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KEY WORDS Abstract Three-dimensional printing is a technology that prints the products layer-by-layer, in which
materials are deposited according to the digital model designed by computer aided design (CAD) soft-
ware. This technology has competitive advantages regarding product design complexity, product person-
alization, and on-demand manufacturing. The emergence of 3D technology provides innovative strategies
and new ways to develop novel drug delivery systems. This review summarizes the application of 3D
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printing technologies in the pharmaceutical field, with an emphasis on the advantages of 3D printing tech-
nologies for achieving rapid drug delivery, personalized drug delivery, compound drug delivery and
customized drug delivery. In addition, this article illustrates the limitations and challenges of 3D printing
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1. Introduction

Three-dimensional printing (3DP) technology is a burgeoning
fabrication approach that emerged in the 1980s'. In general, 3D
printing technology involves four main parts: digital model design
and development, digital slicing, G code filed conversion, and 3D
printer manufacture”. This technology has competitive advantages
in complex structure design and personalized drug delivery system
manufacturing in comparison with traditional manufacturing
processes. In recent decades, 3D printing technologies have
developed rapidly and have had profound applications in the fields
of aerospace, mechanical manufacturing, construction and
biomedical engineering®. However, the application started rela-
tively late in the pharmaceutical field. In July 2015, a levetir-
acetam tablet (Spritam®) prepared by 3D printing technology was
approved by the U.S. Food and Drug Administration (FDA),
which indicated the recognition of 3D printing technology in the
pharmaceutical field*. Since then, a new chapter in drug delivery
system enlargement by 3D printing technology has begun’. An
increasing number of pharmaceutical researchers are focusing
their attention on three-dimensional printing preparations and
developing a series of personalized preparations. The number of
published articles related to 3D printing preparations has also been
increasing year by year’, including many original studies’ ° and
review articles'®”'?, which provide a very good reference for
subsequent in-depth research. However, because 3D printing
technology is an emerging technology, its related information is
updated and iterated quickly, so the relevant research progress on
3D printing technology also needs to be updated and supple-
mented in time. This review summarizes the commonly used types
of 3D printing technologies and their most representative and
latest applications in the pharmaceutical field with an emphasis on
opportunities in drug delivery systems and the major challenges of
this technology.

2. 3D printing technologies

In recent years, various printing technologies have been applied in
the rapid-printing field. The stability of medicines and the accu-
racy of dosage are the key considerations in the selection of
printing equipment and technology in drug delivery system
manufacturing'’. The printing technologies extensively developed
in the pharmaceutical field primarily include the following five
categories: extrusion molding printing technology (EMP)'*, drop
on powder printing technology (DOP)'’; selective laser sintering
technology (SLS)'®, stereolithography technology (SLA)'" and
electrohydrodynamic 3D printing technology (EHD)'®. The 3D
printing technologies primarily differ in the various layers of
material that are formed and assembled to produce the desired
dosage form Table 177 '7'9**  Summarizes the main advantages
and drawbacks associated with each technology.

2.1.  Extrusion molding printing technology (EMP)

Extrusion molding printing technology is one of the most
frequently used technologies. Formulation scientists are paying
considerable attention to this technology. Extrusion molding
printing technology can be primarily divided into fused deposition
modeling (FDM) and semisolid extrusion molding technology
(SSE) according to the different molding materials.

