example, alginate-based hydrogels are crosslinked via contact with a
calcium chloride solution, while photocurable hydrogels containing
acrylamides are crosslinked through UV exposure. The respective gelling
agents and further information on the included manuscripts are also
listed in Table S24. The geometric structure of these 3D printed
hydrogels typically were rectangular porous meshes or dense networks
designed to optimize both the release of therapeutic agents and the
physical characteristics of the hydrogels.

3D printed dermal hydrogels are emerging primarily as innovative
wound dressings, particularly for managing diabetic wounds. These
specialized dosage forms are designed to protect the wound, promote
healing, and prevent infection, addressing the critical need for effective
treatment in chronic wounds that result from the impaired healing
process associated with diabetes. However, 3D printing offers significant
advancements in wound dressing therapy by customizing dressings to
fit a wound’s specific shape and size. Furthermore, it allows for precise
control over the release of therapeutic agents, which can be tailored to
meet the particular needs of individual patients. Materials commonly
used for 3D printed gel-based patches are alginates, chitosan, hyaluronic
acid, and cellulose derivatives, which are non-toxic and ideally suited
for cell contact. These materials can be loaded with antibiotics, growth
factors, or other bioactive agents to improve wound healing outcomes.

3D printed wound dressings can be engineered to optimize me-
chanical strength and flexibility, which are critical factors in effective
wound care. These dressings must provide sufficient mechanical support
to protect the wound site while maintaining the flexibility needed to
conform to various wound shapes and allow patient mobility. For
instance, Glover et al. demonstrated that the mechanical properties of
3D printed wound dressings can be fine-tuned by adjusting printing
parameters and the composition of biomaterials, ensuring that the
dressings meet the specific needs of different wound types [443].

Antibiotic wound dressings are an advanced form of wound care that
not only protect the wound site but also actively combat bacterial in-
fections, a common complication in chronic and diabetic wounds. These
dressings are designed to gradually release antibiotics over time,
ensuring the wound environment remains free from harmful bacteria.
However, since hydrogels often form a porous network, control of drug
release seems challenging.
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Akkineni et al. employed coaxial printing to produce hydrogels with
a distinct separation between the core and shell. In their design, the core
consisted of antibiotic drugs mixed with alginate, while the drug-free
shell contained alginate mixed with methylcellulose and laponite. This
method effectively reduced the burst release of drugs, thereby pro-
longing the antibiotic efficacy (Fig. 7C) [433]. A similar technique was
used by Fratini et al., who printed thyme oil-liposome-containing
hydrogels. The authors also utilized a coaxial printing approach to
incorporate thyme oil into the core. The design was enhanced by adding
free thyme oil to the shell to induce a burst release, providing an efficient
drug level shortly after applying the wound dressing. This resulted in a
biphasic drug-releasing hydrogel for wound healing [444].

Another significant advantage of 3D printing in hydrogel production
was demonstrated by Alizadehgiashi et al., who developed a multi-
channel printhead capable of combining different drugs and materials
within a single hydrogel (Fig. 7E1). This four-inlet printhead easily
adapts the desired drug doses and release profiles, making it a versatile
tool for creating customized wound dressings. In this study, multifunc-
tional hydrogel meshes were printed with different drugs based on a
chitosan-methacrylamide. With the 4-inlet printhead, alternating com-
binations of bovine serum albumin, silver nanoparticles, and vascular
endothelial growth factor (VEGF) were printable (Fig. 7E2). To test the
hydrogels in wound healing in vivo in mice, the dosage forms were
printed on a Tegaderm™ film as a backing layer. Compared to a control
group treated with only a Tegaderm™ film, faster wound healing was
observed in the group treated with the printed hydrogel. Besides, good
biocompatibility was shown by the authors [435].

Besides the potential application in wound healing, hydrogels
intended for transdermal or topical drug delivery were investigated.
Elshabrawy et al. developed a triple-layered system containing a 3D
printed alginate/hyaluronate hydrogel combined with two layers of
electrospun fibers for topical delivery of rosuvastatin [439]. Other ap-
proaches were made on topical drug delivery, for example, one from de
Oliveira et al., which used a pectin-based hydrogel with incorporated
clobetasol propionate. The drug was loaded onto mesoporous silica
nanomaterials and added to the hydrogel mixture containing carboxy-
methylcellulose, pectin, and glycerin. Via MEX (SE) printing a dense
gelled patch was printed releasing the drug over ten hours [445].

4.3. Microneedle patches (MNPs)

The 12 manuscripts identified in which the drug was 3D printed to
produce MNPs can be further divided into studies in which a one-step
MNP printing process was used where the drug was incorporated
directly into the microneedles and two-step printed MNPs, where the
needles were printed first and then coated with the drug using a sec-
ond printing process (see Table S25).

MNPs offer an easy-to-apply system that penetrates the skin’s
different layers with small needles, enabling transdermal delivery of the
drug. Due to the precision required in fabricating these structures,
techniques such as VPP are commonly used, though other methods like
MEX (SE) have also been employed. The individual tips of MNPs typi-
cally range from 500 to 1000 pm in height, with a peak diameter of less
than 25 ym, making them small yet effective in breaching the skin
barrier. The design of MNPs must ensure that the needles are sharp
enough to penetrate the skin and mechanically stable enough to main-
tain their integrity during application, which often necessitates the use
of rigid resins. However, due to the limited surface area and volume of
MNPs, they are best suited for the delivery of highly potent drugs.

The first category of drug-printed MNPs discussed here involves
coated microneedle patches. These MNPs are structurally stable and are
designed to be removed after drug delivery. All studies in this category
utilized VPP printing to create the finely detailed MNP structures
[446-448]. However, a significant challenge with this method is that
post-processing often involves washing the printed MNPs with organic
solvents and post-curing, which can lead to the loss of the incorporated
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drug (as previously discussed for parenteral dosage forms). To mitigate
this, the drug is typically applied in a second step through coating
techniques such as MJT.

For example, Economidou et al. prepared drug-free MNPs using VPP
printing and subsequently coated them with insulin using MJT. This
approach allowed for a highly defined and adaptable drug-loading
process, with the amount of insulin applied to each microneedle pre-
cisely controlled by the number of coating cycles. In vitro permeation
studies using Franz diffusion cells demonstrated rapid insulin release,
with 90% of the drug released within 10 minutes. In vivo testing in mice
further confirmed effective transdermal insulin delivery, with signifi-
cant reductions in glucose levels observed, comparable to subcutaneous
injections. However, scaling up this approach for human use and
ensuring adequate drug loading remains a challenge [446].

The second category includes MNPs where the drug is incorporated
directly into the microneedles during the printing process. These MNPs
are designed to either dissolve after application or release the drug
through pores as the needles penetrate the skin. Various 3D printing
techniques and materials have been explored to achieve these designs.

Bagde et al. printed an ibuprofen containing dissolvable MNP via
VPP printing (see Fig. 7F1-3), incorporating the drug into the resin.
However, it is unclear, if parts of the drug were washed out while post-
processing. To reduce the amount of resin used, the authors modified a
standard VPP printer to a smaller build platform, decreasing the resin
used to 10 mL. With this approach screening of different combinations of
compounds was possible with a lower waste of material. After finding
the best combination in terms of printing accuracy and mechanical
stability, the resulting tips had a height of 750 um with a diameter of 15
um at the top. In vitro dissolution studies demonstrated drug release
over 12 hours and the printed tips of the MNP had enough mechanical
strength to pierce the skin of rats in an animal study [436].

A MEX (SE) approach to print MNPs was used by Wu et al. with an
alginate/ hydroxyapatite hydrogel [434]. MEX (SE), usually not a
method for high-precision printing, was used to print a more cylindric
kind of tip, which was stretched to a sharp form afterward (Fig. 7D2).
The resulting tips had a height of 643 ym with a diameter of approxi-
mately 25 um at the top, showing nearly the same resolution as VPP-
printed MNPs (Fig. 7D1). The MNPs were tested in an animal model,
showing mechanical strength to pierce the skin. In this study the created
notches disappeared after removing the MNPs in 45 minutes, showing
that after application of the MNPs the skin regenerates quickly.

Li et al. used a special MEX (SE) printing technique called direct ink
writing to print pointed MNPs [449]. The technique was used with
different polymers like PEO, PVP, PLGA, or PCL and proved the ability to
create multifunctional MNPs for various release profiles. Compared to
other research, the authors reported the best resolution with a diameter
of 5 um at the top of the 700 um high tips of a PLGA-MNP. Furthermore,
the authors showed the possibility of creating bilayer tips to center the
drug at the tip peak on a drug-free pedestal. Using PLGA as the carrier
polymer, the drug was released for more than two weeks.

3D printing of MNPs offers a promising approach to creating highly
precise, customizable, and minimally invasive transdermal drug de-
livery systems. The studies reviewed highlight the diverse techniques
and materials that can be used to fabricate MNPs, each with its own set
of advantages and challenges. Coated MNPs allow for precise drug
loading and rapid release, while drug-incorporated MNPs offer the po-
tential for sustained drug delivery. However, further research is needed
to optimize these systems for clinical use, particularly in scaling up
production and ensuring consistent drug release profiles.

5. Ophthalmics

Ophthalmic dosage forms, according to the Ph. Eu., include eye
drops, eye lotions, semi-solid eye preparations, and ophthalmic inserts,
which are often limited by their short duration of action, requiring
frequent administration to maintain therapeutic levels. To address this
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issue, 3D printing has been explored as a means to create longer-acting
dosage forms that could enhance patient compliance and improve
treatment outcomes. In this review, various 3D printed ophthalmic
dosage forms, including contact lenses, ophthalmic patches, inserts, and
hydrogel scaffolds, were investigated (see also Table S26-27).

Recent research into 3D printed contact lenses has focused on
developing lenses capable of delivering drugs directly to the eye, tar-
geting indications such as local antibiotic or anti-inflammatory treat-
ment, as well as the sustained release of beta blockers. Four manuscripts
were identified that utilized liquid or semi-solid printing techniques to
produce these lenses.

Two manuscripts used gelatine methacrylate mixed with hyaluronic
acid or PEGDA in MEX (SE) printing to create clear, transparent, drug-
eluting contact lenses [450,451]. Zidan et al. demonstrated that these
lenses could release the incorporated drug dexamethasone for up to
seven days, thus improving ophthalmic therapy. However, despite the
promising duration of drug release, none of these studies addressed the
potential impact of the lenses on visual clarity. Recognizing this gap,
Mohamdeen et al. developed two different lenses using MEX (FE), one
featuring an opening in the center to reduce visual impairment poten-
tially (Fig. 7G). They incorporated timolol maleate for glaucoma treat-
ment and showed drug release for three days [437].

While some progress has been made in developing 3D printed con-
tact lenses, challenges such as biocompatibility and visual performance
remain key areas for further research.

In addition to contact lenses, three manuscripts explored the devel-
opment of ocular inserts, which are placed on the outside of the eye in
the cul-de-sac. 3D printed ophthalmic inserts include different forms,
such as patch-like inserts and punctual plugs.

Tagami et al. developed a hydrogel-based ophthalmic patch using
hypromellose as the base material, incorporating the antibiotic levo-
floxacin. To stabilize the patch during freeze-drying, mannitol or xylitol
were added. These rod-shaped patches demonstrated significant water
absorption, increasing their mass by two to ten times within 15 minutes.
Despite this rapid swelling, most of the drug was released within 60
minutes, providing only a marginal improvement over standard thera-
pies in duration of action [452].

Xu et al. focused on the development of punctual plugs using VPP
printing. Punctual plugs are small devices placed in the puncta or
canaliculus to improve tear film stability in patients with dry eye dis-
ease. Xu et al. designed a plug with a diameter of 1 mm and a length of
1.9 mm, using PEGDA as the base material and adding macrogol 400 to
accelerate drug release. By varying the drug and macrogol content, the
authors were able to achieve different release profiles, ranging from 3 to
21 days [453].

In summary, 3D printing offers significant potential for developing
advanced ophthalmic dosage forms, particularly in creating long-acting
devices that could reduce the need for frequent administration. How-
ever, challenges such as ensuring biocompatibility, maintaining visual
clarity, and optimizing drug release profiles must be addressed to fully
achieve the potential benefits of these innovative dosage forms.

6. Vaginal dosage forms

Vaginal preparations traditionally include a variety of products such
as semi-solid preparations, rings, inserts, ovules, suppositories, and
tablets or capsules. These forms are widely used for localized treatment
of infections, hormonal therapies, and contraception. In this review, ten
manuscripts were identified that focus on 3D printed vaginal dosage
forms, including vaginal rings, resorbable meshes, capsule-like scaffolds,
and ovules, as also shown in Table S28.

The primary aim of the identified studies was to develop dosage
forms that can provide prolonged therapies, thereby improving patient
compliance and treatment efficacy. Many of the printed dosage forms
were made from flexible materials to facilitate easier application and
comfort during use.
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Among the identified manuscripts, two studies explored the use of
MEX (FE) to print intravaginal rings (IVR). These IVRs were designed
based on marketed products but with the added benefit of customized
drug release profiles. For example, Tiboni et al. developed an IVR con-
taining the antifungal drug clotrimazole, which demonstrated a sus-
tained release over several days when tested in a vaginal fluid simulant
(Fig. 8A). This prolonged release effectively reduced the number of
colony-forming units of Candida albicans in vitro, indicating potential
for simplified antifungal therapy [454]. In contrast, de Carvalho’s study
produced IVRs capable of releasing drugs over several weeks, show-
casing the versatility of 3D printing in extending the duration of drug
delivery [455].

In addition to IVRs, three manuscripts focused on the development of
vaginal meshes, which were designed to support inner tissues and
strengthen the pelvic floor [460-462]. These elastic meshes, printed
using MEX (FE) or MEX (SCE), were made from materials such as
thermoplastic polyurethane (TPU) or PCL. Depending on the material
used, the meshes were either biodegradable or non-biodegradable,
providing sustained mechanical strength while releasing incorporated
drugs like levofloxacin or estradiol over a period ranging from a few
days to several weeks. However, it is important to note that none of these
meshes were tested in vivo, meaning their clinical effectiveness remains
theoretical at this stage.

Five manuscripts addressed the creation of other vaginal dosage
forms, including discs, films, capsule-like scaffolds, and ovules, designed
for localized drug delivery of immunosuppressants or antibiotics
[456,463-466]. These forms were primarily produced using MEX (SE),
but MEX (FE) was also employed. The materials used ranged from
flexible silicones to alginate hydrogels, enabling the production of
dosage forms with a prolonged drug release ranging from a few hours to
a full day. This represents a significant improvement over traditional
vaginal dosage forms, which often have shorter durations of action. For
instance, Teworte et al. demonstrated that alginate-based 3D printed
ovules (Fig. 8B) released the drug pirfenidone over a period of more than
8 hours. In ex vivo studies using porcine vaginal mucosa, these ovules
exhibited better mucoadhesion compared to traditional dosage forms
made of macrogol or hard fat. Over 24 hours, the printed ovules softened
and formed an adhesive hydrogel, prolonging the contact time after
application and leading to a potential improvement in vaginal therapy
[456].

7. Intravesical dosage forms

Intravesical dosage forms are specialized pharmaceutical prepara-
tions designed for direct administration into the bladder, primarily used
for treating bladder conditions such as interstitial cystitis, bladder can-
cer, and urinary tract infections. Traditional treatments typically involve
either systemic drug administration or transurethral delivery via a
catheter. Systemic treatments carry a higher risk of adverse effects,
while transurethral applications are limited by short durations of action
due to the frequent emptying of the bladder. Moreover, the use of
catheters can lead to urinary tract infections, which presents additional
challenges. Recent advances in 3D printing may offer promising new
opportunities for enhancing intravesical drug delivery (see also
Table S29). For instance, Archana et al. developed a 3D printed flexible
catheter designed to mitigate the risk of infections. By incorporating
secnidazole, the catheter demonstrated prevention of biofilm coloniza-
tion and achieved drug release over two hours, potentially aligning with
typical application intervals. However, this study did not test the
application of fluids passing through the catheter, leaving some practical
aspects unaddressed [467].

In addition to catheters, four research papers have explored 3D
printed intravesical devices. The primary advantage of these 3D printed
dosage forms lies in their ability to incorporate shape memory proper-
ties. This feature allows the creation of easy-to-apply dosage forms that
can be retained in the bladder for extended periods, offering the
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potential for prolonged therapeutic action. Melocchi et al. utilized
water-soluble PVA to create variously shaped specimens with shape
memory capabilities (Fig. 8C). In vitro experiments demonstrated that
these specimens could achieve shape memory within 120 minutes.
However, while the dosage form can remain in the bladder longer, the
drug release of the model drug caffeine was completed within the same
120 minutes, meaning no additional benefit was derived from the pro-
longed residence. Despite this, the study highlights the potential of
shape memory to significantly advance intravesical drug delivery [457].

Further progress in this area was made by Rahman-Yildir et al., who
developed a semi-solid foldable mesh containing three different drugs
that are expected to unfold in the bladder and therefore remain there for
longer periods of time (Fig. 8E). Using MEX (SE), they formulated a
mesh with either nonbiodegradable ethylene-vinyl acetate (EVA) or
biodegradable PCL. The drug release profiles varied depending on the
properties of the incorporated drugs, ranging from a few days to several
weeks [459]. The use of nonbiodegradable polymers raises concerns
about the need for the removal of the dosage form after drug release is
complete, highlighting an important consideration for future research
and development in this area.

Overall, 3D printing of intravesical dosage forms presents a signifi-
cant opportunity to improve the treatment of bladder diseases. By
leveraging shape memory and customizable drug release profiles, 3D
printed devices could provide sustained therapeutic effects, reduce the
frequency of administration, and enhance patient outcomes. However,
further research is needed to optimize these technologies, particularly in
ensuring effective drug release over extended periods and addressing the
practical aspects of dosage form retention in and removal from the
bladder.

8. Rectal dosage forms

Rectal preparations, according to the Ph. Eur., encompass a range of
liquid, semi-solid, and solid formulations, commonly used for both local
and systemic drug delivery [468]. Among these, suppositories are the
most studied in the context of pharmaceutical 3D printing. These dosage
forms are particularly valuable for patients who cannot take oral med-
ications or require localized treatment in the rectal area. Traditionally,
suppositories are manufactured using a process where a solid base, often
a hard fat, is melted, mixed with the drug, and then poured into molds to
solidify. This conventional method is straightforward but has limitations
in customization and shape flexibility.

Similar thermally based processes are employed in 3D printing,
allowing for more precise control over the shape and dosage of the final
product without the need for different molds. However, the potential
benefits of 3D printing in this area are still being explored, with some
challenges yet to be overcome. A total of ten manuscripts were identified
which are listed in Table S30. The materials used in 3D printing of rectal
dosage forms can be categorized into two main groups: fats and mac-
rogols used in MEX (SE) printing [458,469-474] and more rigid poly-
mers like PVA used in MEX (FE) [475-477].

Tagami et al. printed a water-soluble shell from PVA and filled it with
a liquid containing ibuprofen as a model drug [477]. The shell was
printed, sealed with glyceryl stearate, and capped with a 3D printed lid.
Even if this is not the definition of drug printing, it’s mentionable here
because it showed a problem in the 3D printing of suppositories. During
application, the suppository has to withstand the pressure from the
sphincter. Tagami et al. showed that hollow-printed suppositories need a
reinforced shell to withstand the same force as traditionally produced
suppositories. A suppository in which the drug was incorporated within
the shell was published by Wei et al. [475]. Again, a hollow cylinder
based on PVA was printed with the incorporated drug mesalazine for
local treatment of ulcerative colitis. The authors of this publication also
faced problems with mechanical stability. To prevent the suppository
from being crushed during administration, a 3D printed spring was
inserted into the suppository. Additionally, two forms of suppositories
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Fig. 8. 3D printed vaginal, intravesical, and rectal dosage forms, A: 3D printed intravaginal rings loaded with different amounts of clotrimazole (CTZ) (Reprinted
from [454], with permission from Elsevier), B: alginate-based 3D printed vaginal ovule (Reprinted from [456], © 2023 The Author(s), CC BY 4.0, https://creativeco
mmons.org/licenses/by/4.0/), C: photographs acquired during shape recovery experiments (room temperature) of PVA/glycerol specimens having original I- and U-
shape obtained by MEX (FE) (Reprinted from [457], with permission from Elsevier), D: SE printed suppositories in different sizes and infills (Reproduced with
permission from [458], published by MDPI, 2022), E: printed net-shaped inserts unfolded (left) and coiled up (right) for insertion via catheter (Reprinted from [459],
with permission from Elsevier), all figures were modified.
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were tested to improve the retention time in the rectum in an animal
model. The authors found that a curved shape improved retention time
from under 30 minutes to about 4.5 hours.

Regarding the MEX (SE) printed suppositories, most of the recently
published work deals with the composition of macrogols and fatty
components. Compared to the MEX (FE) printed suppositories, the MEX
(SE) printed ones had a filled design, so there was no need for additional
mechanical adaption. Some articles investigated the printing of sup-
positories based on lauroyl polyoxyl-32 glyceride and coconut oil using
either one or two locally effective drugs [469-471,474]. Seoane et al.
also investigated the influence of the positioning of the suppositories by
printing them horizontally or vertically [474]. Vertical positioning was
more advantageous for the surface quality. According to the authors, the
reason for this was the lack of stability due to the round shape of the tip.
In the horizontal approach, there was no supporting function of the
lower layer, resulting in shape deficits. Some research has been done on
the size and density of MEX (SE) printed suppositories. Domsta et al.
printed suppositories based on either hard fat or macrogol. The size or
the infill density of the printed dosage forms was changed, showing the
benefit of 3D printing in adapting drug content and dissolution behavior
of the suppositories (Fig. 8D). As described for other dosage forms, the
drug release rate increased with lower infill [458].

Munoz-Perez et al. made another approach differing from the other
manuscripts [473]. The authors printed a hydrogel-based suppository
made of a combination of alginate and laponite. Different sizes of sup-
positories were successfully printed and tested in an animal model. In
contrast to other printed and marketed suppositories, the hydrogel was
not dissolving or melting at the application site, resulting in a non-
degraded, form-stable suppository after application.

In recent years, significant progress has been made in developing 3D
printed suppositories, with researchers exploring various techniques,
materials, and drugs. Some potential advantages of 3D printing for
dosage individualization and shape adaptation have been demonstrated.
However, in the author’s view, 3D printing has not yet demonstrated a
substantial benefit over traditional molded suppositories.

9. Conclusion and outlook

In this review, published pubmed-listed manuscripts on the topic of
3D printing of dosage forms from 2019 to March 2024 were systemati-
cally evaluated. Of the more than 500 manuscripts identified, a large
portion dealt with peroral dosage forms, but also solid dosage forms for
almost any other site of administration, including parenteral, cutaneous,
vaginal, rectal, intravesical, ophthalmic, and dental dosage forms, were
identified. The range of printing techniques used also greatly varied. By
far, most reports were on extrusion-based techniques, even though for
some types of dosage forms, certain printing techniques seem to be
favorable, e.g., jetting techniques to produce orodispersible dosage
forms. The comparably high prevalence of the MEX techniques may also
be connected to the relatively wide availability of extrusion-based
printers at reasonable prices, making them more accessible to many
research groups. From the author’s point of view, techniques that can
use approved pharmaceutical excipients are most promising regarding
the potential to bring a 3D printed product to market since the approval
process for new excipients poses additional challenges. Furthermore,
substantial reasons to choose a specific printing technique include the
properties of the processable excipients and their influence on drug
release, the spatial resolution that is required, and the stability of the
drug to withstand the stresses related to the processing parameters (e.g.,
temperature or moisture).

The chances that 3D printing holds for dosage form production have
been discussed many times, as well as the challenges. The main benefit is
the extraordinary flexibility in spatial arrangement with the potential to
influence the dose, the drug release, the stability (in case of several
drugs), the density, the shape, the looks, and many more parameters that
might impact bioavailability and adherence and the therapeutic
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outcome in general. One of the main questions remaining concerning
manufacturability compared to conventional dosage forms seems to be
whether 3D printed medicinal products can be manufactured at a
reasonable time and price. Some authors have addressed this topic, but
in most publications, there are no reports of printing times. Other
challenges, such as the availability of GMP-grade printers and files for
the printing design, should be manageable, and the great number of
publications show that it is technically feasible to 3D print dosage forms.
If personalization is the goal, another challenge is how to deal with these
dosage forms from a regulatory standpoint. If batches of only a few
dosage forms or maybe even only single dosage forms in case of implants
are produced for a specific patient, the typical approval and batch
release procedures, e.g., regarding drug release specifications, will not
be a feasible approach. First reports on predicting drug release from 3D
printed dosage forms based on the design have been published which
might be an option to solve such problems.

In spite of the large amount of literature published on the topic, there
is only one marketed product to date, and little data on studies in
humans has been reported. This is somewhat disappointing 9 years after
the approval of Spritam® and considering how much research effort is
put into advancing 3D printing of dosage forms. However, as manu-
facturers are not likely to publish data early and there is a growing
number of medical devices that are 3D printed, it seems only a matter of
time before more medicinal products are marketed. Several pharma-
ceutical companies are actively researching the 3D printing of dosage
forms and promising approaches are in the pipeline. As already
mentioned in the introduction, Triastek, for example, is currently
developing several 3D printed products, one of which is intended for
colon targeting. Also, it must be expected that as more knowledge is
gained about the benefits of individualized medicine in the general
population the demand to produce such products will also increase. The
idea of producing personalized dosage forms in hospitals and pharma-
cies in-house and on demand also gives reason to hope for 3D printed
dosage forms to be available to patients. It may be a few years before
another 3D printed dosage form is approved, but the research efforts of
recent years will hopefully soon bear fruit. Special patient groups such as
children with medical needs that are currently not met by standardized
doses, are expected to profit greatly if 3D printing of dosage forms be-
comes a standard of care in the future.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.addr.2024.115504.

Data availability

Data will be made available on request.

References

[1] B. Berman, 3-D printing: The new industrial revolution, Bus. Horiz. 55 (2012)
155-162, https://doi.org/10.1016/j.bushor.2011.11.003.

C. Weller, R. Kleer, F.T. Piller, Economic implications of 3D printing: Market
structure models in light of additive manufacturing revisited, Int. J. Prod. Econ.
164 (2015) 43-56, https://doi.org/10.1016/].ijpe.2015.02.020.

Pipeline - Triastek, Triastek, Inc., https://www.triastek.com/pipeline.html
(accessed 25.08.2024).

J. Norman, R.D. Madurawe, C.M. Moore, M.A. Khan, 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.

[2]

[3]

[4]


https://doi.org/10.1016/j.addr.2024.115504
https://doi.org/10.1016/j.addr.2024.115504
https://doi.org/10.1016/j.bushor.2011.11.003
https://doi.org/10.1016/j.ijpe.2015.02.020
https://doi.org/10.1016/j.addr.2016.03.001

T. Auel et al.

[5]

[6]

[7

—

[8

=

[9

o}

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

S. Jamrat, C. Sukasem, L. Sratthaphut, Y. Hongkaew, T. Samanchuen, A precision
medicine approach to personalized prescribing using genetic and nongenetic
factors for clinical decision-making, Comput Biol Med 165 (2023) 107329,
https://doi.org/10.1016/j.compbiomed.2023.107329.

J.J. Swen, C.H. van der Wouden, L.E. Manson, H. Abdullah-Koolmees, K. Blagec,
T. Blagus, S. Bohringer, A. Cambon-Thomsen, E. Cecchin, K.C. Cheung, V.

