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Abstract
The involvement of recent technologies, such as nanotechnology and three-dimensional printing (3DP), in drug delivery has become
the utmost importance for effective and safe delivery of potent therapeutics, and thus, recent advancement for oral drug delivery through
3DP technology has been expanded. The use of computer-aided design (CAD) in 3DP technology allows the manufacturing of drug
formulation with the desired release rate and pattern. Currently, the most applicable 3DP technologies in the oral drug delivery system
are inkjet printing method, fused deposition method, nozzle-based extrusion system, and stereolithographic 3DP. In 2015, the first 3D-
printed tablet was approved by theUSFood andDrugAdministration (FDA), and since then, it has opened upmore opportunities in the
discovery of formulation for the development of an oral drug delivery system. 3DP allows the production of an oral drug delivery
device that enables tailor-made formulation with customizable size, shape, and release rate. Despite the advantages offered by 3DP
technology in the drug delivery system, there are challenges in terms of drug stability, safety aswell as applicability in the clinical sector.
Nonetheless, 3DP has immense potential in the development of drug delivery devices for future personalizedmedicine. This article will
give the recent advancement along with the challenges of 3DP techniques for the development of oral drug delivery.
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Introduction

Drug delivery refers to approaches, systems, technologies, and
formulations that act as a medium of transport for the adminis-
tration of therapeutics to be delivered to the body to exert its
therapeutic effect. The area for drug delivery has expanded and
advanced greatly over the years with a current focus on targeted
delivery to improve the efficacy and safety profile of drugs [1,
2]. This development of drug delivery has garnered increasing

attention as it can offer a highly personalized pharmaceutical
treatment through tailored engineering release profiles [3].

Additive manufacturing or specifically 3DP is a revolution-
ary technology in pharmaceutical manufacturing as it opens up
the possibility of creating limitless dosage forms that are equiv-
alent to conventional drug fabricationmethods in terms of prod-
uct quality and efficacy [1, 4]. 3DP is a computer-aided tech-
nique, which constructs 3D solid objects from a digital file by
the sequential deposition of several layers. It is capable of de-
veloping a range of drug delivery systems that covers from oral
controlled-release systems, microchips, and drug implants to
multiphase-release dosage forms, hence, underscoring 3DP
technology as an essential tool to design both simple and com-
plex customized drug delivery systems [4, 5].

The various 3DP technologies used in pharmaceutical
manufacturing include fused deposition modeling (FDM),
stereolithography (SLA), direct energy deposition, thermal inkjet
printing (TIJ), and selective laser sintering (SLS) [3, 5]. For oral
drug delivery, for instance, the utilization of these technologies
exceeds the conventional manufacturing methods as they can
bypass multiple steps, such as granulation, compacting, or coat-
ing, thereby enhancing the quality and efficacy of the formulation

* Manisha Pandey
manisha.ukm@gmail.com; ManishaPandey@imu.edu.my

1 Department of Pharmaceutical Technology, School of Pharmacy,
International Medical University, Bukit Jalil, 57000 Kuala
Lumpur, Malaysia

2 School of Pharmacy, International Medical University, 57000 Kuala
Lumpur, Malaysia

3 Department of Life Sciences, School of Pharmacy, International
Medical University, Bukit Jalil, 57000 Kuala Lumpur, Malaysia

4 School of Pharmacy, Faculty of Health and Medical Sciences,
Taylor’s University, 47500 Subang Jaya, Selangor, Malaysia

https://doi.org/10.1007/s13346-020-00737-0

Published online: 23 March 2020

Drug Delivery and Translational Research (2020) 10:986–1001

http://crossmark.crossref.org/dialog/?doi=10.1007/s13346-020-00737-0&domain=pdf
http://orcid.org/0000-0002-8249-9743
mailto:manisha.ukm@gmail.com
mailto:ManishaPandey@imu.edu.my


[6]. In addition to meeting the economics and standard quality
demands, the utilization of 3DP in fabricating personalized phar-
maceutical drug delivery systems offers the benefits of stability
of multiple drugs within a single dosage dorm, precise dose of
each drug and ideal release kinetic modulations [7, 8].

3DP in pharmaceutical technology aims to develop patient-
centered dosage forms based on structure design, with re-
search steering towards the creation of targeted-release drug
delivery systems in free-form geometries [7, 9]. There are
some researches investigating the dosage forms for topical
administration such as salicylic acid anti-acne patch and 5-
fluorouracil biodegradable patch [10, 11]. However, most ex-
tensive research mainly focuses on oral dosage forms, as it is
one of the least invasive routes of administration among all
types of dosage forms and generally meets patients’ compli-
ance [12, 13]. The growing interest in utilizing various 3DP
techniques is evident by the huge variety of 3D-printed prod-
ucts over the years, ranging from fast disintegrating tablets,
extended-release tablets, and nanosuspension to polypill [14].
For instance, orodispersible paracetamol tablets can be
manufactured using the SLS [15], whereas immediate-
release theophylline tablets adopt the FDM technique [16].

The first FDA-approved 3D-printed tablet in the year 2015,
Spritam (levetiracetam) manufactured by Aprecia
Pharmaceuticals, incorporated large doses up to 1000 mg in a
single dosage form which helps to improve the compliance of
epileptic patients as it simplifies the administration of the drug
[17]. This advancement perpetually imprints the milestone in
3D pharming and changes the outlook of the drug manufactur-
ing field. Thus, this review will look into the challenges and
perspectives of 3DP, current 3DP pharmaceutical technologies,
upscale from patient home to production scale, and future pros-
pects of 3DP in the context of oral drug delivery system.

Challenges and perspectives

The technological advancement of 3DP, intertwined with nov-
el scientific concepts and interdisciplinary work, can offer
boundless possibilities for meeting the needs of personalized
drug therapy as well as addressing the issues related to poor
drug delivery systems [7, 10]. However, there are a few lim-
itations in the commercialization of 3DP in the market such as
the high cost in developing new formulations or re-design of
existing formulations through 3DP, selection of appropriate
excipients, and maintenance of pharmaco-technical properties
of final products. Although 3DP is a versatile technique that
can incorporate many different kinds of pharmaceutical active
ingredients, the compatibility of the drug and excipients must
be established on a case-by-case basis to achieve stable phys-
icochemical properties of a formulation [6, 18, 19].