2.1.1. FDM technology

In FDM technology, drug-loaded polymers are heated to a critical
state, making them a semifluid state, and then extruded from the
printing nozzle according to the model parameters®”. The material
solidifies on the printing platform, and the desired product can be
obtained. The main parameters involved in this technology include
the extrusion temperature, extrusion speed, print head movement
speed, nozzle diameter, layer thickness, and product filled per-
centage. The instruments used in this technology are relatively
cheap, and the operation process is simple. Products printed by
this technology have better mechanical properties and exhibit
more flexible product design capabilities, especially for the design
of complex pharmaceutical preparations, such as core—shell
structures and compartment structures™. The key step in the
development of FDM is the preparation of drug-loaded filaments.
Filament materials usually include polylactic acid (PLA)*'~7,
polylactide-coglycoside (PLGA)*’, polyvinyl alcohol (PVA)¥*,
polycaprolactone (PCL)**° and other cellulose derivatives®'.
Drug-loaded filaments are most commonly obtained by placing
the filament materials in saturated methanol or ethanol solvent
containing the drug and then drying them thoroughly (the passive
soaking method). However, the drug load of this approach is
relatively low, and as a consequence, hot melt extrusion (HME)
with a single screw or twin screw is used to facilitate the prepa-
ration of filaments. In 2017, Zhang et al.** discussed the potential
of combining HME technology with FDM technology for tablet
preparation, and Verstraete et al.*’ successfully developed TPU-
based dosage forms loaded with 60% (w/w) crystalline drug.
These studies have greatly improved and confirmed the drug
loading capacity of FDM technology and are of great significance
to the application of FDM in solid dosage form development.
Moreover, the process that includes the drug loading filament
preparation can be omitted if a 3D printer was developed to be
compatible with the polymer and the drug in their original form as
a raw material*’. This compatibility will greatly promote the
application of FDM technology in the field of pharmaceutical
preparations. However, another drawback of FDM technology is
the case in which printing involves a high-temperature heating
process (usually over 150 °C). The operating temperature is
relatively high, and it is not suitable for thermally unstable drugs,
such as 4-aminosalicylic acid, which degrades at approximately
210 °C*. Several modifications to FDM have been applied to
reduce the thermal stress of the printing process; for example,
Kollamaram et al.*® used a low-melting point povidone to prepare
drug-loaded filaments. The results showed that filaments with
lower melting points can reduce the printing process temperature
to as low as 90 °C. Other investigations have further decreased the
printing temperature by using water in the filament preparation
step as a temporary plasticizer’” or by replacing filaments with
softer extruded polymer strands as low as 54 °C**. However, the
printing process still requires the hot-melt extrusion process to
prepare the drug-loaded filaments before printing, and needs to
operate the fabrication process of tablets with thermal treatment.
With the exploration of low-temperature carrier materials and the
development of multinozzle printers and color printers, FDM
technology will be further developed and become the most prev-
alent technology of drug delivery system production in the phar-
maceutical field.

2.1.2.  Semisolid extrusion molding technology (SSE)

Semisolid extrusion 3D printing technology (SSE), also known as
pressure-assisted microsyringe extrusion technology (PAM)*,



Table 1

Summary of various dosage forms prepared by 3D printing technologies.

3D technology Parameter Material Advantage Limitation Application in drug delivery Ref.
system
FDM - The diameter of nozzle - PVA - Low equipment price - High temperature (ther- - Immediate release tablet 19—21
- The temperature of - PLA - High equipment diversity = mal degradation) - Oral dispersible films
nozzle - PLGA - High drug uniformity - Difficult to scale up - Rectal and vaginal ring
- The temperature of - PCL - Excellent mechanical - Low drug loading suppositories
platform - TCP properties - Pulsatile drug release
- The speed of feeding - HPC tablets
- The speed of extruding - Eudragit - Enteric  drug release
- The melting point of - HPMCAS tablet
filaments - Soluplus®, etc. - Solid dispersions
- Microneedle patches
SSE - The speed of feeding - Most types of excipients - Mild operating - Low resolution - Floating drug delivery 22-24
- The speed of extruding in the field of pharmaceutical environment - Post-processing system
- The diameter of nozzle such as HPMC, HPC, PVP, MCC, etc. - High drug loading - Low efficiency - Compound dosage forms
- Printing layers - Large choice of starting - High requirements for - Bi-layered tablets
- Printing angles materials paste properties - Hydraulic cement
- Outline number - Ability to manufacture systems
- Layer height tablets with multi-release - Polymeric nanocapsules
- The flowability and con- mode dosage form
structability of paste
DOP - The speed of printing - Most types of excipients - Easy to scale up - Insufficient mechanical - Orally disintegrating tab- 15,25—27
head in the field of pharmaceutical - Wide range of applicable  properties lets (ODTs)
- The ink volume of print-  such as HPMC, PVP, Starch, etc. materials - Properties of printing - Implants
ing head - A room temperature fluid - Extended-release tablets
- Spraying times process - Post-processing - Tablets with zero-order
- Curing time - High porosity - Low material utilization release characteristics
- The flowability of powder - No need for support - Requires a specialized - Immediate-extended
- The cohesiveness of - Recycled raw materials powder facility release tablets
printing ink - Low production cost - Breakaway tablets
- Enteric dual pulsatory
tablets
- Dual pulsatory tablets
SLS - The speed of laser - PVA-PEG - Microstructures are - Post-processing - Oral dispersible tablets  16,28,29
sintering - PCL greatly controllable - Limited speed for - Drug-loaded pellets
- The temperature of laser - PE, etc. - No need for support sintering - Cubic porous structure
sintering - Recycled raw materials - High energy input mate-
rials degradation)
SLA - The speed of laser curing - PEGDA - High resolution - Low efficiency - Anti-acne patch 17,30,31
- PEG - High accuracy - Less resins available - Transdermal microneedle
- PEG-DMA - Ability to  fabricate - Post-processing patches
- pHEMA submicron-sized objects - Costly instrument - Multi-layer polypills
- GelMA and micro-sized layers - Potential material toxicity - Drug-loaded hydrogels
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- Modified release tablets