H. Deneer, M. Dupui, M. Ingelman-Sundberg, S. Jonsson, C. Joefield-Roka, K.
S. Just, M.O. Karlsson, L. Konta, R. Koopmann, M. Kriek, T. Lehr, C. Mitropoulou,
E. Rial-Sebbag, V. Rollinson, R. Roncato, M. Samwald, E. Schaeffeler, M. Skokou,
M. Schwab, D. Steinberger, J.C. Stingl, R. Tremmel, R.M. Turner, M.H. van
Rhenen, C.L. Davila Fajardo, V. Dolzan, G.P. Patrinos, M. Pirmohamed,

G. Sunder-Plassmann, G. Toffoli, H.J. Guchelaar, C., Ubiquitous
Pharmacogenomics, A 12-gene pharmacogenetic panel to prevent adverse drug
reactions: an open-label, multicentre, controlled, cluster-randomised crossover
implementation study, Lancet 401 (2023) 347-356, https://doi.org/10.1016/
S0140-6736(22)01841-4.

Spritam - Full prescribing information, Aprecia Pharmaceuticals, LLC, https://
spritam.com/wp-content/uploads/2021/05/spritam-full-prescribing-
information.pdf (accessed 05.08.2024).

3D Printing Medical Devices at the Point of Care: Discussion Paper, U.S. Food and
Drug Administration, https://www.fda.gov/medical-devices/3d-printing-
medical-devices/3d-printing-medical-devices-point-care-discussion-paper
(accessed 25.08.2024).

ISO/ASTM 52900:2021(en) Additive manufacturing — General principles —
Fundamentals and vocabulary, International Organization for Standardization,
https://www.iso.org/obp/ui/#iso:std:iso-astm:52900:ed-2:v1:en (accessed
19.09.2024).

N. Dumpa, A. Butreddy, H. Wang, N. Komanduri, S. Bandari, M.A. Repka, 3D
printing in personalized drug delivery: An overview of hot-melt extrusion-based
fused deposition modeling, Int J Pharm 600 (2021) 120501, https://doi.org/
10.1016/j.ijpharm.2021.120501.

S. Cailleaux, N.M. Sanchez-Ballester, Y.A. Gueche, B. Bataille, 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.

B. Shaqour, A. Samaro, B. Verleije, K. Beyers, C. Vervaet, P. Cos, Production of
Drug Delivery Systems Using Fused Filament Fabrication: A Systematic Review,
Pharmaceutics 12 (2020), https://doi.org/10.3390/pharmaceutics12060517.

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

J. Rahman, 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.

A. Aguilar-de-Leyva, M. Casas, C. Ferrero, V. Linares, I. Caraballo, 3D Printing
Direct Powder Extrusion in the Production of Drug Delivery Systems: State of the
Art and Future Perspectives, Pharmaceutics 16 (2024), https://doi.org/10.3390/
pharmaceutics16040437.

W.H. Chou, A. Gamboa, J.O. Morales, Inkjet printing of small molecules,
biologics, and nanoparticles, Int J Pharm 600 (2021) 120462, https://doi.org/
10.1016/j.ijpharm.2021.120462.

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

S.E. Evans, T. Harrington, M.C. Rodriguez Rivero, E. Rognin, T. Tuladhar, R. Daly,
2D and 3D inkjet printing of biopharmaceuticals - A review of trends and future
perspectives in research and manufacturing, Int J Pharm 599 (2021) 120443,
https://doi.org/10.1016/j.ijpharm.2021.120443.

Y. Wang, A. Mullertz, J. Rantanen, Additive Manufacturing of Solid Products for
Oral Drug Delivery Using Binder Jetting Three-Dimensional Printing, AAPS
PharmSciTech 23 (2022) 196, https://doi.org/10.1208/512249-022-02321-w.
A. Awad, F. Fina, A. Goyanes, S. Gaisford, A.W. Basit, Advances in powder bed
fusion 3D printing in drug delivery and healthcare, Adv Drug Deliv Rev 174
(2021) 406-424, https://doi.org/10.1016/j.addr.2021.04.025.

X. Xu, A. Awad, P. Robles-Martinez, S. Gaisford, A. Goyanes, A.W. Basit, Vat
photopolymerization 3D printing for advanced drug delivery and medical device
applications, J Control Release 329 (2021) 743-757, https://doi.org/10.1016/j.
jeonrel.2020.10.008.

J. Wang, Y. Zhang, N.H. Aghda, A.R. Pillai, R. Thakkar, A. Nokhodchi,

M. Maniruzzaman, Emerging 3D printing technologies for drug delivery devices:
Current status and future perspective, Adv Drug Deliv Rev 174 (2021) 294-316,
https://doi.org/10.1016/j.addr.2021.04.019.

D. Muhindo, R. Elkanayati, P. Srinivasan, M.A. Repka, E.A. Ashour, Recent
Advances in the Applications of Additive Manufacturing (3D Printing) in Drug
Delivery: A Comprehensive Review, AAPS PharmSciTech 24 (2023) 57, https://
doi.org/10.1208/512249-023-02524-9.

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

S. Wang, X. Chen, X. Han, X. Hong, X. Li, H. Zhang, M. Li, Z. Wang, A. Zheng,
A Review of 3D Printing Technology in Pharmaceutics: Technology and
Applications, Now and Future, Pharmaceutics 15 (2023), https://doi.org/
10.3390/pharmaceutics15020416.

F. Momeni, S.M. Mehdi Hassani, N.X. Liu, J. Ni, A review of 4D printing, Mater.
Des. 122 (2017) 42-79, https://doi.org/10.1016/j.matdes.2017.02.068.

29

[27]

[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Advanced Drug Delivery Reviews 217 (2025) 115504

D.P. Elder, M. Kuentz, R. Holm, Pharmaceutical excipients - quality, regulatory
and biopharmaceutical considerations, Eur J Pharm Sci 87 (2016) 88-99, https://
doi.org/10.1016/j.ejps.2015.12.018.

Home | FABRX, FABRX Ltd., https://www.fabrx.co.uk/home (accessed
25.08.2024).

AXIOM 20 Large Build Volume 3D Printer, Airwolf 3D, https://airwolf3d.com/
product/tall-desktop-3d-printer/ (accessed 25.08.2024).

A. Khairuzzaman, Regulatory Perspectives on 3D Printing in Pharmaceuticals, 3D
Printing of Pharmaceuticals (2018) 215-236.

G. Chen, Y. Xu, P. Chi Lip Kwok, L. Kang, Pharmaceutical Applications of 3D
Printing, Addit. Manuf. 34 (2020), https://doi.org/10.1016/j.
addma.2020.101209.

C. Xu, G. Dai, Y. Hong, Recent advances in high-strength and elastic hydrogels for
3D printing in biomedical applications, Acta Biomater 95 (2019) 50-59, https://
doi.org/10.1016/j.actbio.2019.05.032.

J. dos Santos, R.S. de Oliveira, T.V. de Oliveira, M.C. Velho, M.V. Konrad, G.S. da
Silva, M. Deon, R.C.R. Beck, 3D Printing and Nanotechnology: A Multiscale
Alliance in Personalized Medicine, Adv. Funct. Mater. 31 (2021), https://doi.org/
10.1002/adfm.202009691.

5.17.1. Recommendations on dissolution testing, in: E.P. Commission (Ed.)
European Pharmacopoeia, European Directorate for the Quality of Medicines &
HealthCare of the Council of Europe, Strasbourg, France, 2023, pp. 837-839.
Glossary, in: C.o. Europe (Ed.) European Pharmacopoeia, European Directorate
for the Quality of Medicines & HealthCare of the Council of Europe, Strasbourg,
France, 2023, pp. 965.

X. Hong, X. Han, X. Li, J. Li, Z. Wang, A. Zheng, Binder Jet 3D Printing of
Compound LEV-PN Dispersible Tablets: An Innovative Approach for Fabricating
Drug Systems with Multicompartmental Structures, Pharmaceutics 13 (2021),
https://doi.org/10.3390/pharmaceutics13111780.

W. Jamroz, M. Kurek, J. Szafraniec-Szczesny, A. Czech, K. Gawlak, J. Knapik-
Kowalczuk, B. Leszczynski, A. Wrobel, M. Paluch, R. Jachowicz, Speed it up, slow
it down...An issue of bicalutamide release from 3D printed tablets, Eur J Pharm
Sci 143 (2020) 105169, https://doi.org/10.1016/j.ejps.2019.105169.

P. Robles-Martinez, X. Xu, S.J. Trenfield, A. Awad, A. Goyanes, R. Telford, A.
W. Basit, S. Gaisford, 3D Printing of a Multi-Layered Polypill Containing Six
Drugs Using a Novel Stereolithographic Method, Pharmaceutics 11 (2019),
https://doi.org/10.3390/pharmaceutics11060274.

(1151)Pharmaceutical dosage forms, United States Pharmacopoeia - National
Formulary United States Pharmacopoeia Convention2024.

M. Tablets, in: European Pharmacopoeia, European Directorate for the Quality of
Medicines & HealthCare of the Council of Europe, Strasbourg, France, 2023,
pp. 1004-1006.

U.S. Department of Health and Human Services. (2008). Guidance for Industry:
Orally Disintegrating Tablets.

M. Almukainzi, G.L.B. Araujo, R. Lobenberg, Orally disintegrating dosage forms,
J. Pharm. Investig. 49 (2018) 229-243, https://doi.org/10.1007/540005-018-
0408-2.

S.V. Sastry, J.R. Nyshadham, J.A. Fix, Recent technological advances in oral drug
delivery — a review, Pharm. Sci. Technolo. Today 3 (2000) 138-145, https://doi.
org/10.1016/51461-5347(00)00247-9.

M. Kozakiewicz-Latala, K.P. Nartowski, A. Dominik, K. Malec, A.M. Golkowska,
A. Zlocinska, M. Rusinska, P. Szymczyk-Ziolkowska, G. Ziolkowski, A. Gorniak,
B. Karolewicz, Binder jetting 3D printing of challenging medicines: From low
dose tablets to hydrophobic molecules, Eur J Pharm Biopharm 170 (2022)
144-159, https://doi.org/10.1016/j.ejpb.2021.11.001.

Y. Wang, N. Genina, A. Mullertz, J. Rantanen, Coating of Primary Powder
Particles Improves the Quality of Binder Jetting 3D Printed Oral Solid Products,
J Pharm Sci 112 (2023) 506-512, https://doi.org/10.1016/j.xphs.2022.08.030.
S.Y. Chang, J. Jin, J. Yan, X. Dong, B. Chaudhuri, K. Nagapudi, 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) 120791,
https://doi.org/10.1016/j.ijpharm.2021.120791.

K. Kreft, Z. Lavric, T. Stanic, P. Perhavec, R. Dreu, Influence of the Binder Jetting
Process Parameters and Binder Liquid Composition on the Relevant Attributes of
3D-Printed Tablets, Pharmaceutics 14 (2022), https://doi.org/10.3390/
pharmaceutics14081568.

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

S. Infanger, A. Haemmerli, S. Iliev, A. Baier, E. Stoyanov, J. Quodbach, Powder
bed 3D-printing of highly loaded drug delivery devices with hydroxypropyl
cellulose as solid binder, Int J Pharm 555 (2019) 198-206, https://doi.org/
10.1016/j.ijpharm.2018.11.048.

S.Y. Chang, S.W. Li, K. Kowsari, A. Shetty, L. Sorrells, K. Sen, K. Nagapudi,

B. Chaudhuri, A.W.K. Ma, Binder-Jet 3D Printing of Indomethacin-laden
Pharmaceutical Dosage Forms, J Pharm Sci 109 (2020) 3054-3063, https://doi.
0rg/10.1016/j.xphs.2020.06.027.

E.M. Wilts, D. Ma, Y. Bai, C.B. Williams, T.E. Long, Comparison of Linear and 4-
Arm Star Poly(vinyl pyrrolidone) for Aqueous Binder Jetting Additive
Manufacturing of Personalized Dosage Tablets, ACS Appl Mater Interfaces 11
(2019) 23938-23947, https://doi.org/10.1021/acsami.9b08116.

C.Y. Shih, C.Y. Chen, H.T. Lin, Y.J. Liao, Y.J. Liang, Oral Bioavailability and
Pharmacokinetics of Sildenafil Orally Disintegrating Tablets under Various
Gastric pH Levels Following Administration of Omeprazole in Rats, Life (basel) 13
(2023), https://doi.org/10.3390/1ife13112126.


https://doi.org/10.1016/j.compbiomed.2023.107329
https://doi.org/10.1016/S0140-6736(22)01841-4
https://doi.org/10.1016/S0140-6736(22)01841-4
https://doi.org/10.1016/j.ijpharm.2021.120501
https://doi.org/10.1016/j.ijpharm.2021.120501
https://doi.org/10.1016/j.jconrel.2020.10.056
https://doi.org/10.1016/j.jconrel.2020.10.056
https://doi.org/10.3390/pharmaceutics12060517
https://doi.org/10.1016/j.jconrel.2021.02.027
https://doi.org/10.1016/j.addr.2021.02.013
https://doi.org/10.1016/j.addr.2021.02.013
https://doi.org/10.3390/pharmaceutics16040437
https://doi.org/10.3390/pharmaceutics16040437
https://doi.org/10.1016/j.ijpharm.2021.120462
https://doi.org/10.1016/j.ijpharm.2021.120462
https://doi.org/10.1016/j.ijpharm.2015.03.017
https://doi.org/10.1016/j.ijpharm.2021.120443
https://doi.org/10.1208/s12249-022-02321-w
https://doi.org/10.1016/j.addr.2021.04.025
https://doi.org/10.1016/j.jconrel.2020.10.008
https://doi.org/10.1016/j.jconrel.2020.10.008
https://doi.org/10.1016/j.addr.2021.04.019
https://doi.org/10.1208/s12249-023-02524-9
https://doi.org/10.1208/s12249-023-02524-9
https://doi.org/10.1007/s11095-018-2454-x
https://doi.org/10.3390/pharmaceutics15020416
https://doi.org/10.3390/pharmaceutics15020416
https://doi.org/10.1016/j.matdes.2017.02.068
https://doi.org/10.1016/j.ejps.2015.12.018
https://doi.org/10.1016/j.ejps.2015.12.018
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0150
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0150
https://doi.org/10.1016/j.addma.2020.101209
https://doi.org/10.1016/j.addma.2020.101209
https://doi.org/10.1016/j.actbio.2019.05.032
https://doi.org/10.1016/j.actbio.2019.05.032
https://doi.org/10.1002/adfm.202009691
https://doi.org/10.1002/adfm.202009691
https://doi.org/10.3390/pharmaceutics13111780
https://doi.org/10.1016/j.ejps.2019.105169
https://doi.org/10.3390/pharmaceutics11060274
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0200
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0200
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0200
https://doi.org/10.1007/s40005-018-0408-2
https://doi.org/10.1007/s40005-018-0408-2
https://doi.org/10.1016/S1461-5347(00)00247-9
https://doi.org/10.1016/S1461-5347(00)00247-9
https://doi.org/10.1016/j.ejpb.2021.11.001
https://doi.org/10.1016/j.xphs.2022.08.030
https://doi.org/10.1016/j.ijpharm.2021.120791
https://doi.org/10.3390/pharmaceutics14081568
https://doi.org/10.3390/pharmaceutics14081568
https://doi.org/10.1016/j.ajps.2021.02.003
https://doi.org/10.1016/j.ajps.2021.02.003
https://doi.org/10.1016/j.ijpharm.2018.11.048
https://doi.org/10.1016/j.ijpharm.2018.11.048
https://doi.org/10.1016/j.xphs.2020.06.027
https://doi.org/10.1016/j.xphs.2020.06.027
https://doi.org/10.1021/acsami.9b08116
https://doi.org/10.3390/life13112126

T. Auel et al.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Z. Wang, J. Li, X. Hong, X. Han, B. Liu, X. Li, H. Zhang, J. Gao, N. Liu, X. Gao,
A. Zheng, Taste Masking Study Based on an Electronic Tongue: the Formulation
Design of 3D Printed Levetiracetam Instant-Dissolving Tablets, Pharm Res 38
(2021) 831-842, https://doi.org/10.1007/s11095-021-03041-9.

Y. Wang, A. Mullertz, J. Rantanen, Structured approach for designing drug-loaded
solid products by binder jetting 3D printing, Eur J Pharm Sci 178 (2022) 106280,
https://doi.org/10.1016/j.€jps.2022.106280.

K. Sen, A. Manchanda, T. Mehta, A.W.K. Ma, B. Chaudhuri, Formulation design
for inkjet-based 3D printed tablets, Int J Pharm 584 (2020) 119430, https://doi.
org/10.1016/j.ijpharm.2020.119430.

S. Yi, J. Xie, L. Chen, F. Xu, Preparation of Loratadine Orally Disintegrating
Tablets by Semi-solid Extrusion 3D Printing, Curr Drug Deliv 20 (2023) 818-829,
https://doi.org/10.2174/1567201819666221011094913.

J. Hu, R. Fitaihi, S. Abukhamees, H.E. Abdelhakim, Formulation and
Characterisation of Carbamazepine Orodispersible 3D-Printed Mini-Tablets for
Paediatric Use, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15010250.

A. Roche, N.M. Sanchez-Ballester, A. Aubert, J.C. Rossi, S. Begu, I. Soulairol,
Preliminary Study on the Development of Caffeine Oral Solid Form 3D Printed by
Semi-Solid Extrusion for Application in Neonates, AAPS PharmSciTech 24 (2023)
122, https://doi.org/10.1208/512249-023-02582-z.

D.T. Eduardo, S.E. Ana, B.F. Jose, A micro-extrusion 3D printing platform for
fabrication of orodispersible printlets for pediatric use, Int J Pharm 605 (2021)
120854, https://doi.org/10.1016/j.ijpharm.2021.120854.

J. Conceicao, X. Farto-Vaamonde, A. Goyanes, O. Adeoye, A. Concheiro,

H. Cabral-Marques, J.M. Sousa Lobo, C. Alvarez-Lorenzo, Hydroxypropyl-beta-
cyclodextrin-based fast dissolving carbamazepine printlets prepared by semisolid
extrusion 3D printing, Carbohydr. Polym. 221 (2019) 55-62, https://doi.org/
10.1016/j.carbpol.2019.05.084.

J. Johannesson, M. Wu, M. Johansson, C.A.S. Bergstrom, Quality attributes for
printable emulsion gels and 3D-printed tablets: Towards production of
personalized dosage forms, Int J Pharm 646 (2023) 123413, https://doi.org/
10.1016/j.ijpharm.2023.123413.

C. Koster, P. Kleinebudde, Evaluation of binders in twin-screw wet granulation -
Optimal combination of binder and disintegrant, Eur J Pharm Biopharm 186
(2023) 55-64, https://doi.org/10.1016/j.ejpb.2023.03.003.

N. Zhao, L.L. Augsburger, The influence of granulation on super disintegrant
performance, Pharm Dev Technol 11 (2006) 47-53, https://doi.org/10.1080/
10837450500463828.

K.H. Low, K.F. Leong, C.K. Chua, Z.H. Du, C.M. Cheah, Characterization of SLS
parts for drug delivery devices, Rapid Prototyp. J. 7 (2001) 262-268, https://doi.
org/10.1108/13552540110410468.

A. Awad, F. Fina, A. Goyanes, S. Gaisford, A.W. Basit, 3D printing: Principles and
pharmaceutical applications of selective laser sintering, Int J Pharm 586 (2020)
119594, https://doi.org/10.1016/j.ijpharm.2020.119594.

A. Awad, A. Yao, S.J. Trenfield, A. Goyanes, S. Gaisford, A.W. Basit, 3D Printed
Tablets (Printlets) with Braille and Moon Patterns for Visually Impaired Patients,
Pharmaceutics 12 (2020), https://doi.org/10.3390/pharmaceutics12020172.

R. Thakkar, M.O. Jara, S. Swinnea, A.R. Pillai, M. Maniruzzaman, Impact of Laser
Speed and Drug Particle Size on Selective Laser Sintering 3D Printing of
Amorphous Solid Dispersions, Pharmaceutics 13 (2021), https://doi.org/
10.3390/pharmaceutics13081149.

Y. Zhang, R. Thakkar, J. Zhang, A. Lu, I. Duggal, A. Pillai, J. Wang, N.H. Aghda,
M. Maniruzzaman, Investigating the Use of Magnetic Nanoparticles As
Alternative Sintering Agents in Selective Laser Sintering (SLS) 3D Printing of Oral
Tablets, ACS Biomater Sci Eng 9 (2023) 2924-2936, https://doi.org/10.1021/
acsbiomaterials.2c00299.

Y.A. Gueche, N.M. Sanchez-Ballester, B. Bataille, A. Aubert, J.C. Rossi,

1. Soulairol, A QbD Approach for Evaluating the Effect of Selective Laser Sintering
Parameters on Printability and Properties of Solid Oral Forms, Pharmaceutics 13
(2021), https://doi.org/10.3390/pharmaceutics13101701.

N. Allahham, F. Fina, C. Marcuta, L. Kraschew, W. Mohr, S. Gaisford, A.W. Basit,
A. Goyanes, Selective Laser Sintering 3D Printing of Orally Disintegrating
Printlets Containing Ondansetron, Pharmaceutics 12 (2020), https://doi.org/
10.3390/pharmaceutics12020110.

R. Thakkar, D.A. Davis Jr., R.O. Williams 3rd, M. Maniruzzaman, Selective Laser
Sintering of a Photosensitive Drug: Impact of Processing and Formulation
Parameters on Degradation, Solid State, and Quality of 3D-Printed Dosage Forms,
Mol Pharm 18 (2021) 3894-3908, https://doi.org/10.1021/acs.
molpharmaceut.1c00557.

Y.A. Gueche, N.M. Sanchez-Ballester, B. Bataille, A. Aubert, L. Leclercq, J.

C. Rossi, I. Soulairol, Selective Laser Sintering of Solid Oral Dosage Forms with
Copovidone and Paracetamol Using a CO(2) Laser, Pharmaceutics 13 (2021),
https://doi.org/10.3390/pharmaceutics13020160.

S.F. Barakh Ali, E.M. Mohamed, T. Ozkan, M.A. Kuttolamadom, M.A. Khan,

A. Asadi, Z. Rahman, Understanding the effects of formulation and process
variables on the printlets quality manufactured by selective laser sintering 3D
printing, Int J Pharm 570 (2019) 118651, https://doi.org/10.1016/j.
ijpharm.2019.118651.

E.M. Mohamed, S.F. Barakh Ali, Z. Rahman, S. Dharani, T. Ozkan, M.

A. Kuttolamadom, M.A. Khan, Formulation Optimization of Selective Laser
Sintering 3D-Printed Tablets of Clindamycin Palmitate Hydrochloride by
Response Surface Methodology, AAPS PharmSciTech 21 (2020) 232, https://doi.
org/10.1208/512249-020-01775-0.

R. Hamed, E.M. Mohamed, Z. Rahman, M.A. Khan, 3D-printing of lopinavir
printlets by selective laser sintering and quantification of crystalline fraction by

30

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Advanced Drug Delivery Reviews 217 (2025) 115504

XRPD-chemometric models, Int J Pharm 592 (2021) 120059, https://doi.org/
10.1016/j.ijpharm.2020.120059.

C. Kayalar, N. Helal, E.M. Mohamed, S. Dharani, T. Khuroo, M.A. Kuttolamadom,
Z. Rahman, M.A. Khan, In Vitro and In Vivo testing of 3D-Printed Amorphous
Lopinavir Printlets by Selective Laser Sinitering: Improved Bioavailability of a
Poorly Soluble Drug, AAPS PharmSciTech 25 (2024) 20, https://doi.org/
10.1208/512249-023-02729-y.

T. Khuroo, E.M. Mohamed, S. Dharani, C. Kayalar, T. Ozkan, M.A. Kuttolamadom,
Z. Rahman, M.A. Khan, Very-Rapidly Dissolving Printlets of Isoniazid
Manufactured by SLS 3D Printing, In Vitro and in Vivo Characterization, Mol
Pharm 19 (2022) 2937-2949, https://doi.org/10.1021/acs.
molpharmaceut.2c00306.

C. Kayalar, Z. Rahman, E.M. Mohamed, S. Dharani, T. Khuroo, N. Helal, M.

A. Kuttolamadom, M.A. Khan, Preparation and Characterization of 3D-Printed
Dose-Flexible Printlets of Tenofovir Disoproxil Fumarate, AAPS PharmSciTech 24
(2023) 171, https://doi.org/10.1208/5s12249-023-02623-7.

J. Pyteraf, W. Jamroz, M. Kurek, U. Bak, J. Loskot, D. Kramarczyk, M. Paluch,
R. Jachowicz, Preparation and advanced characterization of highly drug-loaded,
3D printed orodispersible tablets containing fluconazole, Int J Pharm 630 (2023)
122444, https://doi.org/10.1016/j.ijpharm.2022.122444.

U. Bhatt, T.K. Malakar, U.S. Murty, S. Banerjee, 3D printing of immediate-release
tablets containing olanzapine by filaments extrusion, Drug Dev Ind Pharm 47
(2021) 1200-1208, https://doi.org/10.1080/03639045.2021.1879833.

W. Kempin, V. Domsta, G. Grathoff, I. Brecht, B. Semmling, S. Tillmann,

W. Weitschies, A. Seidlitz, Immediate Release 3D-Printed Tablets Produced Via
Fused Deposition Modeling of a Thermo-Sensitive Drug, Pharm Res 35 (2018)
124, https://doi.org/10.1007/s11095-018-2405-6.

M. Ibrahim, M. Barnes, R. McMillin, D.W. Cook, S. Smith, M. Halquist,

D. Wijesinghe, T.D. Roper, 3D Printing of Metformin HCl PVA Tablets by Fused
Deposition Modeling: Drug Loading, Tablet Design, and Dissolution Studies,
AAPS PharmSciTech 20 (2019) 195, https://doi.org/10.1208/512249-019-1400-
5.

S. Ikeda, M. Kobayashi, S. Aoki, T. Terukina, T. Kanazawa, H. Kojima, H. Kondo,
3D-Printed Fast-Dissolving Oral Dosage Forms via Fused Deposition Modeling
Based on Sugar Alcohol and Poly(Vinyl Alcohol)-Preparation, Drug Release
Studies and In Vivo Oral Absorption, Pharmaceutics 15 (2023), https://doi.org/
10.3390/pharmaceutics15020395.

S.L. Chew, L. Modica de Mohac, B. Tolulope Raimi-Abraham, 3D-Printed Solid
Dispersion Drug Products, Pharmaceutics 11 (2019), https://doi.org/10.3390/
pharmaceutics11120672.

T. Digkas, A. Porfire, J. Van Renterghem, A. Samaro, G. Borodi, C. Vervaet, A.
G. Crisan, S. Iurian, T. De Beer, I. Tomuta, Development of Diclofenac Sodium 3D
Printed Cylindrical and Tubular-Shaped Tablets through Hot Melt Extrusion and
Fused Deposition Modelling Techniques, Pharmaceuticals (Basel) 16 (2023),
https://doi.org/10.3390/ph16081062.

W. Jamroz, J. Pyteraf, M. Kurek, J. Knapik-Kowalczuk, J. Szafraniec-Szczesny,
K. Jurkiewicz, B. Leszczynski, A. Wrobel, M. Paluch, R. Jachowicz, Multivariate
Design of 3D Printed Immediate-Release Tablets with Liquid Crystal-Forming
Drug-Itraconazole, Materials (basel) 13 (2020), https://doi.org/10.3390/
mal3214961.

A.G. Crisan, S. Iurian, A. Porfire, L.M. Rus, C. Bogdan, T. Casian, R.C. Lucacel,
A. Turza, S. Porav, I. Tomuta, QbD guided development of immediate release
FDM-3D printed tablets with customizable API doses, Int J Pharm 613 (2022)
121411, https://doi.org/10.1016/j.ijpharm.2021.121411.