Each of the many types of 3DP available has its own set of
advantages and challenges. For example, the major challenges

in exploiting stereolithography to manufacture customized
drug products involve extensive regulatory issues and imple-
mentation of production models to efficiently produce indi-
vidual therapeutic needs into small batches of drug products of
standard quality [20]. Some 3DP technologies such as semi-
solid extrusion (EXT), FDM, and powder-based (PB), which
use nozzle mechanism to build layers, sequentially face the
greatest challenge in maintaining reproducible and consistent
flow due to the alternate stop-and-restart print head during the
printing of a single or multiple products. PB 3DP, in particular,
needs special laboratories for printing, as removal of excess
powder that arise from problems such as clogging of nozzles
in the printer head, binder migration, and improper powder
feeding can be hazardous to health [21–23].

Different 3DP technologies produce 3D-printed tablets of
different mechanical resistance. Although FDM can produce
highly resistant tablets [24], PB and EXT yield products that
have weaker structures as seen from their higher friability
values (3.55%) in comparison to that of conventional tablets
[1]. The flaw in the appearance of the finished products of
3DP is also more visible due to the stacking of plastic beads
or large-sized powder and especially significant to products
manufactured using EXTor PB techniques because of its long
drying duration before they can be handled. As for FDM, its
products are more prone to have seam lines between layers [1,
5, 25]. Nevertheless, according to a study by Pietrzak et al., the
tablet morphology can be improved if methacrylic polymers
are integrated and high resolution (100 μm layer thickness) is
employed during 3DP of drugs [26].

Safety point of view is another aspect that needs careful
consideration due to the built-in flexibility of 3DP equipment
and wider opportunities for illegal printing of drug products,
tampering, or adulteration of the dose and mix-up treatment
regimens among patients. 3DP technologies can also signifi-
cantly speed up the manufacturing process but there is a barrier
to ensure safety, efficacy, and stability of the printed medicines
as compared to conventional. Thus, it is expected that a broad-
based application of 3DP in the pharmaceutical sector will be
significantly affected by tight regulatory requirements to ensure
the quality, safety, and efficacy of all the medicines produced. It
will also be a great obstacle for the regulatory authorities to
establish the guidelines, laws, tamper-proof strategies, and qual-
ity systems for use and consumption of 3D-printed medicines,
given the stringent requirements of the pharmaceutical sector
and the rapid evolving 3DP technologies [27].

Current 3D printing technologies
in pharmaceutical drug delivery

Several 3DP technologies have been developed over the
years. Some commonly used methods (Fig. 1) are being brief-
ly introduced below.
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Inkjet printing method

Inkjet printing method uses a powder base for the sprayed ink
droplets; further, it hardens to form a solid. The active phar-
maceutical ingredients and excipients of various combinations
are sprayed precisely in the form of droplets onto a non-
powder substrate [5]. There are two techniques in which this
method can be performed, namely, the drop on demand and
continuous jet method. In the continuous jet method, the drop-
lets are constantly released from the sprayer to the substrate
and only shifted towards the waste line when it is not needed
which can account for unavoidable wastage. On the other
hand, in the drop on demand, only a specific amount of drop-
lets will be sprayed on the substrate [4]. Inkjet printingmethod
has been applied for the manufacturing of felodipine solid
dispersion and levofloxacin implant [28].

One of the major advantages of inkjet printing is its scal-
ability to formulate, for instance, personalizedmedicine, drugs
with complex release profiles, and a combination of multiple
drugs into a single device with minimum waste and cost at
high processing rate [29, 30]. Nevertheless, more studies to
research on suitable printing techniques in the industrial scale
should be established to enable scale up production of phar-
maceuticals by inkjet printing [30].

Thermal inkjet printing method

Thermal inkjet printing (TIJ) uses the heat, produced from the
microresistor when current is induced to vaporize the aqueous
ink forming bubble that will coalesce, expand, and later be
released from the nozzle as droplets [4]. One of the drawbacks
of TIJ is the high temperature applied may potentially lead to
degrade heat-labile active ingredients and excipients which
limits its pharmaceutical use [31, 32]. However, the develop-
ment of TIJ has enabled extemporaneous dispensing of some

drugs onto 3D drug carriers [33]. Solid dosage forms of
rasagiline mesylate and nanosuspension of folic acid are some
formulations that are manufactured using this technique [34,
35]. These additive manufacturing processes are classified
into seven distinct categories by the American Society for
Testing and Materials group, which are as described hereafter
[36].

Direct inkjet writing method

The direct inkjet writing method is useful to design complex
solid dosage forms with finer sized structures and shapes with-
out the requirement of exclusive equipment [4, 37]. This
method uses a computer-controlled translational stage to
move the ink deposition nozzle which then leads to the gen-
eration of layer by layer 3Dmicrostructure [4, 33]. Several ink
designs that can be utilized in this technique include dilute
fluids, polymer melts, colloidal suspensions, and gels, which
can be hardened to form solids by various methods like liquid
evaporation and gelation [38].

Fused deposition method

FDM comprises polymer melting, extrusion, and layer by lay-
er deposition before the solid dosage form is produced in
which its shape is defined using the computer-aided design
model [4, 33]. This method was invented and later patented by
Scott Crump in 1989 with the intention to overcome the short-
comings of the inkjet printing method [4]. One of the advan-
tages of FDM is the shape and pore size of the intended solid
dosage form can be customized by modifying the various
properties of raster [5]. FDM can be utilized to manufacture
various solid dosage forms, such as implants, zero-order re-
lease tablets, multi-layered tablets, and fast dissolving tablets
[4]. Some examples of FDM’s application are the formulation

Fig. 1 The various three-
dimensional printing techniques.
Reprinted with permission from
Konta et al. [27]
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of extended-release patient-tailored prednisolone tablet and
controlled-release budesonide tablet [39, 40].

Despite the downside of FDM which is the thermal degra-
dation of heat-labile drugs, it can be overcome by the selection
and usage of some other excipients, making FDM suitable for
drugs of lower melting temperatures [41].