- Film patches

- Good surface finish

- One-step process
- Non-conventional

- PPF/DEEF, etc.

- PVA
- PCL
- CA

- PEO

- Low efficiency

- High

- Flow rate

EHD

- Cylindrical capsules
- Wound dressings

- Composite films

- Janus fibers

for

requirements

- Collector speed

solution properties
- Residual organic solvent

- Ambient environment
- High resolution

- Working distance
- Applied voltage

- Wide range of applicable

- Core—shell fibers

materials
- Cost effectiveness

- Dual-core matrices

CA, cellulose acetate; DOP, drop on powder printing; EHD, electrohydrodynamic 3D printing; FDM, Fused deposition modeling technology; GelMA, gelatin methacryloyl; HPC, hydroxyl propyl

cellulose; HPMC, hydroxyl propyl methylcellulose; HPMCAS, hydroxyl propyl methyl cellulose acetate succinate; MCC, microcrystalline cellulose; PCL, polycaprolactone; PE, polyethylene; PEG,

polyethylene glycol; PEGDA, poly(ethylene glycol) diacrylate; PEG-DMA, poly(ethylene glycol) dimethacrylate; PEO, poly(ethylene oxide); pHEMA, poly(2-hydroxyethyl methacrylate); PLA, poly-

lactic acid; PLGA, polylactide-co-glycoside; PPF/DEF, poly(propylene fumarate)/diethyl fumarate; PVA, polyvinyl alcohol; PVA-PEG, polyvinyl alcohol-polyethylene glycol; PVP, povidone; SLA,

stereolithography; SLS, selective laser sintering; SSE, semisolid extrusion molding technology; TCP, tricalcium phosphate.

extrudes the paste evenly via a syringe-based print head under
pressure or screw gear rotation and deposits layer by layer on the
platform for printing according to the modeling software. The
diameter of the print head connected to the syringe ranges from
0.35 to 0.85 mm, and the pressure required during the printing
process is in the range of 0.4—3.8 bar. Compared with other
printing technologies, SSE possesses advantages regarding the
printing materials and the printing process. Because there is no
heating process for the materials, SSE is suitable for thermo-
sensitive drugs, such as guaifenesin®®, where the risk of degra-
dation can be avoided. Moreover, a variety of pharmaceutical
ingredients are available for the fabrication of the starting mate-
rials. Unlike the FDM printing process, SSE uses the pressure of
screw gear rotation directly to extrude the semisolid materials into
the printer head without deformation; therefore, the properties of
starting materials as the semisolid formulation play an important
role in the SSE 3D printing process. In particular, the printability,
extrudability and shape retention ability of printing materials are
important evaluation indices. According to previous studies, the
starting materials should express shear-thinning behavior and
maintain a yield stress of less than 4000 Pa and a loss factor
(tané = G”/G’) between 0.2 and 0.7°12. However, its disad-
vantage is that the printing process requires the use of organic
solvents to prepare the paste, which may cause the problem of
residual organic solvents in the tablets™. In addition, this novel
printing method needs to overcome many obstacles, such as the
use of heavy machinery (hot extruder motor components), which
usually requires sufficient torque for extrusion to balance an
effective extrusion process””.

2.2. Drop on powder printing (DOP)

DOP uses droplets ejected from the print head to glue the powder
particles in a deposited powder on the platform. The production
process starts with layers of powder, and each layer of powder is
evenly spread on the build platform by a roller. Following the
specified pattern designed in the computer, the print head ejects
droplets containing binders, such as PVP K30 and hydroxyl propyl
methylcellulose (HPMC), or active pharmaceutical ingredients
onto the powder bed at an accurate speed. After printing one layer,
the platform is lowered one layer along the vertical axis, and then
the new powder layer from the feeding chamber is spread above
the previous layer. This process is repeated until the dosage forms
are finished. Postprocessing involves the elimination of residual
solvent and the recovery of unprocessed powder, which supports
the holistic structure.