T.C. Okwuosa, M. Sadia, A. Isreb, R. Habashy, M. Peak, M.A. Alhnan, Can
filaments be stored as a shelf-item for on-demand manufacturing of oral 3D
printed tablets? An Initial Stability Assessment, Int J Pharm 600 (2021) 120442
https://doi.org/10.1016/j.ijpharm.2021.120442.

C. Wei, N.G. Solanki, J.M. Vasoya, A.V. Shah, A.T.M. Serajuddin, Development of
3D Printed Tablets by Fused Deposition Modeling Using Polyvinyl Alcohol as
Polymeric Matrix for Rapid Drug Release, J Pharm Sci 109 (2020) 1558-1572,
https://doi.org/10.1016/j.xphs.2020.01.015.

M. Uboldi, A. Chiappa, M. Pertile, A. Piazza, S. Tagliabue, A. Foppoli, L. Palugan,
A. Gazzaniga, L. Zema, A. Melocchi, Investigation on the use of fused deposition
modeling for the production of IR dosage forms containing Timapiprant, Int J
Pharm X 5 (2023) 100152, https://doi.org/10.1016/].ijpx.2022.100152.

H. Windolf, R. Chamberlain, J. Quodbach, Predicting Drug Release from 3D
Printed Oral Medicines Based on the Surface Area to Volume Ratio of Tablet
Geometry, Pharmaceutics 13 (2021), https://doi.org/10.3390/
pharmaceutics13091453.

J. Macedo, A. Samaro, V. Vanhoorne, C. Vervaet, J.F. Pinto, Processability of poly
(vinyl alcohol) Based Filaments With Paracetamol Prepared by Hot-Melt
Extrusion for Additive Manufacturing, J Pharm Sci 109 (2020) 3636-3644,
https://doi.org/10.1016/j.xphs.2020.09.016.

J. Macedo, R. Marques, C. Vervaet, J.F. Pinto, Production of Bi-Compartmental
Tablets by FDM 3D Printing for the Withdrawal of Diazepam, Pharmaceutics 15
(2023), https://doi.org/10.3390/pharmaceutics15020538.

B.C. Pereira, A. Isreb, R.T. Forbes, F. Dores, R. Habashy, J.B. Petit, M.A. Alhnan,
E.F. Oga, 'Temporary Plasticiser’: A novel solution to fabricate 3D printed
patient-centred cardiovascular 'Polypill’ architectures, Eur J Pharm Biopharm
135 (2019) 94-103, https://doi.org/10.1016/.ejpb.2018.12.009.

P.K. Nukala, S. Palekar, M. Patki, K. Patel, Abuse Deterrent Immediate Release
Egg-Shaped Tablet (Egglets) Using 3D Printing Technology: Quality by Design to
Optimize Drug Release and Extraction, AAPS PharmSciTech 20 (2019) 80,
https://doi.org/10.1208/s12249-019-1298-y.


https://doi.org/10.1007/s11095-021-03041-9
https://doi.org/10.1016/j.ejps.2022.106280
https://doi.org/10.1016/j.ijpharm.2020.119430
https://doi.org/10.1016/j.ijpharm.2020.119430
https://doi.org/10.2174/1567201819666221011094913
https://doi.org/10.3390/pharmaceutics15010250
https://doi.org/10.3390/pharmaceutics15010250
https://doi.org/10.1208/s12249-023-02582-z
https://doi.org/10.1016/j.ijpharm.2021.120854
https://doi.org/10.1016/j.carbpol.2019.05.084
https://doi.org/10.1016/j.carbpol.2019.05.084
https://doi.org/10.1016/j.ijpharm.2023.123413
https://doi.org/10.1016/j.ijpharm.2023.123413
https://doi.org/10.1016/j.ejpb.2023.03.003
https://doi.org/10.1080/10837450500463828
https://doi.org/10.1080/10837450500463828
https://doi.org/10.1108/13552540110410468
https://doi.org/10.1108/13552540110410468
https://doi.org/10.1016/j.ijpharm.2020.119594
https://doi.org/10.3390/pharmaceutics12020172
https://doi.org/10.3390/pharmaceutics13081149
https://doi.org/10.3390/pharmaceutics13081149
https://doi.org/10.1021/acsbiomaterials.2c00299
https://doi.org/10.1021/acsbiomaterials.2c00299
https://doi.org/10.3390/pharmaceutics13101701
https://doi.org/10.3390/pharmaceutics12020110
https://doi.org/10.3390/pharmaceutics12020110
https://doi.org/10.1021/acs.molpharmaceut.1c00557
https://doi.org/10.1021/acs.molpharmaceut.1c00557
https://doi.org/10.3390/pharmaceutics13020160
https://doi.org/10.1016/j.ijpharm.2019.118651
https://doi.org/10.1016/j.ijpharm.2019.118651
https://doi.org/10.1208/s12249-020-01775-0
https://doi.org/10.1208/s12249-020-01775-0
https://doi.org/10.1016/j.ijpharm.2020.120059
https://doi.org/10.1016/j.ijpharm.2020.120059
https://doi.org/10.1208/s12249-023-02729-y
https://doi.org/10.1208/s12249-023-02729-y
https://doi.org/10.1021/acs.molpharmaceut.2c00306
https://doi.org/10.1021/acs.molpharmaceut.2c00306
https://doi.org/10.1208/s12249-023-02623-7
https://doi.org/10.1016/j.ijpharm.2022.122444
https://doi.org/10.1080/03639045.2021.1879833
https://doi.org/10.1007/s11095-018-2405-6
https://doi.org/10.1208/s12249-019-1400-5
https://doi.org/10.1208/s12249-019-1400-5
https://doi.org/10.3390/pharmaceutics15020395
https://doi.org/10.3390/pharmaceutics15020395
https://doi.org/10.3390/pharmaceutics11120672
https://doi.org/10.3390/pharmaceutics11120672
https://doi.org/10.3390/ph16081062
https://doi.org/10.3390/ma13214961
https://doi.org/10.3390/ma13214961
https://doi.org/10.1016/j.ijpharm.2021.121411
https://doi.org/10.1016/j.ijpharm.2021.120442
https://doi.org/10.1016/j.xphs.2020.01.015
https://doi.org/10.1016/j.ijpx.2022.100152
https://doi.org/10.3390/pharmaceutics13091453
https://doi.org/10.3390/pharmaceutics13091453
https://doi.org/10.1016/j.xphs.2020.09.016
https://doi.org/10.3390/pharmaceutics15020538
https://doi.org/10.1016/j.ejpb.2018.12.009
https://doi.org/10.1208/s12249-019-1298-y

T. Auel et al.

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

A. Goyanes, J. Wang, A. Buanz, R. Martinez-Pacheco, R. Telford, S. Gaisford, A.
W. Basit, 3D Printing of Medicines: Engineering Novel Oral Devices with Unique
Design and Drug Release Characteristics, Mol Pharm 12 (2015) 4077-4084,
https://doi.org/10.1021/acs.molpharmaceut.5b00510.

D. Laumann, D. Spiehl, E. Dorsam, Influence of printing material moisture on part
adhesion in fused filament fabrication 3D printing, J. Adhes. 100 (2023)
380-394, https://doi.org/10.1080/00218464.2023.2268531.

A. Hussain, F. Mahmood, M.S. Arshad, N. Abbas, N. Qamar, J. Mudassir,

S. Farhaj, J.S. Nirwan, M.U. Ghori, Personalised 3D Printed Fast-Dissolving
Tablets for Managing Hypertensive Crisis: In-Vitro/In-Vivo Studies, Polymers
(basel) 12 (2020), https://doi.org/10.3390/polym12123057.

Y.M. Than, V. Titapiwatanakun, Tailoring immediate release FDM 3D printed
tablets using a quality by design (QbD) approach, Int J Pharm 599 (2021)
120402, https://doi.org/10.1016/j.ijpharm.2021.120402.

N.G. Patel, A.T.M. Serajuddin, Development of FDM 3D-printed tablets with rapid
drug release, high drug-polymer miscibility and reduced printing temperature by
applying the acid-base supersolubilization (ABS) principle, Int J Pharm 600
(2021) 120524, https://doi.org/10.1016/j.ijpharm.2021.120524.

L. Hoffmann, J. Breitkreutz, J. Quodbach, Investigation of the degradation and in-
situ amorphization of the enantiomeric drug escitalopram oxalate during Fused
Deposition Modeling (FDM) 3D printing, Eur. J. Pharm. Sci. 185 (2023) 106423,
https://doi.org/10.1016/j.ejps.2023.106423.

M. Fanous, S. Gold, S. Hirsch, J. Ogorka, G. Imanidis, Development of immediate
release (IR) 3D-printed oral dosage forms with focus on industrial relevance, Eur J
Pharm Sci 155 (2020) 105558, https://doi.org/10.1016/].ejps.2020.105558.

M. Fanous, M. Bitar, S. Gold, A. Sobczuk, S. Hirsch, J. Ogorka, G. Imanidis,
Development of immediate release 3D-printed dosage forms for a poorly water-
soluble drug by fused deposition modeling: Study of morphology, solid state and
dissolution, Int J Pharm 599 (2021) 120417, https://doi.org/10.1016/j.
ijpharm.2021.120417.

N. Gottschalk, M. Bogdahn, M. Harms, J. Quodbach, Brittle polymers in Fused
Deposition Modeling: An improved feeding approach to enable the printing of
highly drug loaded filament, Int. J. Pharm. 597 (2021) 120216, https://doi.org/
10.1016/j.ijpharm.2021.120216.

H.E. Gultekin, S. Tort, F. Acarturk, An Effective Technology for the Development
of Immediate Release Solid Dosage Forms Containing Low-Dose Drug: Fused
Deposition Modeling 3D Printing, Pharm Res 36 (2019) 128, https://doi.org/
10.1007/511095-019-2655-y.

L. Hoffmann, J. Breitkreutz, J. Quodbach, Fused Deposition Modeling (FDM) 3D
Printing of the Thermo-Sensitive Peptidomimetic Drug Enalapril Maleate,
Pharmaceutics 14 (2022), https://doi.org/10.3390/pharmaceutics14112411.
T.L. Yang, M. Stogiannari, S. Janeczko, M. Khoshan, Y. Lin, A. Isreb, R. Habashy,
J. Giebultowicz, M. Peak, M.A. Alhnan, Towards point-of-care manufacturing and
analysis of immediate-release 3D printed hydrocortisone tablets for the treatment
of congenital adrenal hyperplasia, Int J Pharm 642 (2023) 123072, https://doi.
0rg/10.1016/j.ijpharm.2023.123072.

U. Bhatt, S.B. Jorvekar, U. Suryanarayana Murty, R.M. Borkar, S. Banerjee,
Extrusion 3D printing of minicaplets for evaluating in vitro & in vivo praziquantel
delivery capability, Int J Pharm 630 (2023) 122445, https://doi.org/10.1016/j.
ijpharm.2022.122445.

P. Mandati, N. Dumpa, A. Alzahrani, D. Nyavanandi, S. Narala, H. Wang,

S. Bandari, M.A. Repka, S. Tiwari, N. Langley, Hot-Melt Extrusion-Based Fused
Deposition Modeling 3D Printing of Atorvastatin Calcium Tablets: Impact of
Shape and Infill Density on Printability and Performance, AAPS PharmSciTech 24
(2022) 13, https://doi.org/10.1208/512249-022-02470-y.

N.G. Patel, A.T.M. Serajuddin, Improving drug release rate, drug-polymer
miscibility, printability and processability of FDM 3D-printed tablets by weak
acid-base interaction, Int J Pharm 632 (2023) 122542, https://doi.org/10.1016/j.
ijpharm.2022.122542.

E.O. Kissi, R. Nilsson, L.P. Nogueira, A. Larsson, I. Tho, Influence of Drug Load on
the Printability and Solid-State Properties of 3D-Printed Naproxen-Based
Amorphous Solid Dispersion, Molecules 26 (2021), https://doi.org/10.3390/
molecules26154492.

C. Parulski, L.A. Bya, J. Goebel, A.C. Servais, A. Lechanteur, B. Evrard,
Development of 3D printed mini-waffle shapes containing hydrocortisone for
children’s personalized medicine, Int J Pharm 642 (2023) 123131, https://doi.
org/10.1016/j.ijpharm.2023.123131.

A. Isreb, K. Baj, M. Wojsz, M. Isreb, M. Peak, M.A. Alhnan, 3D printed oral
theophylline doses with innovative "radiator-like’ design: Impact of polyethylene
oxide (PEO) molecular weight, Int J Pharm 564 (2019) 98-105, https://doi.org/
10.1016/j.ijpharm.2019.04.017.

T. Pflieger, R. Venkatesh, M. Dachtler, K. Eggenreich, S. Laufer, D. Lunter, Novel
Approach to Pharmaceutical 3D-Printing Omitting the Need for Filament-
Investigation of Materials, Process, and Product Characteristics, Pharmaceutics 14
(2022), https://doi.org/10.3390/pharmaceutics14112488.

M. Rosch, T. Gutowski, M. Baehr, J. Eggert, K. Gottfried, C. Gundler, S. Nurnberg,
C. Langebrake, A. Dadkhah, Development of an immediate release excipient
composition for 3D printing via direct powder extrusion in a hospital, Int J Pharm
643 (2023) 123218, https://doi.org/10.1016/].ijpharm.2023.123218.

I. Seoane-Viano, X. Xu, J.J. Ong, A. Teyeb, S. Gaisford, A. Campos-Alvarez,

A. Stulz, C. Marcuta, L. Kraschew, W. Mohr, A.W. Basit, A. Goyanes, A case study
on decentralized manufacturing of 3D printed medicines, Int J Pharm X 5 (2023)
100184, https://doi.org/10.1016/j.ijpx.2023.100184.

J. Boniatti, P. Januskaite, L.B.D. Fonseca, A.L. Vicosa, F.C. Amendoeira, C. Tuleu,
A.W. Basit, A. Goyanes, M.I. Re, Direct Powder Extrusion 3D Printing of
Praziquantel to Overcome Neglected Disease Formulation Challenges in

31

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Advanced Drug Delivery Reviews 217 (2025) 115504

Paediatric Populations, Pharmaceutics 13 (2021), https://doi.org/10.3390/
pharmaceutics13081114.

0. Jennotte, N. Koch, A. Lechanteur, F. Rosoux, C. Emmerechts, E. Beeckman,
B. Evrard, Feasibility study of the use of a homemade direct powder extrusion
printer to manufacture printed tablets with an immediate release of a BCS II
molecule, Int J Pharm 646 (2023) 123506, https://doi.org/10.1016/j.
ijpharm.2023.123506.

T. McDonagh, P. Belton, S. Qi, Direct Granule Feeding of Thermal Droplet
Deposition 3D Printing of Porous Pharmaceutical Solid Dosage Forms Free of
Plasticisers, Pharm Res 39 (2022) 599-610, https://doi.org/10.1007/s11095-
022-03198-x.

X. Mendibil, G. Tena, A. Duque, N. Uranga, M.A. Campanero, J. Alonso, Direct
Powder Extrusion of Paracetamol Loaded Mixtures for 3D Printed Pharmaceutics
for Personalized Medicine via Low Temperature Thermal Processing,
Pharmaceutics 13 (2021), https://doi.org/10.3390/pharmaceutics13060907.

Y. Yang, X. Wang, X. Lin, L. Xie, R. Ivone, J. Shen, G. Yang, A tunable extruded 3D
printing platform using thermo-sensitive pastes, Int. J. Pharm. 583 (2020)
119360, https://doi.org/10.1016/j.ijpharm.2020.119360.

B. Zhang, P. Belton, X.Y. Teoh, A. Gleadall, R. Bibb, S. Qi, An investigation into
the effects of ink formulations of semi-solid extrusion 3D printing on the
performance of printed solid dosage forms, J Mater Chem B 12 (2023) 131-144,
https://doi.org/10.1039/d3tb01868g.

T. Tagami, M. Ando, N. Nagata, E. Goto, N. Yoshimura, T. Takeuchi, T. Noda,
T. Ozeki, Fabrication of Naftopidil-Loaded Tablets Using a Semisolid Extrusion-
Type 3D Printer and the Characteristics of the Printed Hydrogel and Resulting
Tablets, J Pharm Sci 108 (2019) 907-913, https://doi.org/10.1016/j.
xphs.2018.08.026.

Z. Zheng, J. Lv, W. Yang, X. Pi, W. Lin, Z. Lin, W. Zhang, J. Pang, Y. Zeng, Z. Lv,
H. Lao, Y. Chen, F. Yang, Preparation and application of subdivided tablets using
3D printing for precise hospital dispensing, Eur. J. Pharm. Sci. 149 (2020)
105293, https://doi.org/10.1016/j.ejps.2020.105293.

M. Fanous, S. Gold, S. Muller, S. Hirsch, J. Ogorka, G. Imanidis, Simplification of
fused deposition modeling 3D-printing paradigm: Feasibility of 1-step direct
powder printing for immediate release dosage form production, Int J Pharm 578
(2020) 119124, https://doi.org/10.1016/j.ijpharm.2020.119124.

O.R. Arndt, P. Kleinebudde, Towards a better understanding of dry binder
functionality, Int J Pharm 552 (2018) 258-264, https://doi.org/10.1016/j.
ijpharm.2018.10.007.

K. Kolter, D. Flick, Structure and dry binding activity of different polymers,
including Kollidon VA 64, Drug Dev Ind Pharm 26 (2000) 1159-1165, https://
doi.org/10.1081/ddc-100100987.

O.-R. Arndt, P. Kleinebudde, Influence of binder properties on dry granules and
tablets, Powder Technol. 337 (2018) 68-77, https://doi.org/10.1016/j.
powtec.2017.04.054.

G.K. Bolhuis, N.A. Armstrong, Pharm Dev Technol 11 (2006) 111-124, https://
doi.org/10.1080/10837450500464255.

M. Cui, Y. Li, S. Wang, Y. Chai, J. Lou, F. Chen, Q. Li, W. Pan, P. Ding, Exploration
and Preparation of a Dose-Flexible Regulation System for Levetiracetam Tablets
via Novel Semi-Solid Extrusion Three-Dimensional Printing, J. Pharm. Sci. 108
(2019) 977-986, https://doi.org/10.1016/j.xphs.2018.10.001.

1. El Aita, J. Breitkreutz, J. Quodbach, On-demand manufacturing of immediate
release levetiracetam tablets using pressure-assisted microsyringe printing, Eur. J.
Pharm. Biopharm. 134 (2019) 29-36, https://doi.org/10.1016/j.
€jpb.2018.11.008.

A.T. Chatzitaki, E. Mystiridou, N. Bouropoulos, C. Ritzoulis, C. Karavasili, D.

G. Fatouros, Semi-solid extrusion 3D printing of starch-based soft dosage forms
for the treatment of paediatric latent tuberculosis infection, J Pharm Pharmacol
74 (2022) 1498-1506, https://doi.org/10.1093/jpp/rgabl21.

1. El Aita, J. Rahman, J. Breitkreutz, J. Quodbach, 3D-Printing with precise layer-
wise dose adjustments for paediatric use via pressure-assisted microsyringe
printing, Eur. J. Pharm. Biopharm. 157 (2020) 59-65, https://doi.org/10.1016/j.
€jpb.2020.09.012.

P. Li, H. Jia, S. Zhang, Y. Yang, H. Sun, H. Wang, W. Pan, F. Yin, X. Yang, Thermal
Extrusion 3D Printing for the Fabrication of Puerarin Inmediate-Release Tablets,
AAPS PharmSciTech 21 (2019) 20, https://doi.org/10.1208/512249-019-1538-1.
L. Lopez-Vidal, J.P. Real, D.A. Real, N. Camacho, M.J. Kogan, A.J. Paredes, S.
D. Palma, Nanocrystal-based 3D-printed tablets: Semi-solid extrusion using
melting solidification printing process (MESO-PP) for oral administration of
poorly soluble drugs, Int J Pharm 611 (2022) 121311, https://doi.org/10.1016/j.
ijpharm.2021.121311.

M. Macrogols, in: European Pharmacopoeia, European Directorate for the Quality
of Medicines & HealthCare of the Council of Europe, Strasbourg, France, 2023,
Pp. 3289-3291.

O.M. Feeney, M.F. Crum, C.L. McEvoy, N.L. Trevaskis, H.D. Williams, C.

W. Pouton, W.N. Charman, C.A.S. Bergstrom, C.J.H. Porter, 50years of oral lipid-
based formulations: Provenance, progress and future perspectives, Adv Drug
Deliv Rev 101 (2016) 167-194, https://doi.org/10.1016/j.addr.2016.04.007.
M. Lyousoulfi, I. Lafeber, D. Kweekel, B.C.M. de Winter, J.J. Swen, P.P.H. Le Brun,
E.C.M. Bijleveld-Olierook, T. van Gelder, H.J. Guchelaar, D. Moes, K.J.

M. Schimmel, Development and Bioequivalence of 3D-Printed Medication at the
Point-of-Care: Bridging the Gap Toward Personalized Medicine, Clin. Pharmacol.
Ther. 113 (2023) 1125-1131, https://doi.org/10.1002/cpt.2870.

1. Lafeber, J.M. Tichem, N. Ouwerkerk, A.D. van Unen, J.J.D. van Uitert, H.C.
M. Bijleveld-Olierook, D.M. Kweekel, W.M. Zaal, P.P.H. Le Brun, H.J. Guchelaar,
K.J.M. Schimmel, 3D printed furosemide and sildenafil tablets: Innovative


https://doi.org/10.1021/acs.molpharmaceut.5b00510
https://doi.org/10.1080/00218464.2023.2268531
https://doi.org/10.3390/polym12123057
https://doi.org/10.1016/j.ijpharm.2021.120402
https://doi.org/10.1016/j.ijpharm.2021.120524
https://doi.org/10.1016/j.ejps.2023.106423
https://doi.org/10.1016/j.ejps.2020.105558
https://doi.org/10.1016/j.ijpharm.2021.120417
https://doi.org/10.1016/j.ijpharm.2021.120417
https://doi.org/10.1016/j.ijpharm.2021.120216
https://doi.org/10.1016/j.ijpharm.2021.120216
https://doi.org/10.1007/s11095-019-2655-y
https://doi.org/10.1007/s11095-019-2655-y
https://doi.org/10.3390/pharmaceutics14112411
https://doi.org/10.1016/j.ijpharm.2023.123072
https://doi.org/10.1016/j.ijpharm.2023.123072
https://doi.org/10.1016/j.ijpharm.2022.122445
https://doi.org/10.1016/j.ijpharm.2022.122445
https://doi.org/10.1208/s12249-022-02470-y
https://doi.org/10.1016/j.ijpharm.2022.122542
https://doi.org/10.1016/j.ijpharm.2022.122542
https://doi.org/10.3390/molecules26154492
https://doi.org/10.3390/molecules26154492
https://doi.org/10.1016/j.ijpharm.2023.123131
https://doi.org/10.1016/j.ijpharm.2023.123131
https://doi.org/10.1016/j.ijpharm.2019.04.017
https://doi.org/10.1016/j.ijpharm.2019.04.017
https://doi.org/10.3390/pharmaceutics14112488
https://doi.org/10.1016/j.ijpharm.2023.123218
https://doi.org/10.1016/j.ijpx.2023.100184
https://doi.org/10.3390/pharmaceutics13081114
https://doi.org/10.3390/pharmaceutics13081114
https://doi.org/10.1016/j.ijpharm.2023.123506
https://doi.org/10.1016/j.ijpharm.2023.123506
https://doi.org/10.1007/s11095-022-03198-x
https://doi.org/10.1007/s11095-022-03198-x
https://doi.org/10.3390/pharmaceutics13060907
https://doi.org/10.1016/j.ijpharm.2020.119360
https://doi.org/10.1039/d3tb01868g
https://doi.org/10.1016/j.xphs.2018.08.026
https://doi.org/10.1016/j.xphs.2018.08.026
https://doi.org/10.1016/j.ejps.2020.105293
https://doi.org/10.1016/j.ijpharm.2020.119124
https://doi.org/10.1016/j.ijpharm.2018.10.007
https://doi.org/10.1016/j.ijpharm.2018.10.007
https://doi.org/10.1081/ddc-100100987
https://doi.org/10.1081/ddc-100100987
https://doi.org/10.1016/j.powtec.2017.04.054
https://doi.org/10.1016/j.powtec.2017.04.054
https://doi.org/10.1080/10837450500464255
https://doi.org/10.1080/10837450500464255
https://doi.org/10.1016/j.xphs.2018.10.001
https://doi.org/10.1016/j.ejpb.2018.11.008
https://doi.org/10.1016/j.ejpb.2018.11.008
https://doi.org/10.1093/jpp/rgab121
https://doi.org/10.1016/j.ejpb.2020.09.012
https://doi.org/10.1016/j.ejpb.2020.09.012
https://doi.org/10.1208/s12249-019-1538-1
https://doi.org/10.1016/j.ijpharm.2021.121311
https://doi.org/10.1016/j.ijpharm.2021.121311
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0680
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0680
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0680
https://doi.org/10.1016/j.addr.2016.04.007
https://doi.org/10.1002/cpt.2870

T. Auel et al.

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

production and quality control, Int J Pharm 603 (2021) 120694, https://doi.org/
10.1016/j.ijpharm.2021.120694.

J. Johannesson, M.M. Pathare, M. Johansson, C.A.S. Bergstrom, A. Teleki,
Synergistic stabilization of emulsion gel by nanoparticles and surfactant enables
3D printing of lipid-rich solid oral dosage forms, J Colloid Interface Sci 650
(2023) 1253-1264, https://doi.org/10.1016/j.jcis.2023.07.055.

J. Johannesson, J. Khan, M. Hubert, A. Teleki, C.A.S. Bergstrom, 3D-printing of
solid lipid tablets from emulsion gels, Int. J. Pharm. 597 (2021) 120304, https://
doi.org/10.1016/j.ijpharm.2021.120304.

M.S. Algahtani, A.A. Mohammed, J. Ahmad, M.M. Abdullah, E. Saleh, 3D Printing
of Dapagliflozin Containing Self-Nanoemulsifying Tablets: Formulation Design
and In Vitro Characterization, Pharmaceutics 13 (2021), https://doi.org/
10.3390/pharmaceutics13070993.

H.K. Cader, G.A. Rance, M.R. Alexander, A.D. Goncalves, C.J. Roberts, C.J. Tuck,
R.D. Wildman, Water-based 3D inkjet printing of an oral pharmaceutical dosage
form, Int J Pharm 564 (2019) 359-368, https://doi.org/10.1016/j.
ijpharm.2019.04.026.

K. Shi, D.K. Tan, A. Nokhodchi, M. Maniruzzaman, Drop-On-Powder 3D Printing
of Tablets with an Anti-Cancer Drug, 5-Fluorouracil, Pharmaceutics 11 (2019),
https://doi.org/10.3390/pharmaceutics11040150.

K.A. van den Heuvel, A. Berardi, L.B. Buijvoets, B.H.J. Dickhoff, 3D-Powder-Bed-
Printed Pharmaceutical Drug Product Tablets for Use in Clinical Studies,
Pharmaceutics 14 (2022), https://doi.org/10.3390/pharmaceutics14112320.

T. Evgenii, L. Valerie, A. Michelle, D.G. Nicole, S. Maria, K. Thomas, Q. Julian,
L. Jonas, Impact of polymer chemistry on critical quality attributes of selective
laser sintering 3D printed solid oral dosage forms, Int J Pharm X 6 (2023) 100203,
https://doi.org/10.1016/].ijpx.2023.100203.