Pressure-assisted microsyringe (PAM)

The PAM method is similar to FDM, with the only difference
in which the PAM method does not require the melting of
materials. The principle of PAM is related to the release of
viscous semi-liquid material using a syringe to produce the
desired 3D model [42]. PAM 3D printer system is used to
design and substantialize the diverse construction of 3D
models. PAM technology utilizes a computer-controlled
microsyringe, which provides the desired structure with the
release of the dissolved polymer under consistent and low
pressure [42, 43]. The subsequent processes include drying
and solidification, which allow the dosage form to obtain suf-
ficient physical strength.

Zip dose method

The zip dose method was first established by the
Massachusetts Institute of Technology in the late 1980s.
This method involves the application of aqueous fluid as a
binding fluid to incorporate the layer of powder, which serves
as a substrate [4]. A high porosity and drug-loading capacity
solid dosage form of desired size and shape will be produced
by repeating the process several times [4, 44]. Hence, this
technique is useful to manufacture solid dosage form with a
higher dose and requires a high disintegration rate [44]. For
example, the zip dose method was applied to fabricate a per-
sonalized dose of levetiracetam, an antiepileptic drug [44].

Binder deposition method

In this method, liquid formulation serves as a binder. The ink
is sprayed in the form of small droplets onto the powder bed,
which consists of the active pharmaceutical ingredient and
excipients at the optimum speed to produce the desired dosage
form [45].

Material jetting method

In this process, a liquid formulation such as solution, suspen-
sion, or UV-curable resins is jetted from the printer rapidly
which then hardens to form particles of desired size and shape.
This technique is commonly used to produce microparticles as
it has a droplet size of 100 mm, which accounts for its high
resolution [46].

Powder bed fusion method

This is a fast and complex methodwhich requires the fusion of
high and low melting point binders using heat produced by a
laser beam [45].

Stereolithography method

It uses UV light or other high energy light sources to cause
polymerization of liquid photo-polymerizable resins [45].
This method was used for the manufacturing of salicylic acid
anti-acne patch and modified-release tablet containing a com-
bination of 4-aminosalicylic acid and paracetamol [10, 47].

3D printing for oral drug delivery

3DP technology is recently used to develop oral drug delivery
devices as well as a dosage form for personalized therapy. 3D-
printed drug-eluting devices offer the possibility for personal-
ization in terms of shape, size, and architecture, but their clin-
ical application has remained relatively unexplored [3]. In the
pharmaceutical field, 3DP allows novel drug delivery systems
to be manufactured. Single or multiple drugs can be incorpo-
rated in one tablet and the release pattern is controlled through
the manipulation of the composition of the polymer. Drug
release is controlled by the use of different polymer [48, 49],
geometry [21], compartmentation [50, 51], or infill pattern
[52, 53]. The personalization of the dose could allow the op-
timization of the dose considering the gender, age, weight,
disease state, and genetic profile.

3D-printed oral drug delivery devices

3D printing mouth guard

The first-in-human study of a 3D-printed wearable oral deliv-
ery device was in the form of a mouth guard. It is the most
astounding development of 3D-printed medicine as it allows
coupling with 3D scanning technology that captures informa-
tion about the patients’ anatomical features, which is useful in
the production of a tailored device that precisely fits the size
and geometrical requirements [10, 54]. The first human study
was carried out in six volunteers to examine the feasibility of
tailor-fitting vanillic acid (VA)-eluting mouth guards. In this
study, the weight of the mouth guards within each group
slightly decreased (< 10%) over time. The quantity of VA that
remained in the mouth guards of horizontally sliced PVA
(low) (HSPL) was 78%, vertically sliced PVA (high)
(VSPH) was 54%, and horizontally sliced PVA (high)
(HSPH) was 39%. The high remaining of PVA within the
HSPL indicates that it has the longest release duration. The
VA-loaded region showed concomitant whitening area after
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three cycles of wearing, following the release of VA in the
saliva [3, 6].

A dissolution study was performed to understand the release
kinetic of VA in the mouth (in vivo) compared to in vitro dis-
solution release. The results showed release of VA in mouth
from mouth guard was rapid compared to in vitro dissolution
release in apparatus. Similarly, themaximum time to release VA
fromHSPH, VSPH, and HSPL groups in in vitro condition was
approximately 19 h, 21 h, and 57 h respectively. However, the
VA release within 6 h in the mouth from the same device. The
accelerated release of VA from the mouth guards in the mouth
may be due to the perturbations generated by the constant
tongue movements and the intense salivation [3].

Conventionally mouth guards were prepared by adopting
the casting and molding method which is a time-consuming
process [55, 56]. However, the making of mouth guards using
3DP techniques takes less than 2 h, starting from the intraoral
scan to the final wearing of the customized mouth guard.
Some volunteers complained about discomfort in wearing
mouth guards, which may be due to the low resolution of
FDM manufacturing [57]. Microfabrication nozzle alone or
in combination with an electric field-guided ink dispenser
can be used to improve the resolution of FDM manufacturing
[58]. Compared with conventional formulations of topical
gels that applied at high doses periodically, a drug-eluting
mouth guard releases a small amount of drug over a long
period of time. A drug-eluting mouth guard also enables spe-
cific targeting on the desired region for the release of the drug.
Moreover, polymers such as poly(ε-caprolactone) and poly(N-
vinylpyrrolidone) with lower melting temperatures ranging
from 100 to 120 °C can be considered as they allow the in-
corporation of drugs with lower thermal stability [6].

Tablet-in-device

Tablet-in-device (TiD) is a combination of 3DP technologies
with a novel gastric floating system to increase the gastric
retention time, achieve sustained release, and improve bio-
availability. A compressed tablet was inserted into a TiD sys-
tem, which is a 3D-printed device made from polylactic acid
(PLA) filaments. Placing the compressed tablet into a TiD
system hinders the rapid drug release and also resists acidic
condition [21, 39, 59–62]. These devices consist of two parts:
a body and a cap.

Two types of TiD systems are created and applied in vivo:
single-net TiD and double-net TiD (Fig. 2). Drugs loaded in
both TiD systems show better floating ability in the stomach
with long-term gastric retention as compared to drugs without
TiD system. To build an acid-resistant TiD system, PLA fila-
ment is selected as the building material as it maintains its
rigidity in 0.1 mol/L HCl solution even after 3 h [63].