Based on the different working mechanisms, the often used
drop-on-demand print head includes two main types, termed
piezoelectric and thermal®®. Compared with the piezoelectric print
head, the thermal print head is cheaper to fabricate but allows
fewer choices of solvents with high vapor pressure, which makes
the solvent evaporate more easily. The thermal print head uses a
heater to evaporate a small amount of fluid by heating the tem-
perature to 200—300 °C so that the formed bubbles push the
ejection of droplets’. However, less than 0.5% of the liquid in the
print head experiences this high temperature for a few microsec-
onds®’, and it has been proven that no substantial degradation of
proteins (human growth hormone and insulin) occurs for the
thermal print head”’. Focus comes to the piezoelectric print head,
and the piezoelectric crystals are charged under a voltage causing
the deformation of the liquid which forces the droplets out of a
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nozzle. Therefore, the piezoelectric print head is more popular for
various choices of materials.

Many important parameters are in the preparation process,
such as the diameter of the nozzle, the print head moving speed,
the droplet spacing, the line spacing, the layer thickness, the ve-
locity and frequency of the droplets, and the distance between the
print head and the spread powder’®°®’. The desired physical
properties and drug release behaviors can be realized by modi-
fying these parameters. The flowability of printing ink primarily
depends on its physical properties, such as the surface tension,
concentration and viscosity®’. Hence, these properties of printing
ink can be modified by dissolving appropriate amounts of active
pharmaceutical ingredients (APIs) or binders, even without sub-
stances, to formulate homemade ink compatible with a certain ink
cartridge” ', Theoretically, the printing ink can be filled for
various APIs or pharmaceutical grade binders, such as PVP,
HPMC, HPC, CMC-Na and PEO®’. Therefore, investigations of
the effects of different conventional pharmaceutical grade excip-
ients on the physical properties of printed dosage forms via DOP
are valuable for providing more information for further research®.
With respect to solidification mechanisms, DOP is similar to wet
granulation used in tablet preparation®*. The adhesive can help to
form solid bridges by crystallizing dissolved particles with solvent
evaporation. Because object integrity is entirely dependent on this
weak force instead of mechanical compression force, dosage
forms are easily fabricated with micron-scale interconnected
pores, which has considerable advantages in preparing orally
disintegrating tablets”>®. At present, the defects of the product
printed from DOP are primarily manifested in two aspects: low
resolution and high fragility. Therefore, in-depth research,
exploration and development of printing technology and its in-
struments are necessary.

2.3.  Selective laser sintering (SLS)

Similar to DOP, SLS is also a powder-based processing technique
that uses a CO, laser beam instead of liquid binders to sinter the
selected regions of powders in each layer with high precision. SLS
is a promising technology that offers a high resolution with a
30—60 pm, solvent-free, single-step method for drug delivery.
SLS uses a laser to sinter the powder without liquid binders,
saving the time of solvent evaporation. The temperature in the
process chamber is generally kept between 40 and 50 °C, lower
than the melting point of the raw material throughout the printing
process, and the powder should be slowly cooled after printing to
avoid stress and curl distortions®®”. In addition, filling the pro-
cess chamber with inert gas, generally nitrogen, is necessary to
protect the materials from oxidation. The powder particles range
in size from 58 to 180 um, and a layer thickness between 0.1 and
0.3 mm obtains a better sintering result’”°®, Moreover, SLS can
accomplish the printing process all at once, unlike FDM, whose
first step generates long filaments consisting of APIs and ther-
moplastic polymers via hot melted extrusion®. The thermoplastic
polymers commonly used in SLS mainly include polycarbonates
(PC), polyamides (PA), polylactide (PLLA), polylactic acid
(PLA), poly (ether-ether-ketone) (PEEK), polycaprolactone
(PCL), polyethylene (HDPE), polymethylmethacrylate (PMMA),
polyurethane (PU) and polyvinyl alcohol (PVA)"°. However,
compared with some of the other 3D printing technologies, the
ease of breaking down drugs and excipients with a high energy
laser is widely recognized. Thus, SLS did not received sufficient
attention in the field of pharmaceuticals until the feasibility of this