E. Tikhomirov, M. Ahlen, N. Di Gallo, M. Stromme, T. Kipping, J. Quodbach,

J. Lindh, Selective laser sintering additive manufacturing of dosage forms: Effect
of powder formulation and process parameters on the physical properties of
printed tablets, Int. J. Pharm. 635 (2023) 122780, https://doi.org/10.1016/j.
ijpharm.2023.122780.

M. Madzarevic, D. Medarevic, S. Pavlovic, B. Ivkovic, J. Duris, S. Ibric,
Understanding the Effect of Energy Density and Formulation Factors on the
Printability and Characteristics of SLS Irbesartan Tablets-Application of the
Decision Tree Model, Pharmaceutics 13 (2021), https://doi.org/10.3390/
pharmaceutics13111969.

1. Seoane-Viano, T. Perez-Ramos, J. Liu, P. Januskaite, E. Guerra-Baamonde,

J. Gonzalez-Ramirez, M. Vazquez-Caruncho, A.W. Basit, A. Goyanes, Visualizing
disintegration of 3D printed tablets in humans using MRI and comparison with in
vitro data, J Control Release 365 (2024) 348-357, https://doi.org/10.1016/j.
jeonrel.2023.11.022.

1. Adamov, G. Stanojevic, D. Medarevic, B. Ivkovic, D. Kocovic, D. Mirkovic,

S. Ibric, Formulation and characterization of immediate-release oral dosage forms
with zolpidem tartrate fabricated by digital light processing (DLP) 3D printing
technique, Int J Pharm 624 (2022) 122046, https://doi.org/10.1016/j.
ijpharm.2022.122046.

Dosage forms: tablets, European Pharmacopeia, European Directorate for the
Quality of Medicines and Health Care, Strasbourg, France, 2023, pp. 937-939.
S.B. Tiwari, A.R. Rajabi-Siahboomi, Extended-Release Oral Drug Delivery
Technologies: Monolithic Matrix Systems, in: K.K. Jain (Ed.), Drug Delivery
Systems, Humana Press, Totowa, NJ, 2008, pp. 217-243.

A.F. Kydonieus, Fundamental concepts of controlled release, CRC Press,
Controlled Release Technologies, 2019, pp. 1-20.

J. Pyteraf, W. Jamréz, M. Kurek, J. Szafraniec-Szczgsny, D. Kramarczyk,

K. Jurkiewicz, J. Knapik-Kowalczuk, J. Tarasiuk, S. Wronski, M. Paluch,

R. Jachowicz, How to Obtain the Maximum Properties Flexibility of 3D Printed
Ketoprofen Tablets Using Only One Drug-Loaded Filament? Molecules 26 (2021)
https://doi.org/10.3390/molecules26113106.

A.G. Crisan, A. Porfire, S. Iurian, L.M. Rus, R. Lucacel Ciceo, A. Turza, I. Tomuta,
Development of a Bilayer Tablet by Fused Deposition Modeling as a Sustained-
Release Drug Delivery System, Pharmaceuticals (Basel) 16 (2023), https://doi.
0rg/10.3390/ph16091321.

G. Matijasic, M. Gretic, K. Kezeric, J. Petanjek, E. Vukelic, Preparation of
Filaments and the 3D Printing of Dronedarone HCI Tablets for Treating Cardiac
Arrhythmias, AAPS PharmSciTech 20 (2019) 310, https://doi.org/10.1208/
512249-019-1522-9.

S. Obeid, M. Madzarevic, S. Ibric, Tailoring amlodipine release from 3D printed
tablets: Influence of infill patterns and wall thickness, Int J Pharm 610 (2021)
121261, https://doi.org/10.1016/j.ijpharm.2021.121261.

C.S. Katsiotis, E. Tikhomirov, M. Stromme, J. Lindh, K. Welch, Combinatorial 3D
printed dosage forms for a two-step and controlled drug release, Eur J Pharm Sci
187 (2023) 106486, https://doi.org/10.1016/j.ejps.2023.106486.

L. Viidik, J. Vesala, R. Laitinen, O. Korhonen, J. Ketolainen, J. Aruvali,

K. Kirsimae, K. Kogermann, J. Heinamaki, I. Laidmae, T. Ervasti, Preparation and
characterization of hot-melt extruded polycaprolactone-based filaments intended
for 3D-printing of tablets, Eur J Pharm Sci 158 (2021) 105619, https://doi.org/
10.1016/j.€jps.2020.105619.

M. Duranovic, S. Obeid, M. Madzarevic, S. Cvijic, S. Ibric, Paracetamol extended
release FDM 3D printlets: Evaluation of formulation variables on printability and
drug release, Int J Pharm 592 (2021) 120053, https://doi.org/10.1016/j.
ijpharm.2020.120053.

J. Dos Santos, G.S. Balbinot, S. Buchner, F.M. Collares, M. Windbergs, M. Deon, R.
C.R. Beck, 3D printed matrix solid forms: Can the drug solubility and dose
customisation affect their controlled release behaviour? Int J Pharm X 5 (2023)
100153 https://doi.org/10.1016/j.ijpx.2022.100153.

32

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

Advanced Drug Delivery Reviews 217 (2025) 115504

F. Ebrahimi, H. Xu, E. Fuenmayor, 1. Major, Tailoring drug release in bilayer
tablets through droplet deposition modeling and injection molding, Int J Pharm
653 (2024) 123859, https://doi.org/10.1016/].ijpharm.2024.123859.

J. Dos Santos, T. Kielholz, N.L. Funk, G.S. Balbinot, T.D.S. Daitx, C.L. Petzhold,
S. Buchner, F.M. Collares, M. Windbergs, R.C.R. Beck, Poly(e-caprolactone) and
Eudragit E blends modulate the drug release profiles from FDM printlets, Int J
Pharm 647 (2023) 123533, https://doi.org/10.1016/j.ijpharm.2023.123533.

G. Stanojevic, D. Medarevic, I. Adamov, N. Pesic, J. Kovacevic, S. Ibric, Tailoring
Atomoxetine Release Rate from DLP 3D-Printed Tablets Using Artificial Neural
Networks: Influence of Tablet Thickness and Drug Loading, Molecules 26 (2020),
https://doi.org/10.3390/molecules26010111.

J. Pyteraf, A. Paclawski, W. Jamroz, A. Mendyk, M. Paluch, R. Jachowicz,
Application and Multi-Stage Optimization of Daylight Polymer 3D Printing of
Personalized Medicine Products, Pharmaceutics 14 (2022), https://doi.org/
10.3390/pharmaceutics14040843.

M. Madzarevic, S. Ibric, Evaluation of exposure time and visible light irradiation
in LCD 3D printing of ibuprofen extended release tablets, Eur J Pharm Sci 158
(2021) 105688, https://doi.org/10.1016/j.ejps.2020.105688.

L. Rodriguez-Pombo, L. Martinez-Castro, X. Xu, J.J. Ong, C. Rial, D.N. Garcia,
A. Gonzalez-Santos, J. Flores-Gonzalez, C. Alvarez-Lorenzo, A.W. Basit,

A. Goyanes, Simultaneous fabrication of multiple tablets within seconds using
tomographic volumetric 3D printing, Int J Pharm X 5 (2023) 100166, https://doi.
org/10.1016/].ijpx.2023.100166.

A.V. Healy, E. Fuenmayor, P. Doran, L.M. Geever, C.L. Higginbotham, J.G. Lyons,
Additive Manufacturing of Personalized Pharmaceutical Dosage Forms via
Stereolithography, Pharmaceutics 11 (2019), https://doi.org/10.3390/
pharmaceutics11120645.

M. Tan, D. Dharani, X. Dong, C. Maiorana, B. Chaudhuri, K. Nagapudi, S.

Y. Chang, A.W.K. Ma, Pilot-scale binder jet 3D printing of sustained release solid
dosage forms, Int J Pharm 631 (2023) 122540, https://doi.org/10.1016/j.
ijpharm.2022.122540.

H.E. Gultekin, S. Tort, F. Tugcu-Demiroz, F. Acarturk, 3D printed extended release
tablets for once daily use: An in vitro and in vivo evaluation study for a
personalized solid dosage form, Int J Pharm 596 (2021) 120222, https://doi.org/
10.1016/j.ijpharm.2021.120222.

D. Fang, Y. Yang, M. Cui, H. Pan, L. Wang, P. Li, W. Wu, S. Qiao, W. Pan, Three-
Dimensional (3D)-Printed Zero-Order Released Platform: a Novel Method of
Personalized Dosage Form Design and Manufacturing, AAPS PharmSciTech 22
(2021) 37, https://doi.org/10.1208/512249-020-01886-8.

D. Hartzke, A. Possl, P. Schlupp, F.E. Runkel, Evaluation of Hydroxyethyl
Cellulose Grades as the Main Matrix Former to Produce 3D-Printed Controlled-
Release Dosage Forms, Pharmaceutics 14 (2022), https://doi.org/10.3390/
pharmaceutics14102103.

Y. Cheng, H. Qin, N.C. Acevedo, X. Jiang, X. Shi, 3D printing of extended-release
tablets of theophylline using hydroxypropyl methylcellulose (HPMC) hydrogels,
Int J Pharm 591 (2020) 119983, https://doi.org/10.1016/].
ijpharm.2020.119983.

J. Macedo, V. Vanhoorne, C. Vervaet, J.F. Pinto, Influence of formulation
variables on the processability and properties of tablets manufactured by fused
deposition modelling, Int J Pharm 637 (2023) 122854, https://doi.org/10.1016/
j.ijpharm.2023.122854.

Y. Zheng, F. Deng, B. Wang, Y. Wu, Q. Luo, X. Zuo, X. Liu, L. Cao, M. Li, H. Lu,
S. Cheng, X. Li, Melt extrusion deposition (MED) 3D printing technology - A
paradigm shift in design and development of modified release drug products, Int J
Pharm 602 (2021) 120639, https://doi.org/10.1016/j.ijpharm.2021.120639.

K. Shi, J.P. Salvage, M. Maniruzzaman, A. Nokhodchi, Role of release modifiers to
modulate drug release from fused deposition modelling (FDM) 3D printed tablets,
Int J Pharm 597 (2021) 120315, https://doi.org/10.1016/j.
ijpharm.2021.120315.

K. Kreft, Z. Lavric, U. Gradisar Centa, M. Mihelcic, L. Slemenik Perse, R. Dreu,
Correlating mechanical and rheological filament properties to processability and
quality of 3D printed tablets using multiple linear regression, Int J Pharm 651
(2024) 123719, https://doi.org/10.1016/j.ijpharm.2023.123719.

A. Samaro, P. Janssens, V. Vanhoorne, J. Van Renterghem, M. Eeckhout,

L. Cardon, T. De Beer, C. Vervaet, Screening of pharmaceutical polymers for
extrusion-Based Additive Manufacturing of patient-tailored tablets, Int. J. Pharm.
586 (2020) 119591, https://doi.org/10.1016/].ijpharm.2020.119591.

S. Ilieva, D. Georgieva, V. Petkova, M. Dimitrov, Study and Characterization of
Polyvinyl Alcohol-Based Formulations for 3D Printlets Obtained via Fused
Deposition Modeling, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15071867.

H. Wang, N. Dumpa, S. Bandari, T. Durig, M.A. Repka, Fabrication of Taste-
Masked Donut-Shaped Tablets Via Fused Filament Fabrication 3D Printing Paired
with Hot-Melt Extrusion Techniques, AAPS PharmSciTech 21 (2020) 243, https://
doi.org/10.1208/512249-020-01783-0.

LE. Aita, J. Breitkreutz, J. Quodbach, Investigation of semi-solid formulations for
3D printing of drugs after prolonged storage to mimic real-life applications, Eur J
Pharm Sci 146 (2020) 105266, https://doi.org/10.1016/].ejps.2020.105266.

S. Rastpeiman, Z. Panahi, M. Akrami, I. Haririan, M. Asadi, Facile fabrication of
an extended-release tablet of Ticagrelor using three dimensional printing
technology, J Biomed Mater Res A 112 (2024) 20-30, https://doi.org/10.1002/
jbm.a.37603.

J. Zhang, R. Thakkar, Y. Zhang, M. Maniruzzaman, Structure-function correlation
and personalized 3D printed tablets using a quality by design (QbD) approach, Int
J Pharm 590 (2020) 119945, https://doi.org/10.1016/].ijpharm.2020.119945.


https://doi.org/10.1016/j.ijpharm.2021.120694
https://doi.org/10.1016/j.ijpharm.2021.120694
https://doi.org/10.1016/j.jcis.2023.07.055
https://doi.org/10.1016/j.ijpharm.2021.120304
https://doi.org/10.1016/j.ijpharm.2021.120304
https://doi.org/10.3390/pharmaceutics13070993
https://doi.org/10.3390/pharmaceutics13070993
https://doi.org/10.1016/j.ijpharm.2019.04.026
https://doi.org/10.1016/j.ijpharm.2019.04.026
https://doi.org/10.3390/pharmaceutics11040150
https://doi.org/10.3390/pharmaceutics14112320
https://doi.org/10.1016/j.ijpx.2023.100203
https://doi.org/10.1016/j.ijpharm.2023.122780
https://doi.org/10.1016/j.ijpharm.2023.122780
https://doi.org/10.3390/pharmaceutics13111969
https://doi.org/10.3390/pharmaceutics13111969
https://doi.org/10.1016/j.jconrel.2023.11.022
https://doi.org/10.1016/j.jconrel.2023.11.022
https://doi.org/10.1016/j.ijpharm.2022.122046
https://doi.org/10.1016/j.ijpharm.2022.122046
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0760
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0760
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0760
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0765
http://refhub.elsevier.com/S0169-409X(24)00326-0/h0765
https://doi.org/10.3390/molecules26113106
https://doi.org/10.3390/ph16091321
https://doi.org/10.3390/ph16091321
https://doi.org/10.1208/s12249-019-1522-9
https://doi.org/10.1208/s12249-019-1522-9
https://doi.org/10.1016/j.ijpharm.2021.121261
https://doi.org/10.1016/j.ejps.2023.106486
https://doi.org/10.1016/j.ejps.2020.105619
https://doi.org/10.1016/j.ejps.2020.105619
https://doi.org/10.1016/j.ijpharm.2020.120053
https://doi.org/10.1016/j.ijpharm.2020.120053
https://doi.org/10.1016/j.ijpx.2022.100153
https://doi.org/10.1016/j.ijpharm.2024.123859
https://doi.org/10.1016/j.ijpharm.2023.123533
https://doi.org/10.3390/molecules26010111
https://doi.org/10.3390/pharmaceutics14040843
https://doi.org/10.3390/pharmaceutics14040843
https://doi.org/10.1016/j.ejps.2020.105688
https://doi.org/10.1016/j.ijpx.2023.100166
https://doi.org/10.1016/j.ijpx.2023.100166
https://doi.org/10.3390/pharmaceutics11120645
https://doi.org/10.3390/pharmaceutics11120645
https://doi.org/10.1016/j.ijpharm.2022.122540
https://doi.org/10.1016/j.ijpharm.2022.122540
https://doi.org/10.1016/j.ijpharm.2021.120222
https://doi.org/10.1016/j.ijpharm.2021.120222
https://doi.org/10.1208/s12249-020-01886-8
https://doi.org/10.3390/pharmaceutics14102103
https://doi.org/10.3390/pharmaceutics14102103
https://doi.org/10.1016/j.ijpharm.2020.119983
https://doi.org/10.1016/j.ijpharm.2020.119983
https://doi.org/10.1016/j.ijpharm.2023.122854
https://doi.org/10.1016/j.ijpharm.2023.122854
https://doi.org/10.1016/j.ijpharm.2021.120639
https://doi.org/10.1016/j.ijpharm.2021.120315
https://doi.org/10.1016/j.ijpharm.2021.120315
https://doi.org/10.1016/j.ijpharm.2023.123719
https://doi.org/10.1016/j.ijpharm.2020.119591
https://doi.org/10.3390/pharmaceutics15071867
https://doi.org/10.3390/pharmaceutics15071867
https://doi.org/10.1208/s12249-020-01783-0
https://doi.org/10.1208/s12249-020-01783-0
https://doi.org/10.1016/j.ejps.2020.105266
https://doi.org/10.1002/jbm.a.37603
https://doi.org/10.1002/jbm.a.37603
https://doi.org/10.1016/j.ijpharm.2020.119945

T. Auel et al.

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

D. Moldenhauer, D.C.Y. Nguyen, L. Jescheck, F. Hack, D. Fischer,

A. Schneeberger, 3D screen printing - An innovative technology for large-scale
manufacturing of pharmaceutical dosage forms, Int J Pharm 592 (2021) 120096,
https://doi.org/10.1016/j.ijpharm.2020.120096.

H. Oblom, J. Zhang, M. Pimparade, I. Speer, M. Preis, M. Repka, N. Sandler, 3D-
Printed Isoniazid Tablets for the Treatment and Prevention of Tuberculosis-
Personalized Dosing and Drug Release, AAPS PharmSciTech 20 (2019) 52,
https://doi.org/10.1208/5s12249-018-1233-7.

G. Gorkem Buyukgoz, D. Soffer, J. Defendre, G.M. Pizzano, R.N. Dave, Exploring
tablet design options for tailoring drug release and dose via fused deposition
modeling (FDM) 3D printing, Int J Pharm 591 (2020) 119987, https://doi.org/
10.1016/j.ijpharm.2020.119987.

H. Windolf, R. Chamberlain, J. Quodbach, Dose-independent drug release from
3D printed oral medicines for patient-specific dosing to improve therapy safety,
Int. J. Pharm. 616 (2022) 121555, https://doi.org/10.1016/].
ijpharm.2022.121555.

T. McDonagh, P. Belton, S. Qi, Manipulating drug release from 3D printed dual-
drug loaded polypills using challenging polymer compositions, Int J Pharm 637
(2023) 122895, https://doi.org/10.1016/j.ijpharm.2023.122895.

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

M. Duranovic, M. Madzarevic, B. Ivkovic, S. Ibric, S. Cvijic, The evaluation of the
effect of different superdisintegrants on the drug release from FDM 3D printed
tablets through different applied strategies: In vitro-in silico assessment, Int J
Pharm 610 (2021) 121194, https://doi.org/10.1016/j.ijpharm.2021.121194,
S.J. Trenfield, X. Xu, A. Goyanes, M. Rowland, D. Wilsdon, S. Gaisford, A.W. Basit,
Releasing fast and slow: Non-destructive prediction of density and drug release
from SLS 3D printed tablets using NIR spectroscopy, Int J Pharm X 5 (2023)
100148, https://doi.org/10.1016/j.ijpx.2022.100148.

W. Jamroz, M. Kurek, J. Szafraniec-Szczesny, A. Czech, K. Gawlak, J. Knapik-
Kowalczuk, B. Leszczyniski, A. Wrdbel, M. Paluch, R. Jachowicz, Speed it up, slow
it down...An issue of bicalutamide release from 3D printed tablets, Eur. J. Pharm.
Sci. 143 (2020) 105169, https://doi.org/10.1016/j.ejps.2019.105169.

S.S. Ozturk, B.O. Palsson, B. Donohoe, J.B. Dressman, Kinetics of release from
enteric-coated tablets, Pharm Res 5 (1988) 550-565, https://doi.org/10.1023/a:
1015937912504.

R. Kinget, W. Kalala, L. Vervoort, G. van den Mooter, Colonic drug targeting,

J Drug Target 6 (1998) 129-149, https://doi.org/10.3109/10611869808997888.
S. Chung, P. Zhang, M.A. Repka, Fabrication of timed-release indomethacin core-
shell tablets for chronotherapeutic drug delivery using dual nozzle fused
deposition modeling (FDM) 3D printing, Eur J Pharm Biopharm 188 (2023)
254-264, https://doi.org/10.1016/j.ejpb.2023.05.015.

Y.H. Ou, W.J. Goh, S.H. Lim, Form & formulation approaches for COntRollable
Release in 3D printed Colonic Targeting (CORR3CT) budesonide tablet, Int J
Pharm 635 (2023) 122680, https://doi.org/10.1016/j.ijpharm.2023.122680.

A. Melocchi, M. Uboldi, F. Briatico-Vangosa, S. Moutaharrik, M. Cerea,

A. Foppoli, A. Maroni, L. Palugan, L. Zema, A. Gazzaniga, The Chronotopic
System for Pulsatile and Colonic Delivery of Active Molecules in the Era of
Precision Medicine: Feasibility by 3D Printing via Fused Deposition Modeling
(FDM), Pharmaceutics 13 (2021), https://doi.org/10.3390/
pharmaceutics13050759.

F. Shojaie, C. Ferrero, 1. Caraballo, Development of 3D-Printed Bicompartmental
Devices by Dual-Nozzle Fused Deposition Modeling (FDM) for Colon-Specific
Drug Delivery, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15092362.

A.G. Tabriz, M.S. Mithu, M.D. Antonijevic, L. Vilain, Y. Derrar, C. Grau,

A. Morales, O.L. Katsamenis, D. Douroumis, 3D printing of LEGO(R) like designs
with tailored release profiles for treatment of sleep disorder, Int J Pharm 632
(2023) 122574, https://doi.org/10.1016/].ijpharm.2022.122574.

R. Thakkar, A.R. Pillai, J. Zhang, Y. Zhang, V. Kulkarni, M. Maniruzzaman, Novel
On-Demand 3-Dimensional (3-D) Printed Tablets Using Fill Density as an Effective
Release-Controlling Tool, Polymers (basel) 12 (2020), https://doi.org/10.3390/
polym12091872.

A.G. Tabriz, U. Nandi, A.P. Hurt, HW. Hui, S. Karki, Y. Gong, S. Kumar,

D. Douroumis, 3D printed bilayer tablet with dual controlled drug release for
tuberculosis treatment, Int J Pharm 593 (2021) 120147, https://doi.org/
10.1016/j.ijpharm.2020.120147.

J. Zhang, P. Xu, A.Q. Vo, M.A. Repka, Oral drug delivery systems using core-shell
structure additive manufacturing technologies: a proof-of-concept study, J Pharm
Pharmacol 73 (2021) 152-160, https://doi.org/10.1093/jpp/rgaa037.

S.Z. Mirdamadian, J. Varshosaz, M. Minaiyan, A. Taheri, 3D printed tablets
containing oxaliplatin loaded alginate nanoparticles for colon cancer targeted
delivery, An in vitro/in Vivo Study, Int J Biol Macromol 205 (2022) 90-109,
https://doi.org/10.1016/j.ijbiomac.2022.02.080.

W. Kempin, V. Domsta, I. Brecht, B. Semmling, S. Tillmann, W. Weitschies,

A. Seidlitz, Development of a dual extrusion printing technique for an acid- and
thermo-labile drug, Eur. J. Pharm. Sci. 123 (2018) 191-198, https://doi.org/
10.1016/j.ejps.2018.07.041.

1. Vasiljevic, E. Turkovic, M. Piller, M. Mirkovic, A. Zimmer, 1. Aleksic, S. Ibric,
J. Parojcic, Processability evaluation of multiparticulate units prepared by
selective laser sintering using the SeDeM Expert System approach, Int J Pharm
629 (2022) 122337, https://doi.org/10.1016/].ijpharm.2022.122337.

33

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

Advanced Drug Delivery Reviews 217 (2025) 115504

L. Xu, Q. Yang, W. Qiang, H. Li, W. Zhong, S. Pan, G. Yang, Hydrophilic Excipient-
Independent Drug Release from SLA-Printed Pellets, Pharmaceutics 13 (2021),
https://doi.org/10.3390/pharmaceutics13101717.

B.C. Pereira, A. Isreb, M. Isreb, R.T. Forbes, E.F. Oga, M.A. Alhnan, Additive
Manufacturing of a Point-of-Care “Polypill:” Fabrication of Concept Capsules of
Complex Geometry with Bespoke Release against Cardiovascular Disease, Adv
Healthc Mater 9 (2020) €2000236, https://doi.org/10.1002/adhm.2020002.36.
H. Oblom, E. Sjoholm, M. Rautamo, 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 (2019), https://doi.org/10.3390/
pharmaceutics11070334.

D.S. Shah, K.K. Moravkar, D.K. Jha, V. Lonkar, P.D. Amin, S.S. Chalikwar,

A concise summary of powder processing methodologies for flow enhancement,
Heliyon 9 (2023) e16498, https://doi.org/10.1016/j.heliyon.2023.e16498.

K.A. Macias, M.T. Carvajal, The influence of granule density on granule strength
and resulting compact strength, Chem. Eng. Sci. 72 (2012) 205-213, https://doi.
0rg/10.1016/j.ces.2012.01.026.

M.S. Handattu, S. Thirumaleshwar, G.M. Prakash, H.K. Somareddy, G.

H. Veerabhadrappa, A Comprehensive Review on Pellets as a Dosage Form in
Pharmaceuticals, Curr. Drug Targets 22 (2021) 1183-1195, https://doi.org/
10.2174/1389450122999210120204248.

P. Lennartz, J.B. Mielck, Minitabletting: improving the compactability of
paracetamol powder mixtures, Int J Pharm 173 (1998) 75-85, https://doi.org/
10.1016/50378-5173(98)00206-3.

J. Munch, T. Meissner, E. Mayatepek, M. Wargenau, J. Breitkreutz, H.M. Bosse,
V. Klingmann, Acceptability of small-sized oblong tablets in comparison to syrup
and mini-tablets in infants and toddlers: A randomized controlled trial, Eur J
Pharm Biopharm 166 (2021) 126-134, https://doi.org/10.1016/j.
€jpb.2021.06.007.

V. Klingmann, N. Spomer, C. Lerch, L. Stoltenberg, C. Fromke, H.M. Bosse,

J. Breitkreutz, T. Meissner, Favorable acceptance of mini-tablets compared with
syrup: a randomized controlled trial in infants and preschool children, J. Pediatr.
163 (2013) 1728-1732 e1721, https://doi.org/10.1016/j.jpeds.2013.07.014.
S.A. Thomson, C. Tuleu, I.C. Wong, S. Keady, K.G. Pitt, A.G. Sutcliffe, Minitablets:
new modality to deliver medicines to preschool-aged children, Pediatrics 123
(2009) e235-€238, https://doi.org/10.1542/peds.2008-2059.

K. Wening, J. Breitkreutz, Oral drug delivery in personalized medicine: unmet
needs and novel approaches, Int J Pharm 404 (2011) 1-9, https://doi.org/
10.1016/j.ijpharm.2010.11.001.

G. Zuccari, S. Alfei, D. Marimpietri, V. Iurilli, P. Barabino, L. Marchitto, Mini-
Tablets: A Valid Strategy to Combine Efficacy and Safety in Pediatrics,
Pharmaceuticals (Basel) 15 (2022), https://doi.org/10.3390/ph15010108.

A. Lura, J. Breitkreutz, Manufacturing of mini-tablets. Focus and impact of the
tooling systems, J. Drug Delivery Sci. Technol. 72 (2022), https://doi.org/
10.1016/j.jddst.2022.103357.

R.H. Awad, S.A. Habash, C.J. Hansen, 3D Printing Methods, 3D Printing
Applications in Cardiovascular Medicine2018, pp. 11-32.

B.N. Turner, S.A. Gold, A review of melt extrusion additive manufacturing
processes: II, Materials, Dimensional Accuracy, and Surface Roughness, Rapid
Prototyping Journal 21 (2015) 250-261, https://doi.org/10.1108/rpj-02-2013-
0017.

K. Vithani, A. Goyanes, V. Jannin, A.W. Basit, S. Gaisford, B.J. Boyd, An Overview
of 3D Printing Technologies for Soft Materials and Potential Opportunities for
Lipid-based Drug Delivery Systems, Pharm Res 36 (2018) 4, https://doi.org/
10.1007/511095-018-2531-1.