A study of riboflavin loaded into the two types of TiD
system was carried out to compare the release pattern of

riboflavin with and without TiD system. The low viscous hy-
drophilic polymer, HPMC E5, was used in producing the ri-
boflavin tablet. The release of 75% of riboflavin tablets was at
10 h without the incorporation of TiD system (naked ribofla-
vin tablet). Riboflavin tablet loaded in a single-net TiD system
was shown a longer duration of release as compared to the
naked riboflavin tablet in which the cumulative release of
riboflavin in single-net TiD system is less than 19% after
72 h. The differences in the drug release duration between
naked tablets and drug-loaded in a single-net TiD system is
that the single-net TiD system provided a barrier effect to the
riboflavin tablet which inhibited the swelling of the HPMCE5
polymer and the diffusion of formed slurries even after 72 h
[63]. Riboflavin tablet that was loaded in a double-net TiD
system showed a shorter release duration of riboflavin in
which approximately 27% cumulative release was achieved
within 28 h. However, riboflavin tablets loaded in the double-
net TiD system had slower release duration as compared to the
naked riboflavin tablet as the 75% cumulative release was
achieved at around 50 h. Thus, it can be concluded that the
drugs loaded in both TiD systems showed better floating abil-
ity in the stomach as compared to drugs without TiD system.
Optimization of tablet formulations associated with floating
devices enables the achievement of long-term controlled-re-
lease loaded drugs by oral routes which failed to be achieved
in the conventional oral sustained-release systems [63].
Another advantage of the TiD system is that the design is
independent, leading to a broader way of modification such
as bioadhesive and osmotic pump can be added to the TiD
system in the future.

Printfill

Printfill is formed using FDM and injection volume filling
(IVF) printing systems. This combination of techniques en-
ables the easier incorporation of drug or excipient liquid sys-
tems to the extended scaffold at room temperature (Fig. 3).
FDM is able to form an architecture designed by computer
software (example CAD) by squeezing appropriate filament
through the hot nozzle of a 3D printer.

The combination of FDM technology with HME during
the intermediate process can overcome its major drawbacks
of low drug-loading property and the inability of
thermosensitive drug printing. FDM technology offers accu-
rate manufacturing of 3D-printed scaffolds system that can
hold the content from IVF and helping to control the drug
release. This provides many possibilities in different dosage
forms. The experimental results for dimensions of the formu-
lation are similar to the theoretical results which indicate that
this method helps in the addition of pH-sensitive polymer
without an additional process as a fluid bed [64].

Besides, the availability of dual or multiple extruder 3D
printers allows the production of tablets with different drug
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profiles [8, 21]. Two types of the tablet were printed by
Linares et al.: theophylline with enteric polymer and without
enteric polymer. The enteric polymer acts as a pH-sensitive
polymer, which allows theophylline to specifically release at
the colon with alkaline pH. After 2 h under pH 1.2, the tablet
printed with enteric polymer released only 2.3% theophylline.
When the solution pH increased to 7.5, drug release increased
to 50% after 2 h and 80% after 8 h. However, tablet printed
without enteric polymer shows rapid drug release as compared
to tablets printed with enteric polymer [64]. In in vitro studies,
the perfect sealing of the scaffold and the homogenous layer
obtained with the delaying release polymer contribute to the
ability for colon-specific drug delivery of the performed
printfills [8, 21].

3D-printed oral drug delivery (non-device)

3DP allows the approach of personalized medication, instead
of treating every individual using a single type of drug [65,
66]. This revolution is achieved by tailoring the drug

according to patients’ needs and preferences, such as modify-
ing the shape, size, strength, dosage, and release characteris-
tics, and also producing multi-drug combinations [53, 65, 66].
For example, once-a-day fixed dose combinations help in ad-
dressing the poor compliance issues related to the high daily
number of prescribed therapeutics and dosing regimen com-
plexity. Before the fabrication, important information such as
active ingredient, release kinetics and administration mode
needed to be identified promptly.

3DP is carried out as follows: design and create a dosage
form using computer-aided design software, blend the selec-
tive drug(s) and polymer(s) and load the mixture into a 3D
printer. The 3D dosage form is then constructed in the layer by
layer manner according to the design requirement [2].

Tuberculosis (TB) is a lethal and infectious disease that
usually required at least 6 months of combination drug therapy
[67], recommended by the World Health Organization to en-
sure effective treatment. Rifampicin (RIF) and isoniazid (ISO)
are both first-line medications for TB, which is well absorbed
in the stomach and intestine, respectively [68, 69]. However,

Fig. 2 Illustrations of two types of TiD systems: single-net TiD (a) and eccentric double-net TiD (d) and the assembly of them (b, c, e, f). Reprinted with
permission from Fu et al. [63]

Fig. 3 Digital design of printfills
with drug represented by red
points and the enteric polymer
represented as green ones.
Reprinted with permission from
Linares et al. [64]
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RIF is shown to be unstable when ISO is dissolved in the
gastric environment [70], thus impairing its bioavailability in
combination therapy. This dual-compartmental dosage unit
(dcDU) was designed in silico by CAD and prepared in two
steps firstly outer PVA shell manufacturing by 3DP and sub-
sequent fabrication of drug-containing filament by HME. This
dcDU was designed in a cylindrical shape with a separate
wall, composed of water-insoluble PLA [51].

The two compartments enable the isolation of RIF and ISO
to modulate their release. Both active ingredients are blended
with PEO at a 70:30 (w/w) ratio separately with a batch size of
4 g, then hot-melt extruded into high-dose filaments to pro-
duce 0.7–0.9 mm diameters filaments that could fit into the
apertures of the cylinder. HME allows an accurate and dust-
free drug loading to be obtained. Furthermore, PVA water-
soluble cap is selectively printed at the end of one compart-
ment. As the cap is expected to dissolve after 1–2 h, thus
delaying the release of its content after the oral administration.
On the other hand, the drug-loaded in the unsealed compart-
ment was expected to release immediately after ingestion. A
dcDU shows delay dissolution and absorption for a drug in
different compartments, allowing RIF and ISO delivery in a
single dosage form without drug interaction in both in vitro
and in vivo studies (Fig. 4). It also provides environmental
protection to both drugs, providing a more prominent effect
on the drug release kinetics, shown in in vitro studies [51].