technology was verified in recent years. SLS is currently mainly
exploited in tissue engineering of medicine and drug delivery
system manufacturing®®’' ", In 2017, Fina et al.'® managed to
prepare paracetamol tablets using Kollicoat IR and Eudragit
L100—55, with immediate and modified release characteristics
respectively. No drug degradation was observed, and the me-
chanical properties of the tablets met the demands of the US
pharmacopeia. Recently, Hamed et al.”> developed amorphous
lopinavir (LPV) printlets using SLS printing technology and un-
derstood the effect of formulations and printing process parame-
ters on physicochemicals. These results demonstrated the
feasibility of SLS for manufacturing drug delivery systems. With
the exploration of thermoplastic polymers and other absorbent
excipients, SLS can provide more possibilities for 3D printing
technology.

2.4.  Stereolithography (SLA)

SLA was the first commercially available technology and was the
origin of solid-free fabrication invented by Charles et al.”® in
1986. The printing criteria of SLA are based on the selective
photopolymerization of liquid photosensitive resins using ultra-
violet laser sources’””’®. In the beginning, a thin layer of resin
liquid with drug and photoinitiator is scanned point by point to
polymerize. The next layer firmly adheres to the basic layer as the
depth of curing is slightly larger than the one-layer thickness,
resulting in polymerization between unreacted groups and resins
in two adjacent layers. This process repeats until the objects are
achieved. Post-processing, which aims to eliminate the toxicity of
resin as well as improve mechanical strength, is important for
removing redundant resin and photoinitiator.

In terms of resolution, SLA is the best 3D printing technology
(20 pm compared with 50—200 pum for other fabrication tech-
nologies), so it has great advantages in modeling precise struc-
tures”. SLA is mostly applied in producing oral solid
dosages’”*°, microneedle patches®'** and hydrogels®*. Low de-
mand for the chemical structure and properties of drugs or ex-
cipients is another advantage of SLA. If drugs and excipients are
miscible with the resin, they can be incorporated into it because
they will be trapped in it when it is polymerized and cross
linked™.

Apart from the few options for photosensitive resin in the
pharmaceutical field, it remains a major challenge that SLA
printers can only use a specific resin formulation during one
printing process unless the previous formulation is replaced with a
new formulation when the printing is paused. Therefore, it is
complicated to fabricate dosage forms with different formulations.
In addition, over the past few years, although some photo-
crosslinkable polymers, such as PEGDA®' and GelMA have been
developed®®, FDA-approved photosensitive polymers remain
limited™.

2.5.  Electrohydrodynamic 3D printing (EHD)

Electrohydrodynamic 3D printing (EHD) is an emerging 3D
printing technology that can pattern fibrous materials via digitally-
controlled deposition of materials (layer-by-layer) to create well-
ordered free-form geometries. The main parts of this working
system include a high voltage power supply, a high precision
X—Y—Z moving stage along with the controller, one or more sy-
ringe pumps and a fine nozzle print head®’. This technology
provides an ambient environment suitable for most drugs and
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polymers, especially thermally stable drugs. To date, a wide range
of materials with viscosities ranging from 1 to 10,000 mPa s have
been processed to prepare pharmaceutical drug carriers based on
this technology®®, such as polyvinyl alcohol (PVA), cellulose ac-
etate (CA), polycaprolactone (PCL) and poly (ethylene oxide)
(PE0)*. In addition, EHD 3D printing has the advantage of a
higher controllable resolution’’. EHD 3D printing enables micro
to nanoscale fiber engineering and alignment and enables digital
control of the deposition of materials to fabricate customized
geometries and well-ordered complex structures, such as core—
shell®!, dual-core graphene composite matrices™, film patches™,
customized cylindrical capsules®, wounding dressings’> and
Janus fibers””, using concentrated organic/polymer solutions. In
short, EHD, as an emerging tool, offers a powerful approach for
the evolving field of small-scale pharmaceutical technologies for
tailoring medicines to individual patient needs by printing a vast
array of predefined amounts of therapeutics arranged in a specific
pattern on a porous film*>. It is envisaged that the EHD 3D
printing approach can be flexible and can meet the dosage form
requirements needed at various anatomical locations for individual
drug delivery and tailored active release.

3. Advantages and opportunities

3D printing is an emerging technology with substantial potential.
It is anticipated that 3D printing technology will offer a promising
method for drug delivery system manufacture with distinctive and
personalized characteristics”*. This versatility may lead to a shift
in the production model of pharmaceutical preparation®>"®. This
section focuses on the competitive advantages of 3D printing
technology in the pharmaceutical field.