J.M. Newton, Gastric emptying of multi-particulate dosage forms, Int J Pharm
395 (2010) 2-8, https://doi.org/10.1016/j.ijpharm.2010.04.047.

A. Awad, F. Fina, S.J. Trenfield, P. Patel, A. Goyanes, S. Gaisford, A.W. Basit, 3D
Printed Pellets (Miniprintlets): A Novel, Multi-Drug, Controlled Release Platform
Technology, Pharmaceutics 11 (2019), https://doi.org/10.3390/
pharmaceutics11040148.

J. Krause, L. Muller, D. Sarwinska, A. Seidlitz, M. Sznitowska, W. Weitschies, 3D
Printing of Mini Tablets for Pediatric Use, Pharmaceuticals (Basel) 14 (2021),
https://doi.org/10.3390/ph14020143.

M. Pistone, G.F. Racaniello, R. Rizzi, R.M. Iacobazzi, I. Arduino, A. Lopalco, A.
A. Lopedota, N. Denora, Direct cyclodextrin based powder extrusion 3D printing
of budesonide loaded mini-tablets for the treatment of eosinophilic colitis in
paediatric patients, Int J Pharm 632 (2023) 122592, https://doi.org/10.1016/j.
ijpharm.2023.122592.

S. Ayyoubi, J.R. Cerda, R. Fernandez-Garcia, P. Knief, A. Lalatsa, A.M. Healy, D.
R. Serrano, 3D printed spherical mini-tablets: Geometry versus composition
effects in controlling dissolution from personalised solid dosage forms, Int J
Pharm 597 (2021) 120336, https://doi.org/10.1016/j.ijpharm.2021.120336.

G. Gorkem Buyukgoz, C.G. Kossor, S. Ji, M. Guvendiren, R.N. Dave, Dose Titration
of Solid Dosage Forms via FDM 3D-Printed Mini-Tablets, Pharmaceutics 14
(2022), https://doi.org/10.3390/pharmaceutics14112305.

A.M. Malebari, A. Kara, A.N. Khayyat, K.A. Mohammad, D.R. Serrano,
Development of Advanced 3D-Printed Solid Dosage Pediatric Formulations for
HIV Treatment, Pharmaceuticals (Basel) 15 (2022), https://doi.org/10.3390/
ph15040435.

S.A. Sanchez-Guirales, N. Jurado, A. Kara, A. Lalatsa, D.R. Serrano,
Understanding Direct Powder Extrusion for Fabrication of 3D Printed
Personalised Medicines: A Case Study for Nifedipine Minitablets, Pharmaceutics
13 (2021), https://doi.org/10.3390/pharmaceutics13101583.


https://doi.org/10.1016/j.ijpharm.2020.120096
https://doi.org/10.1208/s12249-018-1233-7
https://doi.org/10.1016/j.ijpharm.2020.119987
https://doi.org/10.1016/j.ijpharm.2020.119987
https://doi.org/10.1016/j.ijpharm.2022.121555
https://doi.org/10.1016/j.ijpharm.2022.121555
https://doi.org/10.1016/j.ijpharm.2023.122895
https://doi.org/10.1016/j.ijpharm.2022.121599
https://doi.org/10.1016/j.ijpharm.2021.121194
https://doi.org/10.1016/j.ijpx.2022.100148
https://doi.org/10.1016/j.ejps.2019.105169
https://doi.org/10.1023/a:1015937912504
https://doi.org/10.1023/a:1015937912504
https://doi.org/10.3109/10611869808997888
https://doi.org/10.1016/j.ejpb.2023.05.015
https://doi.org/10.1016/j.ijpharm.2023.122680
https://doi.org/10.3390/pharmaceutics13050759
https://doi.org/10.3390/pharmaceutics13050759
https://doi.org/10.3390/pharmaceutics15092362
https://doi.org/10.3390/pharmaceutics15092362
https://doi.org/10.1016/j.ijpharm.2022.122574
https://doi.org/10.3390/polym12091872
https://doi.org/10.3390/polym12091872
https://doi.org/10.1016/j.ijpharm.2020.120147
https://doi.org/10.1016/j.ijpharm.2020.120147
https://doi.org/10.1093/jpp/rgaa037
https://doi.org/10.1016/j.ijbiomac.2022.02.080
https://doi.org/10.1016/j.ejps.2018.07.041
https://doi.org/10.1016/j.ejps.2018.07.041
https://doi.org/10.1016/j.ijpharm.2022.122337
https://doi.org/10.3390/pharmaceutics13101717
https://doi.org/10.1002/adhm.202000236
https://doi.org/10.3390/pharmaceutics11070334
https://doi.org/10.3390/pharmaceutics11070334
https://doi.org/10.1016/j.heliyon.2023.e16498
https://doi.org/10.1016/j.ces.2012.01.026
https://doi.org/10.1016/j.ces.2012.01.026
https://doi.org/10.2174/1389450122999210120204248
https://doi.org/10.2174/1389450122999210120204248
https://doi.org/10.1016/S0378-5173(98)00206-3
https://doi.org/10.1016/S0378-5173(98)00206-3
https://doi.org/10.1016/j.ejpb.2021.06.007
https://doi.org/10.1016/j.ejpb.2021.06.007
https://doi.org/10.1016/j.jpeds.2013.07.014
https://doi.org/10.1542/peds.2008-2059
https://doi.org/10.1016/j.ijpharm.2010.11.001
https://doi.org/10.1016/j.ijpharm.2010.11.001
https://doi.org/10.3390/ph15010108
https://doi.org/10.1016/j.jddst.2022.103357
https://doi.org/10.1016/j.jddst.2022.103357
https://doi.org/10.1108/rpj-02-2013-0017
https://doi.org/10.1108/rpj-02-2013-0017
https://doi.org/10.1007/s11095-018-2531-1
https://doi.org/10.1007/s11095-018-2531-1
https://doi.org/10.1016/j.ijpharm.2010.04.047
https://doi.org/10.3390/pharmaceutics11040148
https://doi.org/10.3390/pharmaceutics11040148
https://doi.org/10.3390/ph14020143
https://doi.org/10.1016/j.ijpharm.2023.122592
https://doi.org/10.1016/j.ijpharm.2023.122592
https://doi.org/10.1016/j.ijpharm.2021.120336
https://doi.org/10.3390/pharmaceutics14112305
https://doi.org/10.3390/ph15040435
https://doi.org/10.3390/ph15040435
https://doi.org/10.3390/pharmaceutics13101583

T. Auel et al.

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

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

H. Patel, V. Raje, P. Maczko, K. Patel, Application of 3D printing technology for
the development of dose adjustable geriatric and pediatric formulation of
celecoxib, Int J Pharm 655 (2024) 123941, https://doi.org/10.1016/j.
ijpharm.2024.123941.

M. Capsules, in: European Pharmacopoeia, European Directorate for the Quality
of Medicines & HealthCare of the Council of Europe, Strasbourg, France, 2023,
pp. 966-967.

S. Stegemann, Non-Gelatin-Based Capsules, in: L.L. Augsburger, S.W. Hoag (Eds.),
Pharmaceutical Dosage Forms, United Kingdom, London, 2017, pp. 111-130.
M.M. Al-Tabakha, H.P.M.C. Capsules, Current Status and Future Prospects,

J. Pharm. Pharm. Sci. 13 (2010) 428-442, https://doi.org/10.18433/J3K881.
Y. Ding, F. Jiang, L. Chen, W. Lyu, Z. Chi, C. Liu, Z. Chi, An Alternative Hard
Capsule Prepared with the High Molecular Weight Pullulan and Gellan:
Processing, Characterization, and in Vitro Drug Release, Carbohydr Polym 237
(2020) 116172, https://doi.org/10.1016/j.carbpol.2020.116172.

R.P. Gullapalli, C.L. Mazzitelli, Gelatin and Non-Gelatin Capsule Dosage Forms,
J Pharm Sci 106 (2017) 1453-1465, https://doi.org/10.1016/j.
xphs.2017.02.006.

A. Alzahrani, S. Narala, A. Adel Ali Youssef, D. Nyavanandi, S. Bandari,

P. Mandati, A. Almotairy, M. Almutairi, M. Repka, Fabrication of a shell-core
fixed-dose combination tablet using fused deposition modeling 3D printing, Eur J
Pharm Biopharm 177 (2022) 211-223, https://doi.org/10.1016/j.
€jpb.2022.07.003.

S.G. Gaurkhede, O.0. Osipitan, G. Dromgoole, S.A. Spencer, A.J.D. Pasqua,

J. Deng, 3D Printing and Dissolution Testing of Novel Capsule Shells for Use in
Delivering Acetaminophen, J Pharm Sci 110 (2021) 3829-3837, https://doi.org/
10.1016/j.xphs.2021.08.030.

I. Cotabarren, L. Gallo, 3D printing of PVA capsular devices for modified drug
delivery: design and in vitro dissolution studies, Drug Dev Ind Pharm 46 (2020)
1416-1426, https://doi.org/10.1080/03639045.2020.1791166.

P. Kraisit, P. Limpamanoch, N. Hirun, S. Limmatvapirat, Design and development
of 3D-printed bento box model for controlled drug release of propranolol HCI
following pharmacopeia dissolution guidelines, Int J Pharm 628 (2022) 122272,
https://doi.org/10.1016/j.ijpharm.2022.122272.

A.B. Omer, F. Fatima, M.M. Ahmed, M.F. Aldawsari, A. Alalaiwe, M.K. Anwer, A.
A. Mohammed, Enhanced Apigenin Dissolution and Effectiveness Using
Glycyrrhizin Spray-Dried Solid Dispersions Filled in 3D-Printed Tablets,
Biomedicines 11 (2023), https://doi.org/10.3390/biomedicines11123341.

L.A. Junqueira, A.G. Tabriz, F.J. Raposo, L.R. Carobini, U.P. Vaz, M.A.F. Brandao,
D. Douroumis, N.R.B. Raposo, Coupling of Fused Deposition Modeling and Inkjet
Printing to Produce Drug Loaded 3D Printed Tablets, Pharmaceutics 14 (2022),
https://doi.org/10.3390/pharmaceutics14010159.

M.S. Algahtani, A.A. Mohammed, J. Ahmad, R. Ali, E. Saleh, 3D printed capsule
shells for personalized dosing of cyclosporine-loaded SNEDDS, Int J Pharm 650
(2024) 123707, https://doi.org/10.1016/j.ijpharm.2023.123707.

S. Palekar, P.K. Nukala, K. Patel, Aversion liquid-filled drug releasing capsule (3D-
RECAL): A novel technology for the development of immediate release abuse
deterrent formulations using a fused deposition modelling (FDM) 3D printer, Int J
Pharm 621 (2022) 121804, https://doi.org/10.1016/j.ijpharm.2022.121804.

L. Gallo, J.F. Pena, S.D. Palma, J.P. Real, I. Cotabarren, Design and production of
3D printed oral capsular devices for the modified release of urea in ruminants, Int
J Pharm 628 (2022) 122353, https://doi.org/10.1016/j.ijpharm.2022.122353.
C. Nober, G. Manini, E. Carlier, J.M. Raquez, S. Benali, P. Dubois, K. Amighi,

J. Goole, Feasibility study into the potential use of fused-deposition modeling to
manufacture 3D-printed enteric capsules in compounding pharmacies, Int J
Pharm 569 (2019) 118581, https://doi.org/10.1016/j.ijpharm.2019.118581.

N. Keikhosravi, S.Z. Mirdamadian, J. Varshosaz, A. Taheri, Preparation and
characterization of polypills containing aspirin and simvastatin using 3D printing
technology for the prevention of cardiovascular diseases, Drug Dev Ind Pharm 46
(2020) 1665-1675, https://doi.org/10.1080/03639045.2020.1820034.

J.M. Nasereddin, N. Wellner, M. Alhijjaj, P. Belton, S. Qi, Development of a
Simple Mechanical Screening Method for Predicting the Feedability of a
Pharmaceutical FDM 3D Printing Filament, Pharm Res 35 (2018) 151, https://
doi.org/10.1007/s11095-018-2432-3.

P. Xu, J. Li, A. Meda, F. Osei-Yeboah, M.L. Peterson, M. Repka, X. Zhan,
Development of a quantitative method to evaluate the printability of filaments for
fused deposition modeling 3D printing, Int J Pharm 588 (2020) 119760, https://
doi.org/10.1016/j.ijpharm.2020.119760.

D. Choudhury, U.S. Murty, S. Banerjee, 3D printing and enteric coating of a
hollow capsular device with controlled drug release characteristics prepared
using extruded Eudragit(R) filaments, Pharm Dev Technol 26 (2021) 1010-1020,
https://doi.org/10.1080/10837450.2021.1970765.

J. Krause, M. Bogdahn, F. Schneider, M. Koziolek, W. Weitschies, Design and
characterization of a novel 3D printed pressure-controlled drug delivery system,
Eur J Pharm Sci 140 (2019) 105060, https://doi.org/10.1016/j.
€jps.2019.105060.

S. Berg, J. Krause, A. Bjorkbom, K. Walter, S. Harun, A. Granfeldt, D. Janzen, S.
F. Nunes, M. Antonsson, N. Van Zuydam, S. Skrtic, A. Hugerth, W. Weitschies,
N. Davies, B. Abrahamsson, C.A.S. Bergstrom, In Vitro and In Vivo Evaluation of
3D Printed Capsules with Pressure Triggered Release Mechanism for Oral Peptide
Delivery, J Pharm Sci 110 (2021) 228-238, https://doi.org/10.1016/j.
xphs.2020.10.066.

34

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

Advanced Drug Delivery Reviews 217 (2025) 115504

E.T. Cole, D. Cade, H. Benameur, Challenges and opportunities in the
encapsulation of liquid and semi-solid formulations into capsules for oral
administration, Adv Drug Deliv Rev 60 (2008) 747-756, https://doi.org/
10.1016/j.addr.2007.09.009.

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

V.R. Kulkarni, M. Kazi, A.A. Shahba, A. Radhanpuri, M. Maniruzzaman, Three-
Dimensional Printing of a Container Tablet: A New Paradigm for Multi-Drug-
Containing Bioactive Self-Nanoemulsifying Drug-Delivery Systems (Bio-
SNEDDSs), Pharmaceutics 14 (2022), https://doi.org/10.3390/
pharmaceutics14051082.

G.K. Eleftheriadis, C.S. Katsiotis, N. Bouropoulos, S. Koutsopoulos, D.G. Fatouros,
FDM-printed pH-responsive capsules for the oral delivery of a model
macromolecular dye, Pharm Dev Technol 25 (2020) 517-523, https://doi.org/
10.1080/10837450.2019.1711396.

P. Suryavanshi, V.S. Chaudhari, S. Banerjee, Customized 3D-printed hollow
capsular device filled with norfloxacin-loaded micropellets for controlled-release
delivery, Drug Deliv, Transl Res 13 (2023) 1183-1194, https://doi.org/10.1007/
513346-022-01198-3.

G. Pandav, T. Karanwad, S. Banerjee, Sketching feasibility of additively
manufactured different size gradient conventional hollow capsular shells (HCSs)
by selective laser sintering (SLS): From design to applications, J Mech Behav
Biomed Mater 151 (2024) 106393, https://doi.org/10.1016/j.
jmbbm.2024.106393.

M. Asadi, Z. Salehi, M. Akrami, M. Hosseinpour, S. Jockenhovel, S. Ghazanfari,
3D printed pH-responsive tablets containing N-acetylglucosamine-loaded
methylcellulose hydrogel for colon drug delivery applications, Int J Pharm 645
(2023) 123366, https://doi.org/10.1016/j.ijpharm.2023.123366.

A. Almeida, V. Linares, G. Mora-Castano, M. Casas, I. Caraballo, B. Sarmento, 3D
printed systems for colon-specific delivery of camptothecin-loaded chitosan
micelles, Eur J Pharm Biopharm 167 (2021) 48-56, https://doi.org/10.1016/j.
€jpb.2021.07.005.

Monograph Oromucosal preparations, in: European Pharmacopoeia, European
Directorate for the Quality of Medicines & HealthCare of the Council of Europe,
Strasbourg, France, 2023, pp. 985-987.

S. Karki, H. Kim, S.-J. Na, D. Shin, K. Jo, J. Lee, Thin films as an emerging
platform for drug delivery, Asian J. Pharm. Sci. 11 (2016) 559-574, https://doi.
0rg/10.1016/j.ajps.2016.05.004.

J. Elbl, J. Gajdziok, J. Kolarczyk, 3D printing of multilayered orodispersible films
with in-process drying, Int J Pharm 575 (2020) 118883, https://doi.org/
10.1016/j.ijpharm.2019.118883.

V. Klingmann, C.E. Pohly, T. Meissner, E. Mayatepek, A. Moltner, K. Flunkert,
J. Breitkreutz, H.M. Bosse, Acceptability of an orodispersible film compared to
syrup in neonates and infants: A randomized controlled trial, Eur J Pharm
Biopharm 151 (2020) 239-245, https://doi.org/10.1016/j.ejpb.2020.03.018.

Y. Takeuchi, M. Kawamoto, K. Tahara, H. Takeuchi, Design of a new
disintegration test system for the evaluation of orally disintegrating films, Int J
Pharm 553 (2018) 281-289, https://doi.org/10.1016/].ijpharm.2018.10.049.
M. Preis, D. Gronkowsky, D. Grytzan, J. Breitkreutz, Comparative study on novel
test systems to determine disintegration time of orodispersible films, J Pharm
Pharmacol 66 (2014) 1102-1111, https://doi.org/10.1111/jphp.12246.

1. Speer, D. Steiner, Y. Thabet, J. Breitkreutz, A. Kwade, Comparative study on
disintegration methods for oral film preparations, Eur J Pharm Biopharm 132
(2018) 50-61, https://doi.org/10.1016/.ejpb.2018.09.005.

T.-T. Yan, Z.-F. Lv, P. Tian, M.-M. Lin, W. Lin, S.-Y. Huang, Y.-Z. Chen, Semi-solid
extrusion 3D printing ODFs: an individual drug delivery system for small scale
pharmacy, Drug Dev. Ind. Pharm. 46 (2020) 531-538, https://doi.org/10.1080/
03639045.2020.1734018.

M. Elbadawi, D. Nikjoo, T. Gustafsson, S. Gaisford, A.W. Basit, Pressure-assisted
microsyringe 3D printing of oral films based on pullulan and hydroxypropyl
methylcellulose, Int. J. Pharm. 595 (2021) 120197, https://doi.org/10.1016/j.
ijpharm.2021.120197.

P. Panraksa, S. Udomsom, P. Rachtanapun, C. Chittasupho, W. Ruksiriwanich,
P. Jantrawut, Hydroxypropyl Methylcellulose E15: A Hydrophilic Polymer for
Fabrication of Orodispersible Film Using Syringe Extrusion 3D Printer, Polymers
(basel) 12 (2020), https://doi.org/10.3390/polym12112666.

J. Elbl, M. Vesely, D. Blahackova, J. Ondrus, P. Kulich, E. Maskova, J. Masek,
J. Gajdziok, Development of 3D Printed Multi-Layered Orodispersible Films with
Porous Structure Applicable as a Substrate for Inkjet Printing, Pharmaceutics 15
(2023), https://doi.org/10.3390/pharmaceutics15020714.

P. Panraksa, S. Qi, S. Udomsom, P. Tipduangta, P. Rachtanapun,

K. Jantanasakulwong, P. Jantrawut, Characterization of Hydrophilic Polymers as
a Syringe Extrusion 3D Printing Material for Orodispersible Film, Polymers
(basel) 13 (2021), https://doi.org/10.3390/polym13203454.

G. Germini, L. Peltonen, 3D Printing of Drug Nanocrystals for Film Formulations,
Molecules 26 (2021), https://doi.org/10.3390/molecules26133941.

E. Sjoholm, N. Sandler, Additive manufacturing of personalized orodispersible
warfarin films, Int. J. Pharm. 564 (2019) 117-123, https://doi.org/10.1016/].
ijpharm.2019.04.018.

S. Erzengin, E. Guler, E. Eser, E.B. Polat, O. Gunduz, M.E. Cam, In vitro and in
vivo evaluation of 3D printed sodium alginate/polyethylene glycol scaffolds for
sublingual delivery of insulin: Preparation, characterization, and
pharmacokinetics, Int J Biol Macromol 204 (2022) 429-440, https://doi.org/
10.1016/j.ijpiomac.2022.02.030.


https://doi.org/10.1016/j.ijpharm.2018.11.062
https://doi.org/10.1016/j.ijpharm.2024.123941
https://doi.org/10.1016/j.ijpharm.2024.123941
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1160
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1160
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1160
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1165
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1165
https://doi.org/10.18433/J3K881
https://doi.org/10.1016/j.carbpol.2020.116172
https://doi.org/10.1016/j.xphs.2017.02.006
https://doi.org/10.1016/j.xphs.2017.02.006
https://doi.org/10.1016/j.ejpb.2022.07.003
https://doi.org/10.1016/j.ejpb.2022.07.003
https://doi.org/10.1016/j.xphs.2021.08.030
https://doi.org/10.1016/j.xphs.2021.08.030
https://doi.org/10.1080/03639045.2020.1791166
https://doi.org/10.1016/j.ijpharm.2022.122272
https://doi.org/10.3390/biomedicines11123341
https://doi.org/10.3390/pharmaceutics14010159
https://doi.org/10.1016/j.ijpharm.2023.123707
https://doi.org/10.1016/j.ijpharm.2022.121804
https://doi.org/10.1016/j.ijpharm.2022.122353
https://doi.org/10.1016/j.ijpharm.2019.118581
https://doi.org/10.1080/03639045.2020.1820034
https://doi.org/10.1007/s11095-018-2432-3
https://doi.org/10.1007/s11095-018-2432-3
https://doi.org/10.1016/j.ijpharm.2020.119760
https://doi.org/10.1016/j.ijpharm.2020.119760
https://doi.org/10.1080/10837450.2021.1970765
https://doi.org/10.1016/j.ejps.2019.105060
https://doi.org/10.1016/j.ejps.2019.105060
https://doi.org/10.1016/j.xphs.2020.10.066
https://doi.org/10.1016/j.xphs.2020.10.066
https://doi.org/10.1016/j.addr.2007.09.009
https://doi.org/10.1016/j.addr.2007.09.009
https://doi.org/10.1016/j.ejpb.2023.01.004
https://doi.org/10.3390/pharmaceutics14051082
https://doi.org/10.3390/pharmaceutics14051082
https://doi.org/10.1080/10837450.2019.1711396
https://doi.org/10.1080/10837450.2019.1711396
https://doi.org/10.1007/s13346-022-01198-3
https://doi.org/10.1007/s13346-022-01198-3
https://doi.org/10.1016/j.jmbbm.2024.106393
https://doi.org/10.1016/j.jmbbm.2024.106393
https://doi.org/10.1016/j.ijpharm.2023.123366
https://doi.org/10.1016/j.ejpb.2021.07.005
https://doi.org/10.1016/j.ejpb.2021.07.005
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1305
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1305
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1305
https://doi.org/10.1016/j.ajps.2016.05.004
https://doi.org/10.1016/j.ajps.2016.05.004
https://doi.org/10.1016/j.ijpharm.2019.118883
https://doi.org/10.1016/j.ijpharm.2019.118883
https://doi.org/10.1016/j.ejpb.2020.03.018
https://doi.org/10.1016/j.ijpharm.2018.10.049
https://doi.org/10.1111/jphp.12246
https://doi.org/10.1016/j.ejpb.2018.09.005
https://doi.org/10.1080/03639045.2020.1734018
https://doi.org/10.1080/03639045.2020.1734018
https://doi.org/10.1016/j.ijpharm.2021.120197
https://doi.org/10.1016/j.ijpharm.2021.120197
https://doi.org/10.3390/polym12112666
https://doi.org/10.3390/pharmaceutics15020714
https://doi.org/10.3390/polym13203454
https://doi.org/10.3390/molecules26133941
https://doi.org/10.1016/j.ijpharm.2019.04.018
https://doi.org/10.1016/j.ijpharm.2019.04.018
https://doi.org/10.1016/j.ijbiomac.2022.02.030
https://doi.org/10.1016/j.ijbiomac.2022.02.030

T. Auel et al.

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

G.M. Khalid, U.M. Musazzi, F. Selmin, S. Franze, P. Minghetti, F. Cilurzo,
Extemporaneous printing of diclofenac orodispersible films for pediatrics, Drug
Dev Ind Pharm 47 (2021) 636-644, https://doi.org/10.1080/
03639045.2021.1908335.

H.W. Cho, S.H. Baek, B.J. Lee, H.E. Jin, Orodispersible Polymer Films with the
Poorly Water-Soluble Drug, Olanzapine: Hot-Melt Pneumatic Extrusion for Single-
Process 3D Printing, Pharmaceutics 12 (2020), https://doi.org/10.3390/
pharmaceutics12080692.

B.C. Oh, G. Jin, C. Park, J.B. Park, B.J. Lee, Preparation and evaluation of
identifiable quick response (QR)-coded orodispersible films using 3D printer with
directly feeding nozzle, Int J Pharm 584 (2020) 119405, https://doi.org/
10.1016/j.ijpharm.2020.119405.

G.K. Eleftheriadis, E. Kantarelis, P.K. Monou, E.G. Andriotis, N. Bouropoulos, E.
K. Tzimtzimis, D. Tzetzis, J. Rantanen, D.G. Fatouros, Automated digital design
for 3D-printed individualized therapies, Int J Pharm 599 (2021) 120437, https://
doi.org/10.1016/j.ijpharm.2021.120437.

J.H. Lee, C. Park, I.O. Song, B.J. Lee, C.Y. Kang, J.B. Park, Investigation of Patient-
Centric 3D-Printed Orodispersible Films Containing Amorphous Aripiprazole,
Pharmaceuticals (Basel) 15 (2022), https://doi.org/10.3390/ph15070895.

M. Algellay, M. Roberts, L. Bosworth, S.D. Sarker, A.A. Fatokun, T. Ehtezazi, The
Use of Micro-Ribbons and Micro-Fibres in the Formulation of 3D Printed Fast
Dissolving Oral Films, Pharmaceuticals (Basel) 16 (2023), https://doi.org/
10.3390/ph16010079.

H. Chen, X. Li, Y. Gong, T. Bu, X. Wang, H. Pan, Unidirectional drug release from
3D printed personalized buccal patches using FDM technology, Int J Pharm 645
(2023) 123382, https://doi.org/10.1016/j.ijpharm.2023.123382.

T. Xu, H. Li, Y. Xia, S. Ding, Q. Yang, G. Yang, Three-Dimensional-Printed Oral
Films Based on LCD: Influence Factors of the Film Printability and Received
Qualities, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15030758.

L.M. Schmidt, J. Dos Santos, T.V. de Oliveira, N.L. Funk, C.L. Petzhold, E.

V. Benvenutti, M. Deon, R.C.R. Beck, Drug-loaded mesoporous silica on
carboxymethyl cellulose hydrogel: Development of innovative 3D printed
hydrophilic films, Int J Pharm 620 (2022) 121750, https://doi.org/10.1016/j.
ijpharm.2022.121750.

G.F. Racaniello, M. Pistone, C. Meazzini, A. Lopedota, I. Arduino, R. Rizzi,

A. Lopalco, U.M. Musazzi, F. Cilurzo, N. Denora, 3D printed mucoadhesive
orodispersible films manufactured by direct powder extrusion for personalized
clobetasol propionate based paediatric therapies, Int J Pharm 643 (2023) 123214,
https://doi.org/10.1016/j.ijpharm.2023.123214.