In another experiment, domperidone (DOM) was selected
for making 3DP-based dosage form. DOM is dopamine (D2)
receptor antagonist used to treat nausea and vomiting caused
by gastroenteritis, chemotherapy, and radiotherapy [71, 72]. It
is an insoluble weak base (pKa1 = 7.8, pKa2 = 11.5) that has
low solubility in a neutral and alkaline environment, making
its oral bioavailability reported in the range of 13–17% due to
incomplete absorption and first-pass metabolism [72, 73].
Besides, the drug needs to be taken three times a day due to
its short elimination half-life of 7.5 h [72]. To increase its
bioavailability and minimize the frequency of intake, FDM-
based 3DP technology is used to fabricate an intragastric float-
ing sustained delivery for DOM.

DOM was the first hot-melt extruded into hydroxypropyl
cellulose (HPC) filament. A hollow-structured tablet (Fig. 5)

was designed that showed a rigid outer shell of HPC led to slow
solvent penetration and release inner loaded drugs after a lag
phase of 2 h [74]. The filaments were then printed into hollow-
structured tablets by changing the shell numbers (1, 2, 3, and 4)
and the infill percentages (0%, 10%, 20%, and 30%).
Additional shell adds on weight and strength, while infill per-
centage generates the tablets from complete hollow to fully
solid filled, which affects the floating ability of the tablet with-
out significantly influencing the release rates of tablets [75].

In vitro studies showed that the floating capacity is highly
correlated to the floating density. The higher the density, the
shorter the floating time (Table 1). The BaSO4-labeled tablets
were observed in Fig. 6 to stay in the stomach for 8 h, became
fuzzy and indistinct at 10 h (Fig. 6e), and finally disappeared
at 12 h (Fig. 6f). In vivo pharmacokinetic studies on the rab-
bits showed the relative bioavailability of the floating sustain
release (FSR) tablets compared with reference commercial
tablets (Motilium) was 222.49 ± 62.85% [75]. Except for
Cmax, all the parameters had increased in the FSR tablets.

In conclusion, the fabrication of the DOM-FSR tablet with
a hollow structure confirmed that the buoyancy of tablets was
closely related to their densities. Prolonged floating and re-
lease were observed both in vitro and in vivo. The feasibility
of fabricating intragastric drug delivery device by FDM holds
high potential to develop a rapid and low-cost platform uti-
lized for drug screening and personalized medical care.

Additionally, researchers chose metformin and glimepiride
with different dosage regimens and daily dosing [76, 77] as
well as different absorption sites in the gastrointestinal tract
(GIT) [78, 79]. In order to allow co-administration, 3DP is
used to manufacture a bilayer dosage form containing two
drugs to patients’ daily dosage regimens. Incorporation of
two drugs with different release patterns will improve patient
compliance and reduce the frequency of medication intake as
well as medication cost [80].

Metformin was embedded in Eudragit® RL sustained-
release layer with a different percentage of composition, while
glimepiride was mixed with the PVA layer. Both API were
mixed until homogenization was achieved. A flat cylindrical
with smoothed edges (pill-shaped) which consists of two
layers were designed and produced via FDM 3D printers.

Fig. 4 The model of a dual-compartmental dosage unit (dcDU). Reprinted with permission from Genina et al. [51]
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The upper layer contained water-soluble glimepiride-loaded
PVA while the lower part consisted of the metformin-loaded
sustained-release layer, composed of the below-described fil-
aments (Fig. 7) [81].

Dissolution studies revealed that 100% of the metformin
was dissolved after 480 min with dosage forms deriving from
filament produced with the single-screw extruder. For dosage
forms produced from the twin-screw extruder, metformin re-
leased slightly slower with 91.76% and 86.98% release after
540 and 480 min, respectively. 87.04% of glimepiride was
dissolved after 75 min, and the dissolution reached a plateau
of 91.31% after 120 min [81]. The formulation was concluded
to be successful, as the release of the APIs was complete
within the desirable absorption margins, which was 2–3 h
for glimepiride and 8 h for metformin [79, 82, 83]. Thus,
FDM may be used to develop two-compartment antidiabetic
formulation that combines immediate-release glimepiride and
sustained-release metformin, making co-administration and
once-daily dosing of the two regimens feasible.

Since personalized medicines are to be produced on de-
mand, non-destructive characterization techniques can be con-
sidered. To investigate the final product quality, destructive
tests such as high-performance liquid chromatography
(HPLC) and UV spectroscopy assays that are expensive re-
quire a highly skilled operator and samples from a large batch
are usually performed. However, quality control and safety in
3DP drugs are yet to be well established.

Based on a research carried on paracetamol-loaded 3D-
printed cylindrical tablets composed of an acrylic polymer
(Eudragit L100-55), the use of process analytical technologies
(PAT) with “point-and-shoot” approach and the evaluation of
drug content and drug distribution shows excellent linearity
(R2 = 0.996) and accuracy (RMSEP = 0.63%), providing a
transformative approach to support the integration of 3DP into
clinical pharmacy practice [84].

The most common method used for tablet production is
usually direct compression [85]. However, there are certain
limitations for direct compression, including low drug loading

in tablets, a high portion of excipients [85–87], segregation,
and dust contamination [85]. For example, compression of
500 mg paracetamol requires 800 mg of excipients to produce
a formulation of 1300 mg. This might lead to patient
incompliance as tablets in larger sizes are difficult to swallow
and may even cause choking [85–87]. Therefore, an
extrusion-based 3DP was used to fabricate a formulation of
immediate-release high drug-loading paracetamol oral tablets
with an API of 80% (w/w). In this case, paste-based extrusion
3DP process was used as it applies to a wider range of drugs,
allows higher drug loading, and also avoids possible drug
degradation caused by the high temperatures and UV irradia-
tion used in FDM and UV curing-based inkjet methods, re-
spectively [87, 88].

Paracetamol powder was ground to achieve particles less
than 100 μm diameter, then mixed with various composition
with different percentage composition, forming a paste. The
paste was filled in a syringe cartridge in the 3D printer and
extruded layer by layer with a 100% infill percentage until the
desired tablet dimension was reached.

In vitro release data of paracetamol 3D tablet reveals the
immediate release of the drug (> 90%) within 10 min.
Moreover, no change in physical form was observed in
XRD and DSC after the fabrication of tablets from
extrusion-based 3DP. Paracetamol 3D tablet also passed all
the pharmacopeia quality tests such as hardness, weight vari-
ation, friability, and disintegration. This concludes that the 3D
extrusion-based printingmethod for tablet production can pro-
duce quality tablets with current USP standards [89].