3.1.  Preparation of orally disintegrating formulations

In recent years, with the increasing advantages of orally dis-
integrating tablets (ODTs), the development of ODTs has received
more attention. ODT dosage forms are generally manufactured by
direct compression, wet granulation and compression, freeze-
drying, hot melt extrusion, etc”’. However, the porosity of the
tablets fabricated by these methods is inadequate, which affects
the rate of disintegration. Therefore, more proportions of func-
tional materials should be mixed to achieve rapid disintegration
and obtain proper compressibility in the preparation process, so
that it is more suitable for small-dose drugs. The preparation
principle of 3D printing technology is layer-by-layer instead of
compression, so the formulation exhibits a higher porosity and
faster disintegration rate. Consequently, through the screening of
prescriptions and designing of CAD software, the printed products
could show excellent mechanical properties, which implies the
advantages of preparing oral disintegrating tablets by 3D printing
technology.

As early as 2009, Yu et al.”® selected paracetamol as a model
drug and prepared ODT devices containing loose powder using
DOP based on CAD models. The inner regions were established
by dropping the binder onto selected regions. In vitro tests
revealed that all the tablets disintegrated rapidly, and the average
disintegration and wetting times were 23.4 and 67.6 s, respec-
tively. These results confirmed that printing technology offers a
new strategy for the manufacture of ODT drug delivery devices.
The printed tablet Spritam® exhibited quantitative release while
disintegrating rapidly in seconds’”'°’ (Fig. 1). The printed ODT

dosage form not only has the characteristics of rapid dissolution,
decomposition, melting and splitting but can also reduce the
dysphagia of patients. In addition, the dosage form offers the
possibility of easy production and industrialization. Since then,
numerous investigations have focused on 3D printed ODT dosage
forms. Lin et al.'”" developed Suxiao Jiuxin orally disintegrating
tablets by combining DOP and traditional Chinese medicine. The
results showed that the 3D printed Chinese medicine not only
improves the stability of borneol and solves the problem of drug
degradation in the traditional process, but also effectively allevi-
ates the limitation of swallowing caused by excessive single doses.
Recently, Allahham et al.'® explored the feasibility of applying
SLS 3D printing to producing oral disintegrating printlets con-
taining ondansetron. Ondansetron was first incorporated into
drug—cyclodextrin complexes and then combined with the filler
mannitol. The in vitro dissolution of printed tablets exhibited fast
disintegration and released more than 90% of the drug in 5 min,
which was comparable with that of the commercial product.

In general, 3D printing technology has unique advantages in
preparing oral disintegrating dosage forms. It can not only solve
the problem of dysphagia among patients, especially elderly in-
dividuals and children, but also improve the speed of the drug’s
effect. This design concept provides further inspiration for the
production of orally disintegrating dosage forms in the future.

3.2.  Preparation of compound formulations

With the development of certain diseases, it is difficult for tradi-
tional drugs to achieve effective prevention and treatment. In
2001, the World Health Organization (WHO) first proposed the
use of fixed-dose combinations (FDCs) to control cardiovascular
diseases (CVDs)'”". Nicholas and Malcolm (2003) introduced the
theory of the “polypills” to prevent disease in the British Medical
Journal (BMJ)'%*; subsequently, the fixed compound formulation
(Caduet®) produced by Pfizer Pharmaceuticals was launched in
China, and research on “polypill” preparations has gradually
become popular. However, the complexity of the preparation
process, high cost and time consumption are major obstacles to
traditional technologies in the production of “polypills”.

In contrast, 3D printing technology offers advantages in pre-
paring compound formulations, e.g., simple processes, great
flexibility, high repeatability, and accurate drug loading. The
emergence of 3D printing technology overcomes the technical
limitations of traditional barriers and lays a foundation for new
technology of pharmaceutical preparations. At present, numerous
studies are engaged in the preparation of compound formulations
based on 3D printing technology.

Khaled et al.'"”™ pioneered the manufacturing of a defined-
release compound tablet capable of releasing three drugs
through two release mechanisms (osmotic release and diffusion
through the shell and gel layers, respectively). This work indicated
the possibility of using printing technology to develop compound
formulations. In the same year, Khaled et al.'’® also used SSE 3D
printing technology to construct a “polypill” involving five active
ingredients and showing personalized drug release behavior. The
patient only needs to take one tablet to achieve the desired ther-
apeutic effect, which greatly improves the patient’s compliance. In
2019, Robles-Martinez et al.'”” successfully modified a com-
mercial SLA 3D printer, fabricated a bespoke and tailored poly-
pills containing six active ingredients. The printed objects showed
great mechanical properties, and the different material inclusions
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Figure 1
article/6671853.html.

enabled distinct drug release profiles of the six active ingredients
within dissolution tests.