E.M. Nour, S.E. El-Habashy, M.G. Shehat, M.M. Essawy, R.M. El-Moslemany, N.
M. Khalafallah, Atorvastatin liposomes in a 3D-printed polymer film: a
repurposing approach for local treatment of oral candidiasis, Drug Deliv, Transl
Res 13 (2023) 2847-2868, https://doi.org/10.1007/5s13346-023-01353-4.

T. Tagami, M. Okamura, K. Ogawa, T. Ozeki, Fabrication of Mucoadhesive Films
Containing Pharmaceutical Ionic Liquid and Eudragit Polymer Using Pressure-
Assisted Microsyringe-Type 3D Printer for Treating Oral Mucositis, Pharmaceutics
14 (2022), https://doi.org/10.3390/pharmaceutics14091930.

G.K. Eleftheriadis, P.K. Monou, N. Bouropoulos, J. Boetker, J. Rantanen,

J. Jacobsen, LS. Vizirianakis, D.G. Fatouros, Fabrication of Mucoadhesive Buccal
Films for Local Administration of Ketoprofen and Lidocaine Hydrochloride by
Combining Fused Deposition Modeling and Inkjet Printing, J Pharm Sci 109
(2020) 2757-2766, https://doi.org/10.1016/j.xphs.2020.05.022.

A. Gobel, J.B. da Silva, M. Cook, J. Breitkreutz, Development of buccal film
formulations and their mucoadhesive performance in biomimetic models, Int J
Pharm 610 (2021) 121233, https://doi.org/10.1016/j.ijpharm.2021.121233.

T. Tagami, N. Yoshimura, E. Goto, T. Noda, T. Ozeki, Fabrication of Muco-
Adhesive Oral Films by the 3D Printing of Hydroxypropyl Methylcellulose-Based
Catechin-Loaded Formulations, Biol Pharm Bull 42 (2019) 1898-1905, https://
doi.org/10.1248/bpb.b19-00481.

H. Takashima, T. Tagami, S. Kato, H. Pae, T. Ozeki, Y. Shibuya, Three-
Dimensional Printing of an Apigenin-Loaded Mucoadhesive Film for Tailored
Therapy to Oral Leukoplakia and the Chemopreventive Effect on a Rat Model of
Oral Carcinogenesis, Pharmaceutics 14 (2022), https://doi.org/10.3390/
pharmaceutics14081575.

X. Liu, Q. Li, Y. Wang, M. Crawford, P.K. Bhupal, X. Gao, H. Xie, D. Liang, Y.
L. Cheng, X. Liu, R.Y.L. Tsai, Designing a Mucoadhesive ChemoPatch to Ablate
Oral Dysplasia for Cancer Prevention, Small 18 (2022) e2201561, https://doi.
org/10.1002/smll.202201561.

G.K. Eleftheriadis, D.G. Fatouros, Haptic Evaluation of 3D-printed Braille-encoded
Intraoral Films, Eur J Pharm Sci 157 (2021) 105605, https://doi.org/10.1016/j.
€jps.2020.105605.

R. Mathiyalagan, E. Sjoholm, S. Manandhar, S. Lakio, J.M. Rosenholm,

M. Kaasalainen, X. Wang, N. Sandler, Personalizing oral delivery of nanoformed
piroxicam by semi-solid extrusion 3D printing, Eur J Pharm Sci 188 (2023)
106497, https://doi.org/10.1016/j.ejps.2023.106497.

D. Mohan, N.F. Khairullah, Y.P. How, M.S. Sajab, H. Kaco, 3D Printed Laminated
CaCO(3)-Nanocellulose Films as Controlled-Release 5-Fluorouracil, Polymers
(basel) 12 (2020), https://doi.org/10.3390/polym12040986.

S. Wu, Z. Ahmad, J.S. Li, M.W. Chang, Fabrication of flexible composite drug
films via foldable linkages using electrohydrodynamic printing, Mater Sci Eng C
Mater Biol Appl 108 (2020) 110393, https://doi.org/10.1016/j.
msec.2019.110393.

J. Zhang, A. Lu, R. Thakkar, Y. Zhang, M. Maniruzzaman, Development and
Evaluation of Amorphous Oral Thin Films Using Solvent-Free Processes:

35

[298]

[299]

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

Advanced Drug Delivery Reviews 217 (2025) 115504

Comparison between 3D Printing and Hot-Melt Extrusion Technologies,
Pharmaceutics 13 (2021), https://doi.org/10.3390/pharmaceutics13101613.
L.F. Zhu, X. Chen, Z. Ahmad, Y. Peng, M.W. Chang, A core-shell multi-drug
platform to improve gastrointestinal tract microbial health using 3D printing,
Biofabrication 12 (2020) 025026, https://doi.org/10.1088/1758-5090/ab782c.
E.G. Andriotis, P.-K. Monou, A. Louka, E. Papaefstathiou, G.K. Eleftheriadis, D.
G. Fatouros, Development of food grade 3D printable ink based on pectin
containing cannabidiol/cyclodextrin inclusion complexes, Drug Dev. Ind. Pharm.
46 (2020) 1569-1577, https://doi.org/10.1080/03639045.2020.1791168.

X. Li, C. Zhang, S. Wu, X. Chen, J. Mai, M.W. Chang, Precision Printing of
Customized Cylindrical Capsules with Multifunctional Layers for Oral Drug
Delivery, ACS Appl Mater Interfaces 11 (2019) 39179-39191, https://doi.org/
10.1021/acsami.9b13568.

P.D. Krishnan, R.D. Durai, S. Veluri, B.n. vh,, Semisolid extrusion 3D printing of
Dolutegravir-Chitosan nanoparticles laden polymeric buccal films: personalized
solution for pediatric treatment, Biomed Mater 19 (2024), https://doi.org/
10.1088/1748-605X/ad2a3a.

M. Jovanovic, M. Petrovic, S. Cvijic, N. Tomic, D. Stojanovic, S. Ibric,

P. Uskokovic, 3D Printed Buccal Films for Prolonged-Release of Propranolol
Hydrochloride: Development, Characterization and Bioavailability Prediction,
Pharmaceutics 13 (2021), https://doi.org/10.3390/pharmaceutics13122143.

S. He, C. Radeke, J. Jacobsen, J.U. Lind, H. Mu, Multi-material 3D printing of
programmable and stretchable oromucosal patches for delivery of saquinavir, Int
J Pharm 610 (2021) 121236, https://doi.org/10.1016/j.ijpharm.2021.121236.
S. Abdella, S. Kim, F. Afinjuomo, Y. Song, R. Upton, S. Garg, Combining the
potential of 3D printed buccal films and nanostructured lipid carriers for
personalised cannabidiol delivery, Drug Deliv, Transl Res 14 (2024) 984-1004,
https://doi.org/10.1007/513346-023-01446-0.

S. Abdella, F. Afinjuomo, Y. Song, R. Upton, S. Garg, 3D printed bilayer
mucoadhesive buccal film of estradiol: Impact of design on film properties,
release kinetics and predicted in vivo performance, Int J Pharm 628 (2022)
122324, https://doi.org/10.1016/j.ijpharm.2022.122324.

G.K. Eleftheriadis, C.S. Katsiotis, D.A. Andreadis, D. Tzetzis, C. Ritzoulis,

N. Bouropoulos, D. Kanellopoulou, E.G. Andriotis, J. Tsibouklis, D.G. Fatouros,
Inkjet printing of a thermolabile model drug onto FDM-printed substrates:
formulation and evaluation, Drug Dev Ind Pharm 46 (2020) 1253-1264, https://
doi.org/10.1080/03639045.2020.1788062.

G.K. Eleftheriadis, C. Ritzoulis, N. Bouropoulos, D. Tzetzis, D.A. Andreadis,

J. Boetker, J. Rantanen, D.G. Fatouros, Unidirectional drug release from 3D
printed mucoadhesive buccal films using FDM technology: In vitro and ex vivo
evaluation, Eur. J. Pharm. Biopharm. 144 (2019) 180-192, https://doi.org/
10.1016/j.ejpb.2019.09.018.

V.K. Pawar, S. Kansal, G. Garg, R. Awasthi, D. Singodia, G.T. Kulkarni,
Gastroretentive dosage forms: A review with special emphasis on floating drug
delivery systems, Drug Deliv. 18 (2011) 97-110, https://doi.org/10.3109/
10717544.2010.520354.

R. Talukder, R. Fassihi, Gastroretentive Delivery Systems: A Mini Review, Drug
Dev. Ind. Pharm. 30 (2004) 1019-1028, https://doi.org/10.1081/DDC-
200040239.

S. Arora, J. Ali, A. Ahuja, R.K. Khar, S. Baboota, Floating drug delivery systems: A
review, AAPS PharmSciTech 6 (2005) 47, https://doi.org/10.1208/pt060347.
LR. Turac, A. Porfire, S. Iurian, A.G. Crisan, T. Casian, R. Iovanov, I. Tomuta,
Expanding the Manufacturing Approaches for Gastroretentive Drug Delivery
Systems with 3D Printing Technology, Pharmaceutics 16 (2024), https://doi.org/
10.3390/pharmaceutics16060790.

K. Ilyes, A. Balogh, T. Casian, T. Igricz, E. Borbas, B. Demuth, P. Vass,

L. Menyhart, N.K. Kovacs, G. Marosi, I. Tomuta, Z.K. Nagy, 3D floating tablets:
Appropriate 3D design from the perspective of different in vitro dissolution
testing methodologies, Int J Pharm 567 (2019) 118433, https://doi.org/10.1016/
j.ijpharm.2019.06.024.

S. Lamichhane, J.B. Park, D.H. Sohn, S. Lee, Customized Novel Design of 3D
Printed Pregabalin Tablets for Intra-Gastric Floating and Controlled Release Using
Fused Deposition Modeling, Pharmaceutics 11 (2019), https://doi.org/10.3390/
pharmaceutics11110564.

S.A. Oladeji, S.M. Dadou, M. Zhao, S. Li, D.S. Jones, G.P. Andrews, The
development and optimisation of gastro-retentive floating tablets using fused
deposition modelling 3D printing, J Pharm Pharmacol 74 (2022) 1450-1466,
https://doi.org/10.1093/jpp/rgab176.

H. Qian, D. Chen, X. Xu, R. Li, G. Yan, T. Fan, FDM 3D-Printed Sustained-Release
Gastric-Floating Verapamil Hydrochloride Formulations with Cylinder, Capsule
and Hemisphere Shapes, and Low Infill Percentage, Pharmaceutics 14 (2022),
https://doi.org/10.3390/pharmaceutics14020281.

G. Mora-Castano, M. Millan-Jimenez, I. Caraballo, Hydrophilic High Drug-Loaded
3D Printed Gastroretentive System with Robust Release Kinetics, Pharmaceutics
15 (2023), https://doi.org/10.3390/pharmaceutics15030842.

B.R. Giri, E.S. Song, J. Kwon, J.H. Lee, J.B. Park, D.W. Kim, Fabrication of
Intragastric Floating, Controlled Release 3D Printed Theophylline Tablets Using
Hot-Melt Extrusion and Fused Deposition Modeling, Pharmaceutics 12 (2020),
https://doi.org/10.3390/pharmaceutics12010077.

D. Chen, X.Y. Xu, R. Li, G.A. Zang, Y. Zhang, M.R. Wang, M.F. Xiong, J.R. Xu,
T. Wang, H. Fu, Q. Hu, B. Wu, G.R. Yan, T.Y. Fan, Preparation and In vitro
Evaluation of FDM 3D-Printed Ellipsoid-Shaped Gastric Floating Tablets with Low
Infill Percentages, AAPS PharmSciTech 21 (2019) 6, https://doi.org/10.1208/
512249-019-1521-x.


https://doi.org/10.1080/03639045.2021.1908335
https://doi.org/10.1080/03639045.2021.1908335
https://doi.org/10.3390/pharmaceutics12080692
https://doi.org/10.3390/pharmaceutics12080692
https://doi.org/10.1016/j.ijpharm.2020.119405
https://doi.org/10.1016/j.ijpharm.2020.119405
https://doi.org/10.1016/j.ijpharm.2021.120437
https://doi.org/10.1016/j.ijpharm.2021.120437
https://doi.org/10.3390/ph15070895
https://doi.org/10.3390/ph16010079
https://doi.org/10.3390/ph16010079
https://doi.org/10.1016/j.ijpharm.2023.123382
https://doi.org/10.3390/pharmaceutics15030758
https://doi.org/10.3390/pharmaceutics15030758
https://doi.org/10.1016/j.ijpharm.2022.121750
https://doi.org/10.1016/j.ijpharm.2022.121750
https://doi.org/10.1016/j.ijpharm.2023.123214
https://doi.org/10.1007/s13346-023-01353-4
https://doi.org/10.3390/pharmaceutics14091930
https://doi.org/10.1016/j.xphs.2020.05.022
https://doi.org/10.1016/j.ijpharm.2021.121233
https://doi.org/10.1248/bpb.b19-00481
https://doi.org/10.1248/bpb.b19-00481
https://doi.org/10.3390/pharmaceutics14081575
https://doi.org/10.3390/pharmaceutics14081575
https://doi.org/10.1002/smll.202201561
https://doi.org/10.1002/smll.202201561
https://doi.org/10.1016/j.ejps.2020.105605
https://doi.org/10.1016/j.ejps.2020.105605
https://doi.org/10.1016/j.ejps.2023.106497
https://doi.org/10.3390/polym12040986
https://doi.org/10.1016/j.msec.2019.110393
https://doi.org/10.1016/j.msec.2019.110393
https://doi.org/10.3390/pharmaceutics13101613
https://doi.org/10.1088/1758-5090/ab782c
https://doi.org/10.1080/03639045.2020.1791168
https://doi.org/10.1021/acsami.9b13568
https://doi.org/10.1021/acsami.9b13568
https://doi.org/10.1088/1748-605X/ad2a3a
https://doi.org/10.1088/1748-605X/ad2a3a
https://doi.org/10.3390/pharmaceutics13122143
https://doi.org/10.1016/j.ijpharm.2021.121236
https://doi.org/10.1007/s13346-023-01446-0
https://doi.org/10.1016/j.ijpharm.2022.122324
https://doi.org/10.1080/03639045.2020.1788062
https://doi.org/10.1080/03639045.2020.1788062
https://doi.org/10.1016/j.ejpb.2019.09.018
https://doi.org/10.1016/j.ejpb.2019.09.018
https://doi.org/10.3109/10717544.2010.520354
https://doi.org/10.3109/10717544.2010.520354
https://doi.org/10.1081/DDC-200040239
https://doi.org/10.1081/DDC-200040239
https://doi.org/10.1208/pt060347
https://doi.org/10.3390/pharmaceutics16060790
https://doi.org/10.3390/pharmaceutics16060790
https://doi.org/10.1016/j.ijpharm.2019.06.024
https://doi.org/10.1016/j.ijpharm.2019.06.024
https://doi.org/10.3390/pharmaceutics11110564
https://doi.org/10.3390/pharmaceutics11110564
https://doi.org/10.1093/jpp/rgab176
https://doi.org/10.3390/pharmaceutics14020281
https://doi.org/10.3390/pharmaceutics15030842
https://doi.org/10.3390/pharmaceutics12010077
https://doi.org/10.1208/s12249-019-1521-x
https://doi.org/10.1208/s12249-019-1521-x

T. Auel et al.

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

X. Zhao, W. Wei, R. Niu, Q. Li, C. Hu, S. Jiang, 3D Printed Intragastric Floating
and Sustained-Release Tablets with Air Chambers, J. Pharm. Sci. 111 (2022)
116-123, https://doi.org/10.1016/j.xphs.2021.07.010.

S.I. Kimura, T. Ishikawa, Y. Iwao, S. Itai, H. Kondo, Fabrication of Zero-Order
Sustained-Release Floating Tablets via Fused Depositing Modeling 3D Printer,
Chem Pharm Bull (tokyo) 67 (2019) 992-999, https://doi.org/10.1248/cpb.c19-
00290.

O.M. Amin, H.N. El Qady, M.A. Abd El-Fattah, An Intragastric Delivery Device
Employing FDM Technology: 3D-Printed Tablet Containing Green Developed
Mosapride-Saccharin Co-crystals, AAPS PharmSciTech 24 (2023) 127, https://
doi.org/10.1208/512249-023-02578-9.

A.Q. Vo, J. Zhang, D. Nyavanandi, S. Bandari, M.A. Repka, Hot melt extrusion
paired fused deposition modeling 3D printing to develop hydroxypropyl cellulose
based floating tablets of cinnarizine, Carbohydr Polym 246 (2020) 116519,
https://doi.org/10.1016/j.carbpol.2020.116519.

S. Shin, T.H. Kim, S.W. Jeong, S.E. Chung, D.Y. Lee, D.H. Kim, B.S. Shin,
Development of a gastroretentive delivery system for acyclovir by 3D printing
technology and its in vivo pharmacokinetic evaluation in Beagle dogs, PLoS One
14 (2019) e0216875, https://doi.org/10.1371/journal.pone.0216875.

H.M. Jeong, K.Y. Weon, B.S. Shin, S. Shin, 3D-Printed Gastroretentive Sustained
Release Drug Delivery System by Applying Design of Experiment Approach,
Molecules 25 (2020), https://doi.org/10.3390/molecules25102330.

T. Charoenying, P. Patrojanasophon, T. Ngawhirunpat, T. Rojanarata,

P. Akkaramongkolporn, P. Opanasopit, Three-dimensional (3D)-printed devices
composed of hydrophilic cap and hydrophobic body for improving buoyancy and
gastric retention of domperidone tablets, Eur J Pharm Sci 155 (2020) 105555,
https://doi.org/10.1016/j.ejps.2020.105555.

T. Charoenying, P. Patrojanasophon, T. Ngawhirunpat, T. Rojanarata,

P. Akkaramongkolporn, P. Opanasopit, Design and Optimization of 3D-Printed
Gastroretentive Floating Devices by Central Composite Design, AAPS
PharmSciTech 22 (2021) 197, https://doi.org/10.1208/5s12249-021-02053-3.
M. Uboldi, A. Chiappa, M. Rossi, F. Briatico-Vangosa, A. Melocchi, L. Zema,
Development of a multi-component gastroretentive expandable drug delivery
system (GREDDS) for personalized administration of metformin, Expert Opin
Drug Deliv 21 (2024) 131-149, https://doi.org/10.1080/
17425247.2023.2294884.

A. Melocchi, M. Uboldi, N. Inverardi, F. Briatico-Vangosa, F. Baldi, S. Pandini,
G. Scalet, F. Auricchio, M. Cerea, A. Foppoli, A. Maroni, L. Zema, A. Gazzaniga,
Expandable drug delivery system for gastric retention based on shape memory
polymers: Development via 4D printing and extrusion, Int J Pharm 571 (2019)
118700, https://doi.org/10.1016/j.ijpharm.2019.118700.

Z. Khizer, M.R. Akram, M.A. Tahir, W. Liu, S. Lou, B.R. Conway, M.U. Ghori,
Personalised 3D-Printed Mucoadhesive Gastroretentive Hydrophilic Matrices for
Managing Overactive Bladder (OAB), Pharmaceuticals (Basel) 16 (2023), https://
doi.org/10.3390/ph16030372.

S. Agarwal, R.S. Murthy, Effect of Different Polymer Concentration on Drug
Release Rate and Physicochemical Properties of Mucoadhesive Gastroretentive
Tablets, Indian J Pharm Sci 77 (2015) 705-714, https://doi.org/10.4103/0250-
474x.174993.

N. Reddy Dumpa, S. Bandari, A.r. m,, Novel Gastroretentive Floating Pulsatile
Drug Delivery System Produced via Hot-Melt Extrusion and Fused Deposition
Modeling 3D Printing, Pharmaceutics 12 (2020), https://doi.org/10.3390/
pharmaceutics12010052.

H. Windolf, R. Chamberlain, J. Breitkreutz, 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
(2022), https://doi.org/10.3390/pharmaceutics14050931.

H.S. Yang, D.W. Kim, Fabrication of Gastro-Floating Famotidine Tablets:
Hydroxypropyl Methylcellulose-Based Semisolid Extrusion 3D Printing,
Pharmaceutics 15 (2023), https://doi.org/10.3390/pharmaceutics15020316.

M. Saviano, B.J. Bowles, M.R. Penny, A. Ishaq, Z. Muwaffak, G. Falcone, P. Russo,
S.T. Hilton, 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. 613 (2022) 121386, https://doi.org/10.1016/j.
ijpharm.2021.121386.

H. Wen, B. He, H. Wang, F. Chen, P. Li, M. Cui, Q. Li, W. Pan, X. Yang, Structure-
Based Gastro-Retentive and Controlled-Release Drug Delivery with Novel 3D
Printing, AAPS PharmSciTech 20 (2019) 68, https://doi.org/10.1208/512249-
018-1237-3.

A.A. Algahtani, A.A. Mohammed, F. Fatima, M.M. Ahmed, Fused Deposition
Modelling 3D-Printed Gastro-Retentive Floating Device for Propranolol Hcl
Tablets, Polymers (basel) 15 (2023), https://doi.org/10.3390/polym15173554.
P. Chen, J. Liu, K. Zhang, D. Huang, S. Huang, Q. Xie, F. Yang, J. Huang, D. Fang,
Z. Huang, Z. Lu, Y. Chen, Preparation of clarithromycin floating core-shell
systems (CSS) using multi-nozzle semi-solid extrusion-based 3D printing, Int J
Pharm 605 (2021) 120837, https://doi.org/10.1016/j.ijpharm.2021.120837.

K. Rycerz, K.A. Stepien, M. Czapiewska, B.T. Arafat, R. Habashy, A. Isreb,

M. Peak, M.A. Alhnan, Embedded 3D Printing of Novel Bespoke Soft Dosage Form
Concept for Pediatrics, Pharmaceutics 11 (2019), https://doi.org/10.3390/
pharmaceutics11120630.

C. Karavasili, P. Zgouro, N. Manousi, A. Lazaridou, C.K. Zacharis, N. Bouropoulos,
T. Moschakis, D.G. Fatouros, Cereal-Based 3D Printed Dosage Forms for Drug
Administration During Breakfast in Pediatric Patients within a Hospital Setting,
J Pharm Sci 111 (2022) 2562-2570, https://doi.org/10.1016/j.
xphs.2022.04.013.

36

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

Advanced Drug Delivery Reviews 217 (2025) 115504

H. Herrada-Manchon, D. Rodriguez-Gonzalez, M. Alejandro Fernandez, M. Sune-
Pou, P. Perez-Lozano, E. Garcia-Montoya, E. Aguilar, 3D printed gummies:
Personalized drug dosage in a safe and appealing way, Int. J. Pharm. 587 (2020)
119687, https://doi.org/10.1016/j.ijpharm.2020.119687.

H. Jiang, J. Fu, M. Li, S. Wang, B. Zhuang, H. Sun, C. Ge, B. Feng, Y. Jin, 3D-
Printed Wearable Personalized Orthodontic Retainers for Sustained Release of
Clonidine Hydrochloride, AAPS PharmSciTech 20 (2019) 260, https://doi.org/
10.1208/512249-019-1460-6.

Monograph Chewing gums, medicated, in: E.P. Commission (Ed.), European
Pharmacopoeia, European Directorate for the Quality of Medicines & HealthCare
of the Council of Europe, Strasbourg, France, 2023, p. 967.

A.G. Tabriz, U. Nandi, N. Scoutaris, K. Sanfo, B. Alexander, Y. Gong, H.-W. Hui,
S. Kumar, D. Douroumis, Personalised paediatric chewable Ibuprofen tablets
fabricated using 3D micro-extrusion printing technology, Int J Pharm 626 (2022)
122135, https://doi.org/10.1016/j.ijpharm.2022.122135.

A.G. Tabriz, H.W. Hui, N. Boersen, S. Roberts, J. Jones, D. Douroumis, 3D Printed
Flavor-Rich Chewable Pediatric Tablets Fabricated Using Microextrusion for
Point of Care Applications, Mol Pharm 20 (2023) 2919-2926, https://doi.org/
10.1021/acs.molpharmaceut.2c01061.

X. Han, D. Kang, B. Liu, H. Zhang, Z. Wang, X. Gao, A. Zheng, Feasibility of
developing hospital preparation by semisolid extrusion 3D printing: personalized
amlodipine besylate chewable tablets, Pharm. Dev. Technol. 27 (2022) 164-174,
https://doi.org/10.1080/10837450.2022.2027965.

E. Sjoholm, R. Mathiyalagan, X. Wang, N. Sandler, Compounding Tailored
Veterinary Chewable Tablets Close to the Point-of-Care by Means of 3D Printing,
Pharmaceutics 14 (2022), https://doi.org/10.3390/pharmaceutics14071339.

E. Sjoholm, R. Mathiyalagan, L. Lindfors, X. Wang, S. Ojala, N. Sandler, Semi-solid
extrusion 3D printing of tailored ChewTs for veterinary use - A focus on
spectrophotometric quantification of gabapentin, Eur J Pharm Sci 174 (2022)
106190, https://doi.org/10.1016/j.ejps.2022.106190.

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

E. Liang, Z. Wang, X. Li, S. Wang, X. Han, D. Chen, A. Zheng, 3D Printing
Technology Based on Versatile Gelatin-Carrageenan Gel System for Drug
Formulations, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15041218.

K. Rouaz-El Hajoui, H. Herrada-Manchon, D. Rodriguez-Gonzalez, M.

A. Fernandez, E. Aguilar, M. Sune-Pou, A. Nardi-Ricart, P. Perez-Lozano,

E. Garcia-Montoya, Pellets and gummies: Seeking a 3D printed gastro-resistant
omeprazole dosage for paediatric administration, Int J Pharm 643 (2023)
123289, https://doi.org/10.1016/j.ijpharm.2023.123289.

M. Aina, F. Baillon, R. Sescousse, N.M. Sanchez-Ballester, S. Begu, 1. Soulairol,
M. Sauceau, Evaluation of the printability of agar and hydroxypropyl
methylcellulose gels as gummy formulations: Insights from rheological properties,
Int J Pharm 654 (2024) 123937, https://doi.org/10.1016/j.
ijpharm.2024.123937.

C. Zhy, Y. Tian, E. Zhang, X. Gao, H. Zhang, N. Liu, X. Han, Y. Sun, Z. Wang,
A. Zheng, Semisolid Extrusion 3D Printing of Propranolol Hydrochloride Gummy
Chewable Tablets: an Innovative Approach to Prepare Personalized Medicine for
Pediatrics, AAPS PharmSciTech 23 (2022) 166, https://doi.org/10.1208/512249-
022-02304-x.

P. Ganatra, L. Jyothish, V. Mahankal, T. Sawant, P. Dandekar, R. Jain, Drug-
loaded vegan gummies for personalized dosing of simethicone: A feasibility study
of semi-solid extrusion-based 3D printing of pectin-based low-calorie drug
gummies, Int J Pharm 651 (2024) 123777, https://doi.org/10.1016/j.
ijpharm.2024.123777.

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

A. Va, C.T. Udayarajan, G. Goksen, C.S. Brennan, N. p,, A brief review on 3D
printing of chocolate, Int. J. Food Sci. Technol. 58 (2023) 2811-2828, https://
doi.org/10.1111/ijfs.16415.

K. Chachlioutaki, C. Karavasili, E.E. Mavrokefalou, C.I. Gioumouxouzis,

C. Ritzoulis, D.G. Fatouros, Quality control evaluation of paediatric chocolate-
based dosage forms: 3D printing vs mold-casting method, Int J Pharm 624 (2022)
121991, https://doi.org/10.1016/j.ijpharm.2022.121991.