Budesonide is a corticosteroid drug used as slow-release
capsules, often used in treating inflammatory bowel disease
(IBD) [71, 90]. Budesonide possesses a strong affinity for
corticosteroid receptors and features both potent topical anti-
inflammatory effects and low systemic bioavailability [91].
The aim to fabricate a new budesonide dosage form is to
achieve appropriate dissolution kinetics. PVA filament was
ground into a fine powder that can be sifted through a sieve
with a mesh size of 1000 μm. Two grams of budesonide 5%
w/w was manually mixed with 38 g of PVA powder and then
extruded into filaments. FDM printer was used to fabricate the
rounded hard capsule-shaped tablets with budesonide contain-
ing filament. The tablets were then coated with a solution
containing Eudragit1 L100 powder and a mixture of 97%
isopropanol. The coat of Eudragit1 L100 was intended to pro-
duce a gastro-resistant product [40].

Two commercial budesonide products named Entocort1
and Cortiment1 (Uceris1) were evaluated for dissolution in a
dynamic dissolution bicarbonate buffer system. The
Cortiment1 showed slow and delayed release in the upper
small intestine; however, Entocort1 has rapidly released
budesonide in the same region. On the other hand, 3D-
printed caplet formulation showed sustain release profile
starting from the mid-small intestine to colon [40]. This

Table 1 The density and floating time, which were influenced by the
different shell numbers and infill percentages

Tablets Shell numbers Infill (%) Density (g/cm3) Floating time (h)

1 2 0 0.77 > 10

2 3 > 20 0.9 < 1

Fig. 5 The tablet with different shell numbers and different infill
percentages
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Fig. 6 a–fX-rays indicating the positions of the BaSO4-labeled DOM-floating sustain release tablets in the gastrointestinal tract of New Zealand rabbits
at different time points. X-rays are taken at a 2 h, b 4 h, c 6 h, d 8 h, e 10 h, and f 12 h. Reprinted with permission from Chai et al. 2017 [75]

Fig. 7 Graphical illustration of bilayer oral solid dosage production containing metformin and glimepiride. Reprinted with permission from
Gioumouxouzis et al. [81]
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reveals the potential of fabricating modified-release oral dos-
age form using FDM 3DP technologies.

3DP associated with the use of PAM is beneficial in
manufacturing tablets with prolonged drug release profiles with
both sufficient mechanical strength and stable floating capability
[43]. To achieve extended and stable controlled-release drug
with the gastric retentive property, a combination of 3DP and
gastro-retentive drug delivery systemswas established.With this
study, a PAM-linked computer with a commercial pressure-
assisted syringe 3D printer was used to fabricate the ginkgolide
tablets. The fabricated 3D-printed tablets with the specific pa-
rameters were established under a different range of parameters
[43]. The FTIR spectra of pure drug present a characteristic peak
at 1780.7 cm−1 (–C=O, conjugative effect, ring tension effect)
[92]. For the 3D-printed ginkgolide tablet, a characteristic peak
at 1782.8 cm−1 can also be found and no new peak was ob-
served. The conclusion can be drawn as there was no major
change in the significant functional group that indicated there
was no chemical interaction between excipient and drug during
the printing process. The floating lag time of the ginkgolide
tablet is shorter and stable even in different pH environments
when compared to a conventional tablet. The floating ability of
the ginkgolide tablet relies on air trapped in a matrix structure,
which helps the tablet to float from the very beginning even
without an acidic pH environment. The 3D-printed tablets pos-
sessed satisfactory 10–12 h in vitro and 8–10 h in vivo gastro-
retention property and exhibited constant 10–12 h of controlled-
release ability. The diversity of release profiles may be attributed
to the difference in the inner structure [43].

The PAMmethod is beneficial in manufacturing tablets like
ginkgolide tablet with prolonged drug release profile, sufficient
mechanical strength, and stable floating capability. Besides,
during the preparation and printing process, no chemical inter-
action was observed between the drug and excipients. 3DP is a
reliable technique in the manufacturing of controlled-release
oral dosage form by alteration of 3D inner structure [43].

Production of smaller batches by using 3DP is considered
as cost-effective and it plays an important role in individual-
ized drug therapy [19, 93, 94]. The intention of the formula-
tion is to create a 3D-printed oral drug with a variable release
profile including immediate and controlled-release patterns
with sufficient drug-loading property. Production of drug-
loaded material was 3D-printed into 6, 8, and 10 × 2.5 mm
tablets. These with 15% and 90% infill levels by utilizing
HME 30% (w/w) ISO was formulated with single or multiple
modified polymers with oral drug delivery property [95]. The
prepared formulations which are composed of HPC were
found to show excellent printability. HPC is a good printable
material for 3DP which was evident by the majority of print-
able filaments contained 40–65% (w/w) HPC (EF or HF).
However, HPMC in the range of 40–60% (w/w) was found
to be an unsuitable polymer for the formulation. In this study,
all prepared filament showed low moisture uptake at low

humidity while high moisture uptake at a higher relative hu-
midity (RH), which is typical for all starch-based and cellulose
polymers. The increase in mass (%) at low RH (30% RH and
60% RH) was small, between 0.33 and 0.71%. However, in
high RH (90%), the moisture uptake of all filaments was rap-
idly intensified. Themaximumweight increased of filament in
this study is 45.78%. Filament with greater total moisture
uptake ability under high humidity conditions shows bad
printability. In this study, filaments that have breaking distance
(toughness) of less than 1.5 mm showed high brittleness when
loaded into the 3D printer while filaments with higher break-
ing distance showed good printability [95].

The drug release profile can be further affected by altering
the size of particles, geometrical structure, surface area to vol-
ume ratio, or infill level of the printed tablets. An 80% drug
release of ISOwas observed between 40 and 852min from the
8 mm printed tablet that has 90% infill. The formulation con-
tains PEO showed the most rapid drug release as PEO is
hydrophilic polymer able to hydrate rapidly to form a gel-
like layer that may facilitate the release of drugs. Besides,
the formulation containing HPCHF polymer showed the most
sustained drug release profile, which did not complete 100%
release in 24 h sampling time. This is due to HPC HF polymer
has a high molecular weight (MW= 1,150,000) which typi-
cally used in the manufacturing of controlled-release drugs
with the range of 15–35% (w/w). Moreover, the effect of tablet
size on drug release was not prominent. However, it is ob-
served that 10 mm tablet released the drug the slowest, while
6 mm tablet the fastest, which may be attributed to the tablets’
surface area. Thus, the higher the surface area to volume ratio
showed a more rapid drug release profile [96].