These studies on compound formulations indicate that printing
technology possesses great prospects for multimaterial production
because of its capability for spatially separated material confor-
mations. This concept could revolutionize the pharmaceutical in-
dustry, enabling the manufacture of personalized drug delivery
systems on demand. Therefore, 3D printing technology can be
adapted to prepare compound formulations with various structures
containing multiple active ingredients and products with specific
pharmacokinetic properties. The development and application of
3D printed compound formulations can not only solve the problem
of drug incompatibility, but also help to achieve individualized
medication for patients and greatly improve the compliance of
patients, especially those with various chronic diseases.

3.3.  Preparation of high drug loading formulations

3D printing technology shows significant advantages in improving
the drug load capability of the preparation. In the pharmaceutical
field, many drugs are in large doses. In the process of using the
traditional preparation method, not only the compression perfor-
mance of each component needs to be considered but also a va-
riety of excipients need to be added. Therefore, the final prepared
tablet can only load 30%—40% of the active ingredients, resulting
in a large tablet size, which may cause difficulty swallowing and
reduce patient compliance. The emergence of a printing approach
provides a promising strategy for the preparation of dosage forms
with high drug loading characteristics.

The first printed preparation, Spritam®, prepared by Aprecia,
is available in four doses, 250, 500, 750 and 1000 mg. The loading
capacity of the printed tablets can reach 50%—80%, which greatly
reduces the size of the tablets and decreases the swallowing dif-
ficulty of patients. Subsequently, Khaled et al.'”® selected para-
cetamol as a model drug and PVP K25 and NaCCS as
pharmaceutical excipients and successfully prepared a high-load
immediate-release paracetamol oral tablet based on SSE 3D
printing technology. The results showed that the maximum drug
loading reached 80% and the in vitro release reached more than
90% in 10 min. This experiment fully proves that the import of
printing approaches into the field of drug delivery systems can
avoid the challenges of the physical form of paracetamol exposed
to the traditional compression molding process. Recently, Cui
et al.'” selected levetiracetam as the model drug, and successfully
fabricated a high-loaded fast-release formulation of levetiracetam
based on SSE technology. The results showed that the maximum
drug loading was as high as 96%, which greatly reduced the

Comparison of the dissolution rate of Aprecia ZipDose tablet and OTC fast-melting drug. Available from: http://news.bioon.com/

proportion of pharmaceutical excipients in the tablets, thereby
decreasing the volume of the formulation.

In general, because of its unique preparation principle, 3D
printing technology can greatly reduce the proportion of excipi-
ents added to the formulation and manufacture high-drug loading
tablets, which reduces the difficulty of preparing high-dose drugs
to a certain extent.

3.4.  Preparation of tailored dose formulation

Personalized medication refers to the formulations of safe,
reasonable, and effective drug treatment programs based on
careful consideration of each patient’s gender, age, body weight,
genetic factors, physiological and other conditions. The response
of patients to doses varies greatly. If so many people use a limited
dose, it will inevitably lead to each group of patients receiving a
dose higher or lower than the required dose, resulting in adverse
reactions or insufficient treatment levels''*. In particular,
personalization for geriatric or pediatric patients is urgently
needed. Solving the personalized dose issue, such as by crushing
the tablet into halves or quarters or opening the capsule, has been
considered an option to adjust the dose for each person. However,
these strategies not only fail to offer accurate and precise controls
of the dose, but also often require a pharmaceutical technician for
their implementation, which takes more time and money>>. Three-
dimension printing exhibits great potential as a fabrication method
that will shift the paradigm of the production of customized drug
dosage systems.