C. Karavasili, A. Gkaragkounis, T. Moschakis, C. Ritzoulis, D.G. Fatouros,
Pediatric-friendly chocolate-based dosage forms for the oral administration of
both hydrophilic and lipophilic drugs fabricated with extrusion-based 3D
printing, Eur. J. Pharm. Sci. 147 (2020) 105291, https://doi.org/10.1016/j.
€jps.2020.105291.

S.M. Ghazani, A.G. Marangoni, Molecular Origins of Polymorphism in Cocoa
Butter, Annu. Rev. Food Sci. Technol. 12 (2021) 567-590, https://doi.org/
10.1146/annurev-food-070620-022551.

V. Berger, M. Green Buzhor, D. Evstafeva, L. Mugeli, J.C. Leroux, 3D printing of a
controlled urea delivery device for the prevention of tooth decay, Int J Pharm 631
(2023) 122528, https://doi.org/10.1016/j.ijpharm.2022.122528.

V. Berger, Z. Luo, J.C. Leroux, 3D printing of a controlled fluoride delivery device
for the prevention and treatment of tooth decay, J Control Release 348 (2022)
870-880, https://doi.org/10.1016/j.jconrel.2022.06.032.


https://doi.org/10.1016/j.xphs.2021.07.010
https://doi.org/10.1248/cpb.c19-00290
https://doi.org/10.1248/cpb.c19-00290
https://doi.org/10.1208/s12249-023-02578-9
https://doi.org/10.1208/s12249-023-02578-9
https://doi.org/10.1016/j.carbpol.2020.116519
https://doi.org/10.1371/journal.pone.0216875
https://doi.org/10.3390/molecules25102330
https://doi.org/10.1016/j.ejps.2020.105555
https://doi.org/10.1208/s12249-021-02053-3
https://doi.org/10.1080/17425247.2023.2294884
https://doi.org/10.1080/17425247.2023.2294884
https://doi.org/10.1016/j.ijpharm.2019.118700
https://doi.org/10.3390/ph16030372
https://doi.org/10.3390/ph16030372
https://doi.org/10.4103/0250-474x.174993
https://doi.org/10.4103/0250-474x.174993
https://doi.org/10.3390/pharmaceutics12010052
https://doi.org/10.3390/pharmaceutics12010052
https://doi.org/10.3390/pharmaceutics14050931
https://doi.org/10.3390/pharmaceutics15020316
https://doi.org/10.1016/j.ijpharm.2021.121386
https://doi.org/10.1016/j.ijpharm.2021.121386
https://doi.org/10.1208/s12249-018-1237-3
https://doi.org/10.1208/s12249-018-1237-3
https://doi.org/10.3390/polym15173554
https://doi.org/10.1016/j.ijpharm.2021.120837
https://doi.org/10.3390/pharmaceutics11120630
https://doi.org/10.3390/pharmaceutics11120630
https://doi.org/10.1016/j.xphs.2022.04.013
https://doi.org/10.1016/j.xphs.2022.04.013
https://doi.org/10.1016/j.ijpharm.2020.119687
https://doi.org/10.1208/s12249-019-1460-6
https://doi.org/10.1208/s12249-019-1460-6
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1710
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1710
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1710
https://doi.org/10.1016/j.ijpharm.2022.122135
https://doi.org/10.1021/acs.molpharmaceut.2c01061
https://doi.org/10.1021/acs.molpharmaceut.2c01061
https://doi.org/10.1080/10837450.2022.2027965
https://doi.org/10.3390/pharmaceutics14071339
https://doi.org/10.1016/j.ejps.2022.106190
https://doi.org/10.1016/j.ijpharm.2020.120118
https://doi.org/10.1016/j.ijpharm.2020.120118
https://doi.org/10.3390/pharmaceutics15041218
https://doi.org/10.3390/pharmaceutics15041218
https://doi.org/10.1016/j.ijpharm.2023.123289
https://doi.org/10.1016/j.ijpharm.2024.123937
https://doi.org/10.1016/j.ijpharm.2024.123937
https://doi.org/10.1208/s12249-022-02304-x
https://doi.org/10.1208/s12249-022-02304-x
https://doi.org/10.1016/j.ijpharm.2024.123777
https://doi.org/10.1016/j.ijpharm.2024.123777
https://doi.org/10.1016/j.ijpharm.2019.118497
https://doi.org/10.1016/j.ijpharm.2019.118497
https://doi.org/10.1111/ijfs.16415
https://doi.org/10.1111/ijfs.16415
https://doi.org/10.1016/j.ijpharm.2022.121991
https://doi.org/10.1016/j.ejps.2020.105291
https://doi.org/10.1016/j.ejps.2020.105291
https://doi.org/10.1146/annurev-food-070620-022551
https://doi.org/10.1146/annurev-food-070620-022551
https://doi.org/10.1016/j.ijpharm.2022.122528
https://doi.org/10.1016/j.jconrel.2022.06.032

T. Auel et al.

[361]

[362]

[363]

[364]

[365]

[366]

[367]

[368]
[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

[377]

[378]

[379]

[380]

[381]

[382]

[383]

L. Lopez-Vidal, A.J. Paredes, S.D. Palma, J.P. Real, Design and Development of
Sublingual Printlets Containing Domperidone Nanocrystals Using 3D Melting
Solidification Printing Process (MESO-PP), Pharmaceutics 15 (2023), https://doi.
org/10.3390/pharmaceutics15051459.

P. Panraksa, B. Zhang, P. Rachtanapun, K. Jantanasakulwong, S. Qi, P. Jantrawut,
"Tablet-in-Syringe’: A Novel Dosing Mechanism for Dysphagic Patients
Containing Fast-Disintegrating Tablets Fabricated Using Semisolid Extrusion 3D
Printing, Pharmaceutics 14 (2022) 443, https://doi.org/10.3390/
pharmaceutics14020443.

T.V. de Oliveira, R.S. de Oliveira, J. Dos Santos, N.L. Funk, C.L. Petzhold, R.C.
R. Beck, Redispersible 3D printed nanomedicines: An original application of the
semisolid extrusion technique, Int J Pharm 624 (2022) 122029, https://doi.org/
10.1016/j.ijpharm.2022.122029.

O. Koshovyi, J. Heinamaki, A. Raal, I. Laidmae, N.S. Topelius, M. Komisarenko,
A. Komissarenko, Pharmaceutical 3D-printing of nanoemulsified eucalypt extracts
and their antimicrobial activity, Eur J Pharm Sci 187 (2023) 106487, https://doi.
0rg/10.1016/j.€jps.2023.106487.

D. Vadivel, N. Zitarosa, D. Dondi, Influence of pH on the release of an active
principle from 3D printed carrageenan-k combined with alginate or xanthan gum,
Heliyon 9 (2023) 16850, https://doi.org/10.1016/j.heliyon.2023.e16850.

M.B. Bianchi, C. Zhang, E. Catlin, G. Sandri, M. Calderon, E. Larraneta, R.

F. Donnelly, M.L. Picchio, A.J. Paredes, Bioadhesive eutectogels supporting drug
nanocrystals for long-acting delivery to mucosal tissues, Mater Today Bio 17
(2022) 100471, https://doi.org/10.1016/j.mtbio.2022.100471.

1. Karakurt, A. Aydogdu, S. Cikrikci, J. Orozco, L. Lin, Stereolithography (SLA) 3D
printing of ascorbic acid loaded hydrogels: A controlled release study, Int. J.
Pharm. 584 (2020) 119428, https://doi.org/10.1016/j.ijpharm.2020.119428.
National Formulary United States Pharmacopoeia Convention (2024).
Monograph Parenteral preparations, in: European Pharmacopoeia, European
Directorate for the Quality of Medicines & HealthCare of the Council of Europe,
Strasbourg, France, 2023, pp. 988-990.

V. Domsta, A. Seidlitz, 3D-Printing of Drug-Eluting Implants: An Overview of the
Current Developments Described in the Literature, Molecules 26 (2021), https://
doi.org/10.3390/molecules26134066.

1. Koutsamanis, A. Paudel, C.P. Alva Zuniga, L. Wiltschko, M. Spoerk, Novel
polyester-based thermoplastic elastomers for 3D-printed long-acting drug
delivery applications, J Control Release 335 (2021) 290-305, https://doi.org/
10.1016/j.jconrel.2021.05.030.

F. Forouzandeh, N.N. Ahamed, M.C. Hsu, J.P. Walton, R.D. Frisina, D.

A. Borkholder, A 3D-Printed Modular Microreservoir for Drug Delivery,
Micromachines (basel) 11 (2020), https://doi.org/10.3390/mil1070648.

P. Arany, L. Papp, M. Zichar, M. Csontos, J. Elek, G. Regdon Jr., I. Budai, M. Beres,
R. Gesztelyi, P. Feher, Z. Ujhelyi, G. Vasvari, A. Haimhoffer, F. Fenyvesi,

J. Varadi, V. Miklos, I. Bacskay, In Vitro Tests of FDM 3D-Printed Diclofenac
Sodium-Containing Implants, Molecules 25 (2020), https://doi.org/10.3390/
molecules25245889.

S.A. Stewart, J. Dominguez-Robles, V.J. McIlorum, E. Mancuso, D.A. Lamprou, R.
F. Donnelly, E. Larraneta, Development of a Biodegradable Subcutaneous Implant
for Prolonged Drug Delivery Using 3D Printing, Pharmaceutics 12 (2020),
https://doi.org/10.3390/pharmaceutics12020105.

B. Allen, C. Moore, T. Seyler, K. Gall, Modulating antibiotic release from
reservoirs in 3D-printed orthopedic devices to treat periprosthetic joint infection,
J Orthop Res 38 (2020) 2239-2249, https://doi.org/10.1002/jor.24640.

G. Manini, S. Benali, J.M. Raquez, J. Goole, Proof of concept of a predictive model
of drug release from long-acting implants obtained by fused-deposition modeling,
Int J Pharm 618 (2022) 121663, https://doi.org/10.1016/j.
ijpharm.2022.121663.

V. Domsta, C. Hansch, S. Lenz, Z. Gao, F. Matin-Mann, V. Scheper, T. Lenarz,
A. Seidlitz, The Influence of Shape Parameters on Unidirectional Drug Release
from 3D Printed Implants and Prediction of Release from Implants with
Individualized Shapes, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15041276.

H. Ponsar, J. Quodbach, Customizable 3D Printed Implants Containing
Triamcinolone Acetonide: Development, Analysis, Modification, and Modeling of
Drug Release, Pharmaceutics 15 (2023), https://doi.org/10.3390/
pharmaceutics15082097.

A. Maandi, J. Porteus, B. Roberts, OsteoFab® Technology, Oxford Performance
Materials, Inc., https://staticl.squarespace.com/static/
626ab72aa8041758967353f2/t/64074b9a5f708e539¢2615b1,/1678199707118/
OsteoFab-+Technology-+Whitepaper_08Jul2020.pdf (accessed 27.05.2024).

F. Matin-Mann, Z. Gao, J. Schwieger, M. Ulbricht, V. Domsta, S. Senekowitsch,
W. Weitschies, A. Seidlitz, K. Doll, M. Stiesch, T. Lenarz, V. Scheper,
Individualized, Additively Manufactured Drug-Releasing External Ear Canal
Implant for Prevention of Postoperative Restenosis: Development, In Vitro
Testing, and Proof of Concept in an Individual Curative Trial, Pharmaceutics 14
(2022), https://doi.org/10.3390/pharmaceutics14061242.

Stelid II, Stelix, and Stelix II Endocardial Steroid Eluting Pacing Leads Physician
Manual, ELA Medical, Inc., https://www.accessdata.fda.gov/cdrh_docs/pdf2/
P020030c.pdf (accessed 30.07.24).

C. Bassand, L. Benabed, S. Charlon, J. Verin, J. Freitag, F. Siepmann, J. Soulestin,
J. Siepmann, 3D printed PLGA implants: APF DDM vs, FDM, J Control Release
353 (2023) 864-874, https://doi.org/10.1016/j.jconrel.2022.11.052.

X. Liu, J. Tao, J. Liu, X. Xu, J. Zhang, Y. Huang, Y. Chen, J. Zhang, D.Y.B. Deng,
M. Gou, Y. Wei, 3D Printing Enabled Customization of Functional Microgels, ACS
Appl Mater Interfaces 11 (2019) 12209-12215, https://doi.org/10.1021/
acsami.8b18701.

37

[384]

[385]

[386]

[387]

[388]

[389]

[390]

[391]

[392]

[393]

[394]

[395]

[396]

[397]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

[405]

[406]

Advanced Drug Delivery Reviews 217 (2025) 115504

D. Kim, Y. Wy, Y.K. Oh, On-demand delivery of protein drug from 3D-printed
implants, J Control Release 349 (2022) 133-142, https://doi.org/10.1016/j.
jeonrel.2022.06.047.

J. Bai, H. Wang, W. Gao, F. Liang, Z. Wang, Y. Zhou, X. Lan, X. Chen, N. Cai,
W. Huang, Y. Tang, Melt electrohydrodynamic 3D printed poly (epsilon-
caprolactone)/polyethylene glycol/roxithromycin scaffold as a potential anti-
infective implant in bone repair, Int J Pharm 576 (2020) 118941, https://doi.org/
10.1016/j.ijpharm.2019.118941.

P.Y. Chou, Y.C. Chou, Y.H. Lai, Y.T. Lin, C.J. Lu, S.J. Liu, Fabrication of Drug-
Eluting Nano-Hydroxylapatite Filled Polycaprolactone Nanocomposites Using
Solution-Extrusion 3D Printing Technique, Polymers (basel) 13 (2021), https://
doi.org/10.3390/polym13030318.

M. Annaji, N. Mita, I. Poudel, S.H.S. Boddu, O. Fasina, R.J. Babu, Three-
Dimensional Printing of Drug-Eluting Implantable PLGA Scaffolds for Bone
Regeneration, Bioengineering (basel) 11 (2024), https://doi.org/10.3390/
bioengineering11030259.

N. Myung, S. Jin, H.J. Cho, H.W. Kang, User-designed device with programmable
release profile for localized treatment, J Control Release 352 (2022) 685-699,
https://doi.org/10.1016/j.jconrel.2022.10.054.

C.T. Hagan, C. Bloomquist, I. Kim, N.M. Knape, J.D. Byrne, L. Tu, K. Wagner,

S. Mecham, J. DeSimone, A.Z. Wang, Continuous liquid interface production of
3D printed drug-loaded spacers to improve prostate cancer brachytherapy
treatment, Acta Biomater 148 (2022) 163-170, https://doi.org/10.1016/j.
actbio.2022.06.023.

C.T. Hagan, C. Bloomquist, S. Warner, N.M. Knape, 1. Kim, H. Foley, K.T. Wagner,
S. Mecham, J. DeSimone, A.Z. Wang, 3D printed drug-loaded implantable devices
for intraoperative treatment of cancer, J Control Release 344 (2022) 147-156,
https://doi.org/10.1016/j.jconrel.2022.02.024.

P. Wang, D. Berry, A. Moran, F. He, T. Tam, L. Chen, S. Chen, Controlled Growth
Factor Release in 3D-Printed Hydrogels, Adv Healthc Mater 9 (2020) €1900977,
https://doi.org/10.1002/adhm.201900977.

J. Wang, B. Xie, Z. Zhu, G. Xie, B. Luo, 3D-printed construct from hybrid
suspension as spatially and temporally controlled protein delivery system,

J Biomater Appl 36 (2021) 264-275, https://doi.org/10.1177/
08853282211023257.

N. Rekowska, K. Wulf, D. Koper, V. Senz, H. Seitz, N. Grabow, M. Teske, Influence
of PEGDA Molecular Weight and Concentration on the In Vitro Release of the
Model Protein BSA-FITC from Photo Crosslinked Systems, Pharmaceutics 15
(2023), https://doi.org/10.3390/pharmaceutics15041039.

E. Carlier, S. Marquette, C. Peerboom, K. Amighi, J. Goole, Development of mAb-
loaded 3D-printed (FDM) implantable devices based on PLGA, Int J Pharm 597
(2021) 120337, https://doi.org/10.1016/j.ijpharm.2021.120337.

D.B. Mahmoud, C. Wolk, M. Schulz-Siegmund, Fabrication of 3D Printed, Core-
and-Shell Implants as Controlled Release Systems for Local siRNA Delivery, Adv
Healthc Mater 12 (2023) 2301643, https://doi.org/10.1002/adhm.202301643.
D. Muhindo, E.A. Ashour, M. Almutairi, M.A. Repka, Development of Subdermal
Implants Using Direct Powder Extrusion 3D Printing and Hot-Melt Extrusion
Technologies, AAPS PharmSciTech 24 (2023) 215, https://doi.org/10.1208/
512249-023-02669-7.

A. Liaskoni, R.D. Wildman, C.J. Roberts, 3D printed polymeric drug-eluting
implants, Int J Pharm 597 (2021) 120330, https://doi.org/10.1016/j.
ijpharm.2021.120330.

G. Manini, M. Deldime, S. Benali, J.M. Raquez, J. Goole, Long-acting implantable
dosage forms containing paliperidone palmitate obtained by 3D printing, Int J
Pharm 603 (2021) 120702, https://doi.org/10.1016/j.ijpharm.2021.120702.

Z. Wang, C. Liu, B. Chen, Y. Luo, Magnetically-driven drug and cell on demand
release system using 3D printed alginate based hollow fiber scaffolds, Int J Biol
Macromol 168 (2021) 38-45, https://doi.org/10.1016/j.ijbiomac.2020.12.023.
K. Muldoon, Z. Ahmad, Y.C. Su, F.G. Tseng, X. Chen, J.A.D. McLaughlin, M.

W. Chang, A Refined Hot Melt Printing Technique with Real-Time CT Imaging
Capability, Micromachines (basel) 13 (2022), https://doi.org/10.3390/
mil3101794.

A. Seidlitz, M. Wentzlaff, W. Weitschies, Controlling drug delivery from coronary
stents: are we aiming for the right targets? Ther Deliv 6 (2015) 705-720, https://
doi.org/10.4155/tde.15.25.

D.H. Ha, J.Y. Kim, T.S. Park, J.H. Park, S. Chae, B.S. Kim, H.C. Lee, D.W. Cho,
Development of a radiopaque, long-term drug eluting bioresorbable stent for the
femoral-iliac artery, RSC Adv 9 (2019) 34636-34641, https://doi.org/10.1039/
c9ra06179g.

T.H. Kim, J.H. Lee, C.B. Ahn, J.H. Hong, K.H. Son, J.W. Lee, Development of a 3D-
Printed Drug-Eluting Stent for Treating Obstructive Salivary Gland Disease, ACS
Biomater Sci Eng 5 (2019) 3572-3581, https://doi.org/10.1021/
acsbiomaterials.9b00636.

A. Prasher, R. Shrivastava, D. Dahl, P. Sharma-Huynh, P. Maturavongsadit,

T. Pridgen, A. Schorzman, W. Zamboni, J. Ban, A. Blikslager, E.S. Dellon, S.

R. Benhabbour, Steroid Eluting Esophageal-Targeted Drug Delivery Devices for
Treatment of Eosinophilic Esophagitis, Polymers (basel) 13 (2021), https://doi.
0rg/10.3390/polym13040557.

M. Vivero-Lopez, X. Xu, A. Muras, A. Otero, A. Concheiro, S. Gaisford, A.W. Basit,
C. Alvarez-Lorenzo, A. Goyanes, Anti-biofilm multi drug-loaded 3D printed
hearing aids, Mater Sci Eng C Mater Biol Appl 119 (2021) 111606, https://doi.
org/10.1016/j.msec.2020.111606.

0. Haddow, E. Mathew, D.A. Lamprou, Fused deposition modelling 3D printing
proof-of-concept study for personalised inner ear therapy, J Pharm Pharmacol 74
(2022) 1489-1497, https://doi.org/10.1093/jpp/rgabl47.


https://doi.org/10.3390/pharmaceutics15051459
https://doi.org/10.3390/pharmaceutics15051459
https://doi.org/10.3390/pharmaceutics14020443
https://doi.org/10.3390/pharmaceutics14020443
https://doi.org/10.1016/j.ijpharm.2022.122029
https://doi.org/10.1016/j.ijpharm.2022.122029
https://doi.org/10.1016/j.ejps.2023.106487
https://doi.org/10.1016/j.ejps.2023.106487
https://doi.org/10.1016/j.heliyon.2023.e16850
https://doi.org/10.1016/j.mtbio.2022.100471
https://doi.org/10.1016/j.ijpharm.2020.119428
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1840
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1845
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1845
http://refhub.elsevier.com/S0169-409X(24)00326-0/h1845
https://doi.org/10.3390/molecules26134066
https://doi.org/10.3390/molecules26134066
https://doi.org/10.1016/j.jconrel.2021.05.030
https://doi.org/10.1016/j.jconrel.2021.05.030
https://doi.org/10.3390/mi11070648
https://doi.org/10.3390/molecules25245889
https://doi.org/10.3390/molecules25245889
https://doi.org/10.3390/pharmaceutics12020105
https://doi.org/10.1002/jor.24640
https://doi.org/10.1016/j.ijpharm.2022.121663
https://doi.org/10.1016/j.ijpharm.2022.121663
https://doi.org/10.3390/pharmaceutics15041276
https://doi.org/10.3390/pharmaceutics15041276
https://doi.org/10.3390/pharmaceutics15082097
https://doi.org/10.3390/pharmaceutics15082097
https://doi.org/10.3390/pharmaceutics14061242
https://doi.org/10.1016/j.jconrel.2022.11.052
https://doi.org/10.1021/acsami.8b18701
https://doi.org/10.1021/acsami.8b18701
https://doi.org/10.1016/j.jconrel.2022.06.047
https://doi.org/10.1016/j.jconrel.2022.06.047
https://doi.org/10.1016/j.ijpharm.2019.118941
https://doi.org/10.1016/j.ijpharm.2019.118941
https://doi.org/10.3390/polym13030318
https://doi.org/10.3390/polym13030318
https://doi.org/10.3390/bioengineering11030259
https://doi.org/10.3390/bioengineering11030259
https://doi.org/10.1016/j.jconrel.2022.10.054
https://doi.org/10.1016/j.actbio.2022.06.023
https://doi.org/10.1016/j.actbio.2022.06.023
https://doi.org/10.1016/j.jconrel.2022.02.024
https://doi.org/10.1002/adhm.201900977
https://doi.org/10.1177/08853282211023257
https://doi.org/10.1177/08853282211023257
https://doi.org/10.3390/pharmaceutics15041039
https://doi.org/10.1016/j.ijpharm.2021.120337
https://doi.org/10.1002/adhm.202301643
https://doi.org/10.1208/s12249-023-02669-7
https://doi.org/10.1208/s12249-023-02669-7
https://doi.org/10.1016/j.ijpharm.2021.120330
https://doi.org/10.1016/j.ijpharm.2021.120330
https://doi.org/10.1016/j.ijpharm.2021.120702
https://doi.org/10.1016/j.ijbiomac.2020.12.023
https://doi.org/10.3390/mi13101794
https://doi.org/10.3390/mi13101794
https://doi.org/10.4155/tde.15.25
https://doi.org/10.4155/tde.15.25
https://doi.org/10.1039/c9ra06179g
https://doi.org/10.1039/c9ra06179g
https://doi.org/10.1021/acsbiomaterials.9b00636
https://doi.org/10.1021/acsbiomaterials.9b00636
https://doi.org/10.3390/polym13040557
https://doi.org/10.3390/polym13040557
https://doi.org/10.1016/j.msec.2020.111606
https://doi.org/10.1016/j.msec.2020.111606
https://doi.org/10.1093/jpp/rgab147

T. Auel et al.

[407]

[408]

[409]

[410]

[411]

[412]

[413]

[414]

[415]

[416]

[417]

[418]

[419]

[420]

[421]

[422]

[423]

[424]

[425]

[426]

[427]

[428]

[429]

[430]

A. Triacca, G. Pitzanti, E. Mathew, B. Conti, R. Dorati, D.A. Lamprou,
Stereolithography 3D printed implants: A preliminary investigation as potential
local drug delivery systems to the ear, Int J Pharm 616 (2022) 121529, https://
doi.org/10.1016/j.ijpharm.2022.121529.

P.S. Robert Mau, Farnaz Matin-Mann, Ziwen Gao, Dorian Alcacer Labrador,
Samuel John, Felix Repp, Thomas Lenarz, Werner Weitschies, Verena Scheper,
Anne Seidlitz, Hermann Seitz, Digital light processing and drug stability of
Dexamethasone-loaded implant prototypes for medical treatment of the inner ear,
Transactions on Additive Manufacturing Meets Medicine, 4 (2022). doi:
10.18416/AMMM.2022.2209666.

S. Vaupel, R. Mau, S. Kara, H. Seitz, U. Kragl, J. Meyer, 3D printed and stimulus
responsive drug delivery systems based on synthetic polyelectrolyte hydrogels
manufactured via digital light processing, J Mater Chem B 11 (2023) 6547-6559,
https://doi.org/10.1039/d3tb00285c.

F. Annuryanti, J. Dominguez-Robles, Q.K. Anjani, M.F. Adrianto, E. Larraneta, R.
R.S. Thakur, Fabrication and Characterisation of 3D-Printed Triamcinolone
Acetonide-Loaded Polycaprolactone-Based Ocular Implants, Pharmaceutics 15
(2023), https://doi.org/10.3390/pharmaceutics15010243.

Y. Feng, S. Zhu, D. Mei, J. Li, J. Zhang, S. Yang, S. Guan, Application of 3D
Printing Technology in Bone Tissue Engineering: A Review, Curr Drug Deliv 18
(2021) 847-861, https://doi.org/10.2174/1567201817999201113100322.

S. Kanwar, S. Vijayavenkataraman, Design of 3D printed scaffolds for bone tissue
engineering: A review, Bioprinting 24 (2021), https://doi.org/10.1016/j.
bprint.2021.e00167.

W. Lan, X. Huang, D. Huang, X. Wei, W. Chen, Progress in 3D printing for bone
tissue engineering: a review, J. Mater. Sci. 57 (2022) 12685-12709, https://doi.
org/10.1007/s10853-022-07361-y.

M.M. Benmassaoud, C. Kohama, T.W.B. Kim, J.A. Kadlowec, B. Foltiny,

T. Mercurio, S.I. Ranganathan, Efficacy of eluted antibiotics through 3D printed
femoral implants, Biomed Microdevices 21 (2019) 51, https://doi.org/10.1007/
510544-019-0395-8.

S.I. Ranganathan, C. Kohama, T. Mercurio, A. Salvatore, M.M. Benmassaoud, T.W.
B. Kim, Effect of temperature and ultraviolet light on the bacterial kill
effectiveness of antibiotic-infused 3D printed implants, Biomed Microdevices 22
(2020) 59, https://doi.org/10.1007/510544-020-00512-5.

J.V.C. Neto, A.B.V. Teixeira, A. Candido Dos Reis, Hydroxyapatite coatings versus
osseointegration in dental implants: A systematic review, J Prosthet Dent (2023),
https://doi.org/10.1016/j.prosdent.2023.09.019.

N. Ramesh, S.C. Moratti, G.J. Dias, Hydroxyapatite-polymer biocomposites for
bone regeneration: A review of current trends, J Biomed Mater Res B Appl
Biomater 106 (2018) 2046-2057, https://doi.org/10.1002/jbm.b.33950.

N. Anup, A. Gadeval, R.K. Tekade, A 3D-Printed Graphene BioFuse Implant for
Postsurgical Adjuvant Therapy of Cancer: Proof of Concept in 2D- and 3D-
Spheroid Tumor Models, ACS Appl Bio Mater 6 (2023) 1195-1212, https://doi.
org/10.1021/acsabm.2c01031.