The versatile properties of 3D-printed tablets in vitro drug
release highlight the possibility to adjust dosage form and drug
release depending on the patient’s need. This 3DP technology is
able to present the personalization in the manufacturing of oral
dosage form by adjustable drug properties [95].

3DP is beneficial to simplify the early development works
of various dosage forms, for instance, in preparation of
modified-release dosage forms for rapid prototyping which
is beneficial to the preclinical studies. 3DP is used to fabricate
PVA capsule shells, which is an erosion-based polymer. The
3D-printed capsule of lamivudine was designed for delay
burst release by controlling the thickness of the capsule shell.
These delayed-release capsules of lamivudine showed region-
al absorption in preclinical studies [97].

The induction time of drug release from the cavity can be
controlled within 12 to 198 min by adjusting printed capsule
shell thicknesses. The dissolution test was carried out to ob-
serve the impact of PVA capsule thicknesses on the drug re-
lease profile. For APIs filled 1-, 3-, and 5-wall capsules, the
increasing burst times were 17.5 ± 1.7 to 62.1 ± 4.6 to 162.1 ±
4.2 min respectively. In addition, the 85% release times were
7.4 ± 2.7 to 15.3 ± 3.7 and 32.9 ± 13.3 min correspondingly.
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Hence, it indicated that the effect of increased capsule shell
thicknesses delayed release of the drug. Besides, in vivo drug
release was observed in a regional study of the dog GIT, where
3-wall and 7-wall API filled capsules were used. The in vivo
Tlag of the immediate-release formulation was as expected
which is less than 15 min while 45 and 105 min for 3- and
7-wall capsuled respectively. The in vivo Tlag of 3D-printed
capsules were approximately half of the burst delay times
in vitro, 62.1 and 197.5 min respectively.

Factors such as API variation, dosage forms, dissolution
media, viscosity, and print conditions determine the dissolu-
tion of the printed capsule. These results provide a platform
for prediction and interrogation of the regional permeability in
GIT through the different thicknesses of capsule wall and
separate release profile. Thus, 3D-printed drug product pro-
vides quick pharmacokinetics reads as part of the on-site for-
mulation tool kit, decreasing the overall timeline of pharma-
ceutical development [97].

Fast dissolving oral films (FDFs) is an alternative approach
to allow the fast dissolution of the drug without water require-
ment. This advantage served the purpose of increasing con-
sumer acceptance. However, to include taste-masking excipi-
ent in the formulation using FDFs is a challenging task. To
overcome this, single-layered FDF (SLFDF) or multi-layered
FDF (MLFDF) films fabricated by the FDM method allowed
the drug layer to be covered with the taste-masking layer [61].
The filaments were prepared containing polyethylene oxide
(PEO) or PVAwith paracetamol or ibuprofen as model drugs
and strawberry powder as a taste-masking layer [98].

Mass spectroscopy analysis and HPLC indicated the stabil-
ity of active ingredients during the film preparation process.
3D-printed FDFs in DSC thermograms also suggested misci-
bility of the excipient and active ingredients, where the weight
uniformity of 3D-printed FDFs was greater than 97% with
content uniformity of between 106 and 112.4%, which fulfills
the requirement stated in the British Pharmacopeia (85–115%)
[99]. Besides, the thickness variation within a single film was
less than 4% [98].

The thicknesses of SLFDFs can be as thin as 197 ± 21 mm,
and thicknesses of MLFDFs are starting from 298 ± 15 mm.
Only mesh films have short disintegration time among 3D
FDFs. Mesh SLFDFs presented disintegration time as short
as 42 ± 7 s and 48 ± 5 s for mesh MLFDFs, based on the
formulation and design [98]. In this study, glipizide as the
treatment of diabetes was selected as a model drug. By utiliz-
ing the HME method, the glipizide was loaded into commer-
cial PVA filaments [100]. Then, dual-nozzle 3DP was used to
print the drug-loaded filaments to form a double-chamber
glipizide dosage form known as DuoTablet. DuoTablet dem-
onstrates a smaller tablet (internal chamber) within a larger
tablet (external chamber). Each chamber of this device con-
tains different glipizide concentrations which allow a con-
trolled or delayed release of glipizide [100–102].

The final drug-loading rates of two filaments of the
glipizide PVAwere 2.2% and 4.8%, respectively, which were
successfully produced via HME. However, there was reduc-
tion of filament property of formability for 3DP when
attempting to incorporate higher drug loading which is more
than 5%. Furthermore, the result of a thermal analysis indicat-
ed that in the temperature range during both printing and ex-
truding process, glipizide was thermally stable. In the temper-
ature range, the mass loss of drug-loaded filament was 6% w/
w and 0.1% w/w mass loss for the raw material [59].

The in vitro dissolution tests of DuoTablet performed a 5-h
controlled-release profile that highlights its potential to mod-
ulate the drug release by different ratios of the drug in different
layers. In this device, drug incorporated in the internal com-
partment will not be released until the external layer is dis-
solved practically and releases the drug in the external layer
first (Fig. 8). During the first 2 h of the dissolution, almost
90% of the drug in the external layer was released. In addition,
through a dissolution test, a lag time of approximately 85 min
was required for the release of drugs in the internal compart-
ment. This lag time was mainly depending on the polymer
used in the formulation and the uniformity and thickness of
the external layer. This study suggested a promising approach
of FDM 3DP technology in the development of a controlled-
release drug delivery system with multiple concentration dis-
tribution of drugs [59].

From production scale to patient home

In this scientific community, introducing 3DP of medications
into pharmaceutical compounding should not be a difficult
task. Due to the fact of producing a superb quality of API-
loaded filament and database with objects to print, fused de-
position modeling seems to have the easiest approach to the

Fig. 8 3D representation of the printed solid dosage form: sectioned
DuoTablet (tablet in tablet)
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pharmaceutical compounding in the pharmacies. Allied health
professionals such as pharmacists are able to take advantage
of this versatile 3DP method to print the complex shaped
dosage form with defined architectures in a cost-effective
way [6].