C. Liu, Z. Wang, X. Wei, B. Chen, Y. Luo, 3D printed hydrogel/PCL core/shell fiber
scaffolds with NIR-triggered drug release for cancer therapy and wound healing,
Acta Biomater 131 (2021) 314-325, https://doi.org/10.1016/j.
actbio.2021.07.011.

M. Di Luca, C. Hoskins, F. Corduas, R. Onchuru, A. Oluwasanmi, D. Mariotti,

B. Conti, D.A. Lamprou, 3D printed biodegradable multifunctional implants for
effective breast cancer treatment, Int J Pharm 629 (2022) 122363, https://doi.
org/10.1016/j.ijpharm.2022.122363.

G. Remaggi, O. Catanzano, F. Quaglia, L. Elviri, Alginate Self-Crosslinking Ink for
3D Extrusion-Based Cryoprinting and Application for Epirubicin-HCI Delivery on
MCEF-7 Cells, Molecules 27 (2022), https://doi.org/10.3390/molecules27030882.
B. Chehri, K. Liu, G. Vaseghi, A. Seyfoori, M. Akbari, In Vitro Glioblastoma Model
on a Plate for Localized Drug Release Study from a 3D-Printed Drug-Eluted
Hydrogel Mesh, Cells 13 (2024), https://doi.org/10.3390/cells13040363.

N. Myung, H.W. Kang, Local dose-dense chemotherapy for triple-negative breast
cancer via minimally invasive implantation of 3D printed devices, Asian J Pharm
Sci 19 (2024) 100884, https://doi.org/10.1016/j.ajps.2024.100884.

S.H. Youssef, R. Ganesan, M. Amirmostofian, S. Kim, R. Polara, F. Afinjuomo,
Y. Song, B. Chereda, N. Singhal, N. Robinson, S. Garg, Printing a cure: A tailored
solution for localized drug delivery in liver cancer treatment, Int J Pharm 651
(2024) 123790, https://doi.org/10.1016/j.ijpharm.2024.123790.

R. Li, Y. Song, P. Fouladian, M. Arafat, R. Chung, J. Kohlhagen, S. Garg, Three-
Dimensional Printing of Curcumin-Loaded Biodegradable and Flexible Scaffold
for Intracranial Therapy of Glioblastoma Multiforme, Pharmaceutics 13 (2021),
https://doi.org/10.3390/pharmaceutics13040471.

Monograph Liquid preparations for cutaneous application, in: European
Pharmacopoeia, European Directorate for the Quality of Medicines & HealthCare
of the Council of Europe, Strasbourg, France, 2023, pp. 978-980.

Monograph Semi-solid preparations for cutaneous application, in: European
Pharmacopoeia, European Directorate for the Quality of Medicines & HealthCare
of the Council of Europe, Strasbourg, France, 2023, pp. 1001-1003.

Monograph Powders for cutaneous application, in: European Pharmacopoeia,
European Directorate for the Quality of Medicines & HealthCare of the Council of
Europe, Strasbourg, France, 2023, pp. 991-992.

M. Patches, in: European Pharmacopoeia, European Directorate for the Quality of
Medicines & HealthCare of the Council of Europe, Strasbourg, France, 2023,
pp. 990-991.

M. Plasters, medicated, in: E.P. Commission (Ed.), European Pharmacopoeia,
European Directorate for the Quality of Medicines & HealthCare of the Council of
Europe, Strasbourg, France, 2023, p. 991.

38

[431]

[432]

[433]

[434]

[435]

[436]

[437]

[438]

[439]

[440]

[441]

[442]

[443]

[444]

[445]

[446]

[447]

[448]

[449]

[450]

[451]

[452]

Advanced Drug Delivery Reviews 217 (2025) 115504

U.M. Musazzi, M.A. Ortenzi, C.G.M. Gennari, A. Casiraghi, P. Minghetti,

F. Cilurzo, Design of pressure-sensitive adhesive suitable for the preparation of
transdermal patches by hot-melt printing, Int. J. Pharm. 586 (2020), https://doi.
org/10.1016/j.ijpharm.2020.119607.

Z.-C. Yao, J.-C. Wang, Z. Ahmad, J.-S. Li, M.-W. Chang, Fabrication of patterned
three-dimensional micron scaled core-sheath architectures for drug patches,
Mater. Sci. Eng. C 97 (2019) 776-783, https://doi.org/10.1016/].
msec.2018.12.110.

A.R. Akkineni, J. Spangenberg, M. Geissler, S. Reichelt, H. Buechner, A. Lode,
M. Gelinsky, Controlled and Local Delivery of Antibiotics by 3D Core/Shell
Printed Hydrogel Scaffolds to Treat Soft Tissue Infections, Pharmaceutics 13
(2021), https://doi.org/10.3390/pharmaceutics13122151.

M. Wu, Y. Zhang, H. Huang, J. Li, H. Liu, Z. Guo, L. Xue, S. Liu, Y. Lei, Assisted 3D
printing of microneedle patches for minimally invasive glucose control in
diabetes, Mater. Sci. Eng. C 117 (2020), https://doi.org/10.1016/j.
msec.2020.111299.

M. Alizadehgiashi, C.R. Nemr, M. Chekini, D. Pinto Ramos, N. Mittal, S.U. Ahmed,
N. Khuu, S.O. Kelley, E. Kumacheva, Multifunctional 3D-Printed Wound
Dressings, ACS Nano 15 (2021) 12375-12387, https://doi.org/10.1021/
acsnano.1c04499.

A. Bagde, S. Dev, L. Madhavi, K. Sriram, S.D. Spencer, A. Kalvala, A. Nathani,
O. Salau, K. Mosley-Kellum, H. Dalvaigari, S. Rajaraman, A. Kundu, M. Singh,
Biphasic burst and sustained transdermal delivery in vivo using an Al-optimized
3D-printed MN patch, Int. J. Pharm. 636 (2023), https://doi.org/10.1016/j.
ijpharm.2023.122647.

Y.M.G. Mohamdeen, A.G. Tabriz, M. Tighsazzadeh, U. Nandi, R. Khalaj,

1. Andreadis, J.S. Boateng, D. Douroumis, Development of 3D printed drug-eluting
contact lenses, J. Pharm. Pharmacol. 74 (2022) 1467-1476, https://doi.org/
10.1093/jpp/rgabl73.

V.S. Chaudhari, T.K. Malakar, U.S. Murty, S. Banerjee, Extruded filaments derived
3D printed medicated skin patch to mitigate destructive pulmonary tuberculosis:
design to delivery, Expert Opin Drug Deliv 18 (2021) 301-313, https://doi.org/
10.1080/17425247.2021.1845648.

H.A. Elshabrawy, A.S. Abo Dena, I.M. El-Sherbiny, Triple-layered platform
utilizing electrospun nanofibers and 3D-printed sodium alginate-based hydrogel
for effective topical treatment of rheumatoid arthritis, Int J Biol Macromol 259
(2024) 129195, https://doi.org/10.1016/j.ijbiomac.2023.129195.

E. Azizoglu, O. Ozer, Fabrication of Montelukast sodium loaded filaments and 3D
printing transdermal patches onto packaging material, Int J Pharm 587 (2020)
119588, https://doi.org/10.1016/j.ijpharm.2020.119588.

G. Maurizii, S. Moroni, S. Khorshid, A. Aluigi, M. Tiboni, L. Casettari, 3D-printed
EVA-based patches manufactured by direct powder extrusion for personalized
transdermal therapies, Int J Pharm 635 (2023) 122720, https://doi.org/10.1016/

j-ijpharm.2023.122720.

E. Altun, E. Yuca, N. Ekren, D.M. Kalaskar, D. Ficai, G. Dolete, A. Ficai,

0. Gunduz, Kinetic Release Studies of Antibiotic Patches for Local Transdermal
Delivery, Pharmaceutics 13 (2021), https://doi.org/10.3390/
pharmaceutics13050613.

K. Glover, E. Mathew, G. Pitzanti, E. Magee, D.A. Lamprou, 3D bioprinted
scaffolds for diabetic wound-healing applications, Drug Deliv, Transl Res 13
(2023) 2096-2109, https://doi.org/10.1007/s13346-022-01115-8.

C. Fratini, E. Weaver, S. Moroni, R. Irwin, Y.H. Dallal Bashi, S. Uddin, L. Casettari,
M.P. Wylie, D.A. Lamprou, Combining microfluidics and coaxial 3D-bioprinting
for the manufacturing of diabetic wound healing dressings, Biomater Adv 153
(2023) 213557, https://doi.org/10.1016/j.bioadv.2023.213557.

R.S. de Oliveira, N.L. Funk, J. Dos Santos, T.V. de Oliveira, E.G. de Oliveira, C.
L. Petzhold, T.M.H. Costa, E.V. Benvenutti, M. Deon, R.C.R. Beck, Bioadhesive
3D-Printed Skin Drug Delivery Polymeric Films: From the Drug Loading in
Mesoporous Silica to the Manufacturing Process, Pharmaceutics 15 (2022),
https://doi.org/10.3390/pharmaceutics15010020.

S.N. Economidou, C.P.P. Pere, A. Reid, M.J. Uddin, J.F.C. Windmill, D.

A. Lamprou, D. Douroumis, 3D printed microneedle patches using
stereolithography (SLA) for intradermal insulin delivery, Mater Sci Eng C Mater
Biol Appl 102 (2019) 743-755, https://doi.org/10.1016/j.msec.2019.04.063.
S.N. Economidou, C.P. Pissinato Pere, M. Okereke, D. Douroumis, Optimisation of
Design and Manufacturing Parameters of 3D Printed Solid Microneedles for
Improved Strength, Sharpness, and Drug Delivery, Micromachines (basel) 12
(2021), https://doi.org/10.3390/mi12020117.

M.J. Uddin, N. Scoutaris, S.N. Economidou, C. Giraud, B.Z. Chowdhry, R.

F. Donnelly, D. Douroumis, 3D printed microneedles for anticancer therapy of
skin tumours, Mater Sci Eng C Mater Biol Appl 107 (2020) 110248, https://doi.
0rg/10.1016/j.msec.2019.110248.

Y. Li, K. Chen, Y. Pang, J. Zhang, M. Wy, Y. Xu, S. Cao, X. Zhang, S. Wang, Y. Sun,
X. Ning, X. Wang, D. Kong, Multifunctional Microneedle Patches via Direct Ink
Drawing of Nanocomposite Inks for Personalized Transdermal Drug Delivery, ACS
Nano 17 (2023) 19925-19937, https://doi.org/10.1021/acsnano.3c04758.

B.C. Park, H.T. Kim, J.W. Koh, New Biodegradable Drug Delivery System for
Patients with Dry Eye, Korean J Ophthalmol 35 (2021) 455-459, https://doi.org/
10.3341/kjo.2021.0126.

G. Zidan, C.A. Greene, A. Etxabide, I.D. Rupenthal, A. Seyfoddin, Gelatine-based
drug-eluting bandage contact lenses: Effect of PEGDA concentration and
manufacturing technique, Int J Pharm 599 (2021) 120452, https://doi.org/
10.1016/j.ijpharm.2021.120452.

T. Tagami, E. Goto, R. Kida, K. Hirose, T. Noda, T. Ozeki, Lyophilized
ophthalmologic patches as novel corneal drug formulations using a semi-solid


https://doi.org/10.1016/j.ijpharm.2022.121529
https://doi.org/10.1016/j.ijpharm.2022.121529
https://doi.org/10.1039/d3tb00285c
https://doi.org/10.3390/pharmaceutics15010243
https://doi.org/10.2174/1567201817999201113100322
https://doi.org/10.1016/j.bprint.2021.e00167
https://doi.org/10.1016/j.bprint.2021.e00167
https://doi.org/10.1007/s10853-022-07361-y
https://doi.org/10.1007/s10853-022-07361-y
https://doi.org/10.1007/s10544-019-0395-8
https://doi.org/10.1007/s10544-019-0395-8
https://doi.org/10.1007/s10544-020-00512-5
https://doi.org/10.1016/j.prosdent.2023.09.019
https://doi.org/10.1002/jbm.b.33950
https://doi.org/10.1021/acsabm.2c01031
https://doi.org/10.1021/acsabm.2c01031
https://doi.org/10.1016/j.actbio.2021.07.011
https://doi.org/10.1016/j.actbio.2021.07.011
https://doi.org/10.1016/j.ijpharm.2022.122363
https://doi.org/10.1016/j.ijpharm.2022.122363
https://doi.org/10.3390/molecules27030882
https://doi.org/10.3390/cells13040363
https://doi.org/10.1016/j.ajps.2024.100884
https://doi.org/10.1016/j.ijpharm.2024.123790
https://doi.org/10.3390/pharmaceutics13040471
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2130
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2130
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2130
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2135
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2135
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2135
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2140
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2140
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2140
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2145
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2145
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2145
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2150
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2150
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2150
https://doi.org/10.1016/j.ijpharm.2020.119607
https://doi.org/10.1016/j.ijpharm.2020.119607
https://doi.org/10.1016/j.msec.2018.12.110
https://doi.org/10.1016/j.msec.2018.12.110
https://doi.org/10.3390/pharmaceutics13122151
https://doi.org/10.1016/j.msec.2020.111299
https://doi.org/10.1016/j.msec.2020.111299
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1016/j.ijpharm.2023.122647
https://doi.org/10.1016/j.ijpharm.2023.122647
https://doi.org/10.1093/jpp/rgab173
https://doi.org/10.1093/jpp/rgab173
https://doi.org/10.1080/17425247.2021.1845648
https://doi.org/10.1080/17425247.2021.1845648
https://doi.org/10.1016/j.ijbiomac.2023.129195
https://doi.org/10.1016/j.ijpharm.2020.119588
https://doi.org/10.1016/j.ijpharm.2023.122720
https://doi.org/10.1016/j.ijpharm.2023.122720
https://doi.org/10.3390/pharmaceutics13050613
https://doi.org/10.3390/pharmaceutics13050613
https://doi.org/10.1007/s13346-022-01115-8
https://doi.org/10.1016/j.bioadv.2023.213557
https://doi.org/10.3390/pharmaceutics15010020
https://doi.org/10.1016/j.msec.2019.04.063
https://doi.org/10.3390/mi12020117
https://doi.org/10.1016/j.msec.2019.110248
https://doi.org/10.1016/j.msec.2019.110248
https://doi.org/10.1021/acsnano.3c04758
https://doi.org/10.3341/kjo.2021.0126
https://doi.org/10.3341/kjo.2021.0126
https://doi.org/10.1016/j.ijpharm.2021.120452
https://doi.org/10.1016/j.ijpharm.2021.120452

T. Auel et al.

[453]

[454]

[455]

[456]

[457]

[458]

[459]

[460]

[461]

[462]

[463]

[464]

extrusion 3D printer, Int J Pharm 617 (2022) 121448, https://doi.org/10.1016/j.
ijpharm.2022.121448.

X. Xu, S. Awwad, L. Diaz-Gomez, C. Alvarez-Lorenzo, S. Brocchini, S. Gaisford,
A. Goyanes, A.W. Basit, 3D Printed Punctal Plugs for Controlled Ocular Drug
Delivery, Pharmaceutics 13 (2021), https://doi.org/10.3390/
pharmaceutics13091421.

M. Tiboni, R. Campana, E. Frangipani, L. Casettari, 3D printed clotrimazole
intravaginal ring for the treatment of recurrent vaginal candidiasis, Int J Pharm
596 (2021) 120290, https://doi.org/10.1016/j.ijpharm.2021.120290.

V. de Carvalho Rodrigues, I.Z. Guterres, B.P. Savi, L.T. Silva, G. Fongaro, G.

V. Salmoria, 3D-Printed EVA Devices for Antiviral Delivery and Herpes Virus
Control in Genital Infection, Viruses 14 (2022), https://doi.org/10.3390/
v14112501.

S. Teworte, S. Aleandri, J.R. Weber, M. Carone, P. Luciani, Mucoadhesive 3D
printed vaginal ovules to treat endometriosis and fibrotic uterine diseases, Eur J
Pharm Sci 188 (2023) 106501, https://doi.org/10.1016/].ejps.2023.106501.

A. Melocchi, N. Inverardi, M. Uboldi, F. Baldi, A. Maroni, S. Pandini, F. Briatico-
Vangosa, L. Zema, A. Gazzaniga, Retentive device for intravesical drug delivery
based on water-induced shape memory response of poly(vinyl alcohol): design
concept and 4D printing feasibility, Int J Pharm 559 (2019) 299-311, https://doi.
0rg/10.1016/j.ijpharm.2019.01.045.

V. Domsta, J. Krause, W. Weitschies, A. Seidlitz, 3D Printing of Paracetamol
Suppositories: An Automated Manufacturing Technique for Individualized
Therapy, Pharmaceutics 14 (2022), https://doi.org/10.3390/
pharmaceutics14122676.

J. Rahman-Yildir, B. Fischer, J. Breitkreutz, Development of sustained-release
drug-loaded intravesical inserts via semi-solid micro-extrusion 3D-printing for
bladder targeting, Int J Pharm 622 (2022) 121849, https://doi.org/10.1016/j.
ijpharm.2022.121849.

Z.L. Farmer, E. Utomo, J. Dominguez-Robles, C. Mancinelli, E. Mathew,

E. Larraneta, D.A. Lamprou, 3D printed estradiol-eluting urogynecological mesh
implants: Influence of material and mesh geometry on their mechanical
properties, Int J Pharm 593 (2021) 120145, https://doi.org/10.1016/j.
ijpharm.2020.120145.

J. Dominguez-Robles, C. Mancinelli, E. Mancuso, I. Garcia-Romero, B.F. Gilmore,
L. Casettari, E. Larraneta, D.A. Lamprou, 3D Printing of Drug-Loaded
Thermoplastic Polyurethane Meshes: A Potential Material for Soft Tissue
Reinforcement in Vaginal Surgery, Pharmaceutics 12 (2020), https://doi.org/
10.3390/pharmaceutics12010063.

F. Corduas, E. Mathew, R. McGlynn, D. Mariotti, D.A. Lamprou, E. Mancuso, Melt-
extrusion 3D printing of resorbable levofloxacin-loaded meshes: Emerging
strategy for urogynaecological applications, Mater Sci Eng C Mater Biol Appl 131
(2021) 112523, https://doi.org/10.1016/j.msec.2021.112523.

S.E. Herold, A.J. Kyser, M.G. Orr, M.Y. Mahmoud, W.G. Lewis, A.L. Lewis, J.
M. Steinbach-Rankins, H.B. Frieboes, Release Kinetics of Metronidazole from 3D
Printed Silicone Scaffolds for Sustained Application to the Female Reproductive
Tract, Biomed Eng Adv 5 (2023), https://doi.org/10.1016/j.bea.2023.100078.
A.J. Kyser, M.Y. Mahmoud, S.E. Herold, W.G. Lewis, A.L. Lewis, J.M. Steinbach-
Rankins, H.B. Frieboes, Formulation and characterization of pressure-assisted
microsyringe 3D-printed scaffolds for controlled intravaginal antibiotic release,
Int J Pharm 641 (2023) 123054, https://doi.org/10.1016/j.
ijpharm.2023.123054.

39

[465]

[466]

[467]

[468]

[469]

[470]

[471]

[472]

[473]

[474]

[475]

[476]

[477]

Advanced Drug Delivery Reviews 217 (2025) 115504

E. Utomo, J. Dominguez-Robles, Q.K. Anjani, C.J. Picco, A. Korelidou, E. Magee,
R.F. Donnelly, E. Larraneta, Development of 3D-printed vaginal devices
containing metronidazole for alternative bacterial vaginosis treatment, Int J
Pharm X 5 (2023) 100142, https://doi.org/10.1016/].ijpx.2022.100142.

A. Almotairy, M. Alyahya, A. Althobaiti, M. Almutairi, S. Bandari, E.A. Ashour, M.
A. Repka, Disulfiram 3D printed film produced via hot-melt extrusion techniques
as a potential anticervical cancer candidate, Int J Pharm 635 (2023) 122709,
https://doi.org/10.1016/j.ijpharm.2023.122709.

M. Archana, D. Rubini, K.P. Dharshini, B.N.V. Hari, S. Jayasankari, D. Ramyadevi,
W. Gonciarz, A. Domanska, M. Brzezinski, P. Nithyanand, Development of an
anti-infective urinary catheter composed of polyvinyl alcohol/sodium alginate/
methylcellulose/polyethylene glycol by using a pressure-assisted 3D-printing
technique, Int J Biol Macromol 249 (2023) 126029, https://doi.org/10.1016/j.
ijbiomac.2023.126029.

Monograph Rectal preparations, in: European Pharmacopoeia, European
Directorate for the Quality of Medicines & HealthCare of the Council of Europe,
Strasbourg, France, 2023, pp. 1000-1001.

1. Seoane-Viano, N. Gomez-Lado, H. Lazare-Iglesias, X. Garcia-Otero, J.

R. Antunez-Lopez, A. Ruibal, J.J. Varela-Correa, P. Aguiar, A.W. Basit, F.J. Otero-
Espinar, M. Gonzalez-Barcia, A. Goyanes, A. Luzardo-Alvarez, A. Fernandez-
Ferreiro, 3D Printed Tacrolimus Rectal Formulations Ameliorate Colitis in an
Experimental Animal Model of Inflammatory Bowel Disease, Biomedicines 8
(2020), https://doi.org/10.3390/biomedicines8120563.

A. Awad, A. Goyanes, M. Orluy, S. Gaisford, A.W. Basit, 3D printed infliximab
suppositories for rectal biologic delivery, Int J Pharm X 5 (2023) 100176, https://
doi.org/10.1016/j.ijpx.2023.100176.

A. Awad, E. Hollis, A. Goyanes, M. Orlu, S. Gaisford, A.W. Basit, 3D printed multi-
drug-loaded suppositories for acute severe ulcerative colitis, Int J Pharm X 5
(2023) 100165, https://doi.org/10.1016/j.ijpx.2023.100165.

C.S. Katsiotis, E. Tikhomirov, C. Leliopoulos, M. Stromme, K. Welch, Development
of a simple paste for 3D printing of drug formulations containing a mesoporous
material loaded with a poorly water-soluble drug, Eur J Pharm Biopharm 198
(2024) 114270, https://doi.org/10.1016/].ejpb.2024.114270.

E. Munoz-Perez, J. Rubio-Retama, L. Cusso, M. Igartua, R.M. Hernandez,

E. Santos-Vizcaino, 3D-printed Laponite/Alginate hydrogel-based suppositories
for versatile drug loading and release, Drug Deliv Transl Res (2024), https://doi.
org/10.1007/513346-023-01506-5.

1. Seoane-Viano, J.J. Ong, A. Luzardo-Alvarez, M. Gonzalez-Barcia, A.W. Basit, F.
J. Otero-Espinar, A. Goyanes, 3D printed tacrolimus suppositories for the
treatment of ulcerative colitis, Asian, J Pharm Sci 16 (2021) 110-119, https://
doi.org/10.1016/j.ajps.2020.06.003.

M. Wei, D. Liu, Y. Sun, H. Xie, L. Du, Y. Jin, Mesalazine hollow suppositories
based on 3D printing for treatment of ulcerative colitis, Int J Pharm 642 (2023)
123196, https://doi.org/10.1016/j.ijpharm.2023.123196.

L.I. Kocabas, S. Ayyoubi, M. Tajqurishi, J. Quodbach, T. Vermonden, R.J. Kok,
3D-printed prednisolone phosphate suppositories with tunable dose and rapid
release for the treatment of inflammatory bowel disease, Int J Pharm 649 (2024)
123639, https://doi.org/10.1016/j.ijpharm.2023.123639.

T. Tagami, E. Ito, N. Hayashi, N. Sakai, T. Ozeki, Application of 3D printing
technology for generating hollow-type suppository shells, Int J Pharm 589 (2020)
119825, https://doi.org/10.1016/j.ijpharm.2020.119825.


https://doi.org/10.1016/j.ijpharm.2022.121448
https://doi.org/10.1016/j.ijpharm.2022.121448
https://doi.org/10.3390/pharmaceutics13091421
https://doi.org/10.3390/pharmaceutics13091421
https://doi.org/10.1016/j.ijpharm.2021.120290
https://doi.org/10.3390/v14112501
https://doi.org/10.3390/v14112501
https://doi.org/10.1016/j.ejps.2023.106501
https://doi.org/10.1016/j.ijpharm.2019.01.045
https://doi.org/10.1016/j.ijpharm.2019.01.045
https://doi.org/10.3390/pharmaceutics14122676
https://doi.org/10.3390/pharmaceutics14122676
https://doi.org/10.1016/j.ijpharm.2022.121849
https://doi.org/10.1016/j.ijpharm.2022.121849
https://doi.org/10.1016/j.ijpharm.2020.120145
https://doi.org/10.1016/j.ijpharm.2020.120145
https://doi.org/10.3390/pharmaceutics12010063
https://doi.org/10.3390/pharmaceutics12010063
https://doi.org/10.1016/j.msec.2021.112523
https://doi.org/10.1016/j.bea.2023.100078
https://doi.org/10.1016/j.ijpharm.2023.123054
https://doi.org/10.1016/j.ijpharm.2023.123054
https://doi.org/10.1016/j.ijpx.2022.100142
https://doi.org/10.1016/j.ijpharm.2023.122709
https://doi.org/10.1016/j.ijbiomac.2023.126029
https://doi.org/10.1016/j.ijbiomac.2023.126029
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2340
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2340
http://refhub.elsevier.com/S0169-409X(24)00326-0/h2340
https://doi.org/10.3390/biomedicines8120563
https://doi.org/10.1016/j.ijpx.2023.100176
https://doi.org/10.1016/j.ijpx.2023.100176
https://doi.org/10.1016/j.ijpx.2023.100165
https://doi.org/10.1016/j.ejpb.2024.114270
https://doi.org/10.1007/s13346-023-01506-5
https://doi.org/10.1007/s13346-023-01506-5
https://doi.org/10.1016/j.ajps.2020.06.003
https://doi.org/10.1016/j.ajps.2020.06.003
https://doi.org/10.1016/j.ijpharm.2023.123196
https://doi.org/10.1016/j.ijpharm.2023.123639
https://doi.org/10.1016/j.ijpharm.2020.119825

	Titelblatt_Seidlitz_3D_final
	Seidlitz_3D.pdf
	3D printing of pharmaceutical dosage forms: Recent advances and applications
	1 Introduction
	2 Oral dosage forms
	2.1 Tablets
	2.1.1 Orodispersible tablets
	2.1.2 Immediate-release tablets
	2.1.3 Extended-release tablets
	2.1.4 Delayed-release tablets

	2.2 Pellets and minitablets
	2.3 Capsules
	2.4 Films
	2.4.1 Orodispersible films
	2.4.2 Oral films (local)
	2.4.3 Oral films (GIT)
	2.4.4 Buccal films

	2.5 Other oral dosage forms
	2.5.1 Gastro-retentive dosage forms
	2.5.2 Chewables
	2.5.3 Dental
	2.5.4 Others miscellaneous


	3 Parenteral dosage forms
	3.1 Implantable drug delivery systems with no specific implantation site
	3.2 Implants with specified sites of implantation
	3.2.1 Vascular application sites and stents
	3.2.2 Drug-eluting implants for ear, eye and sinuses (frontal neo-ostium)
	3.2.3 Drug-eluting bone implants
	3.2.4 Intratumoral drug-eluting implants


	4 Cutaneous dosage forms
	4.1 Non-gelled patches
	4.2 Gel-based patches
	4.3 Microneedle patches (MNPs)

	5 Ophthalmics
	6 Vaginal dosage forms
	7 Intravesical dosage forms
	8 Rectal dosage forms
	9 Conclusion and outlook
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References