3DP of medications in patients’ facilities is no longer a
strange term and somehow it is being extensively discussed
among the diverse network of interacting scientists. Self-
printing medications can be clinically beneficial for patients
on medical care as higher involvement will be given through-
out the treatment process. FDM-based 3D printer is ideal for
personal use due to the fact that they are affordable and are
available in open source that can be easily built by anyone.
Thermoplastic materials in the form of filament are usually
used in FDM 3D printers as starting materials to be fed into
the printer. Various forms of printable filaments are available
in the market, and it is obtained from several pharmaceutical-
grade polymers such as PEO, cellulose derivatives, ethylene-
vinyl acetate, and others [103–105]. There are several advan-
tages of the FDM method, which include the production of
defined crystalline shape as well as stable amorphous drug.
The stability issues of amorphous drugs can be overcome due
to the mechanism involved such as evaporation of the solvent
from the drug solution in a short amount of time and melting
process of active pharmaceutical ingredients together with the
polymer [106].

Despite the advantages that can be brought by the FDM
printer for the patient to self-print their medications at home, it
still seems impossible for the patient to print their own med-
ications at home as this additive manufacturing technique is
rather advanced for the community. The quality of drug
manufactured and the safety issues of drug printed at home
will be considered as the two main challenges for the imple-
mentation of this method. Besides that, time-consuming train-
ing on the operation of the printer needs to be provided by the
professionals to the patients accordingly to minimize the risk
of quality defects during the printing process. On the other
hand, 3DP of drugs will lead to some drawbacks, such as
the risk of combining multiple active pharmaceutical ingredi-
ents within one formulation by patients without accessing the
adverse effects of the polypills formulated [1].

The vision of introducing the 3DP technique into the phar-
maceutical industry as a common manufacturing method
seems far away from reality due to the fact that there is an
insufficiency of ready-made production machinery available
in the market. However, Aprecia® Pharmaceuticals, the
world’s first and only pharmaceutical manufacturer that is
validated by FDA, has set the trend by developing the first
marketed drug production using 3DP. In this advanced phar-
maceutical printing technology, by feeding liquid on a con-
veyor, repeated cycles of building layers are carried out to
form tablets [5]. It is certain that without the development of
machinery specifically for pharmaceutical applications, 3DP

will remain in the research phase instead of proceeding to the
pharmacotherapeutic applications [8]. Tranfield et al. empha-
sized that in order to develop an ideal 3D printer with excellent
quality, it is essential to have the collaboration between 3D
printer manufacturers, professional excipient suppliers, scien-
tists, and pharmaceutical regulators [9].

One of the good points of 3DP in the industry is the low
labor cost. 3DP removes the tedious process which requires
numerous people to operate multiple machines and forming a
production line to create a product. 3D printer only requires an
operator to start the machine and a series of automated pro-
cesses will be carried out by the printer in producing the ideal
product. Hence, it requires low labor costs as no skilled ma-
chinists or operators are required to be part of the production
team [107].

The conventional manufacturing methods required plenty
of researches to produce a perfect product before testing the
acceptability of the product in the market. One of the potential
advantages of 3DP is the ability to produce a prototype in a
short period of time and test it before launching to the market.
Creating a prototype in a short period of time through 3DP
allows a business to obtain frequent feedback from potential
investors that cannot be achieved through traditional
manufacturing methods. This is because 3DP enables the pro-
totypes to be altered and customized more rapidly and fre-
quently to improvise the product and make it satisfiable to
the potential buyer. Therefore, 3DP could be able to provide
an enhanced competitive advantage by delivering better prod-
ucts in a shorter space of time and enable the testing of the
product before launching to the market [108].

On the other side, 3DP technology is not always the right
choice for product development as it brings certain disadvan-
tages. One of the disadvantages is that 3DP equipment and
materials which require higher cost than conventional drug
production. The initial expenses of using the technology are
very high as the industrial-grade 3D printers itself costs hun-
dreds of thousands of dollars. In addition, plastic filaments
used in 3D printers can cost up to $25 to $45 per kilogram.
Still, with the current increasing trend of technology develop-
ment, it is to believe that the price of 3D printer and its mate-
rials might be lowered in the future. In June 2013, the Chinese
Government committed approximately $245 million to drive
advancements in 3DP. If the commitment continues, the 3DP
might be affordable to the community in the future [107, 109].

Another dark side about 3DP is that there is a lack of leg-
islation and regulations to control manufacturing and produc-
tion in the industry. For example, the product can be counter-
feit or do not meet the minimum requirement of quality. All of
these low-quality products could be achieved with ease, at
reduced costs and at a faster rate via 3DP technology. Thus,
3DP can become a potential advantage to the counterfeiters
but may bring harm to the consumer. Despite the effort by
lawmakers in regulating the 3D-printed products, there is still
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a lack of regulation in the 3D manufacturing devices. One
suggestion that can be made to control the 3D manufacturing
devices is to consider the declaration and registration of 3DP
devices to become compulsory, restrict the blueprints’ dissem-
ination, and also introduce software limitations on items that
can be printed [108].

Conclusion and future prospects

In conclusion, 3DP technology opens the opportunity for the
customization of an advanced drug delivery system for an in-
dividual. Ever since the FDA approved the manufacturing of
3DP technology, the studies on the development of oral dosage
form have expanded rapidly. 3DP allows the manufacturing of
oral drug delivery devices that enhances the solubility and re-
lease of a poorly soluble drugs. With the current trend of 3DP
applications in the drug delivery system, it is possible that the
combination of conventional pharmaceutical technologies with
3DP will be implemented in the future to expand the areas of
application of 3DP. Such hybrid systemswill combine the prov-
en effectiveness of conventional pharmaceutical technologies
with the benefits of 3DP in order to create a patient-centric
yet low material wastage of oral drug delivery systems. The
additional advantages of the 3DP drug delivery device should
be applied to the development of pediatric and geriatric oral
dosage forms to ensure the desired release rate and to achieve
the maximum therapeutic effect. Even though the stability,
quality, and applicability of 3DP drug delivery devices are the
major challenges now, it is to be believed that with patience and
perseverance, 3DPwill continue to develop and improve to be a
safe and effective pharmaceutical formulation in the future con-
sidering regulatory requirement.
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