3D printing technology is highly flexible and modifies the size
of the tablets in response to patient needs with simplicity
compared to traditional manufacturing technologies'''. This
ability is promising for modifying the dose by manipulating the
scale of the printed dosage forms via software. This approach is
particularly important for formulations of pediatric doses that
often require a wide range of doses. Researchers have applied
various types of 3D printers to manufacture drug dosage systems.
Skowyra et al.''”> successfully fabricated prednisolone-loaded
PVA filaments with an FDM 3D printer. The results demon-
strated the feasibility of controlling the weight and drug dose of
the tablets by adjusting the model volume (R* = 0.9983). When
producing formulations with theoretical drug doses of 2, 3, 4, 5,
7.5 and 10 mg, a strong relationship (R* = 0.9905) between the
theoretical and printed doses was gained with an accuracy range
of 88.7%—107%. In the same year, this team developed a series of
different theophylline preparations (60, 120, 200, 250, and
300 mg) and HCT-EM double-layer tablets in a similar way' """,
The results showed that the printing doses were also highly
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Figure 2

accurate. Hereafter, Arafat et al.''> explored the feasibility and
accuracy of using FDM printing technology to prepare microdose
formulations''>. The filaments loaded with sodium warfarin were
melted by HME and then further printed using an FDM 3D printer
to manufacture capsular-ovoid shaped tablets loaded at 200 or
400 pg. The results showed that the range of dose accuracy was
91.5%—102.4%, and the coefficient of determination between the
target and achieved dose was 0.9931. This study demonstrated that
producing dosage forms with the desired dose of warfarin is
feasible through volume modification even with a minute dose of
500 pg. Tian et al.''® assessed the accuracy of DOP technology in
fabricating individualized doses of warfarin tablets. Three dosage
levels of 1, 2 and 3 mg were manufactured and the quality eval-
uation results showed that the relative errors were very low. The
experimental results showed that DOP technology is also an
important approach to preparing individualized medicine.

In 2019, our group explored and constructed a dose regulation
system based on SSE 3D printing technology''’. Three patterns
were intended for adjusting the volumes to control the tablet
weight and print customized individualized dosing. A greatly
linear correlation between the weight and the volume was ob-
tained. The dose accuracy was in the range of 103.3%—96.2%,
with a variation coefficient ranging from 0.6% to 3.2%. Recently,
Yan et al.”® developed an individual drug delivery system for
small-scale pharmacies. The orodispersible films (ODFs) of cube
designs with target doses of 1.25, 2.5 and 5 mg were fabricated by
SSE 3D printing and a good linear relationship between the
theoretical model volume and drug content was proven
(R? = 0.999). In conclusion, this study showed the possibility and
high application of SSE micro 3D printing in fabricating precise
doses and customized drug delivery systems.

Compared with traditional pharmaceutical technologies, the
printing approach is more conducive to the personalization of
medication because the adjustment of digital design is much
simpler and more effective than the transformation of equipment.
3D printing technology can regulate the dose by simply changing
the size or filling rate of the tablets, which can skillfully solve
various problems caused by the traditional divided dose method
and bring more convenience to medical staffs and patients''®. 3D
printing technology is a novel approach to the production and
control of drug doses. It provides a highly adjustable, reasonably
priced and smallest-sized digital control platform for the pro-
duction of customized medicines for patients.

3.5.  Preparation of special and customized geometric shapes

Although traditional preparation technologies can manufacture
many different colors of medicines, the capability for production
of special tablet shapes remains limited. 3D printing technology
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3D representation of the prepared printlets (A) disc; (B) cube; (C) cuboid; (D) triangle; (E) torus; (F) cone; (G) pentagon; (H) sector.

has more flexibility and precise spatial positioning capabilities and
can be applied to a series of special geometric shapes, as
descripted in Fig. 2'"°.

3.5.1.  Improving drug release by regulating geometric shapes
Goyanes et al.'”” used a printing method to create a variety of
difficult-to-manufacture special-shaped tablets that are not easy to
achieve by traditional methods and investigated the relationship
with drug dissolution. Five different geometries were printed, and
the in vitro dissolution showed that when the surface area of the
3D tablets remained unchanged, the tablets with pyramidal shapes
exhibited the fastest release rate, followed by the toroidal, cubic,
spherical, and finally cylindrical tablets. Fina et al.'*' used an SLS
3D printer to produce tablets with cylindrical, gyroid lattice and
bilayer shapes presenting customized release behavior based on
four pharmaceutical-grade polymers Eudragit L100-55, PEO,
Eudragit RL and EC. The results revealed that the gyroid lattice
structure can change the drug release of all four polymers. In
addition, the different shapes of the tablet affect not only the
dissolution of the drug in vitro but also its operation in the body,
and the tetrahedral tablet can stay in the stomach for a longer time
after swelling.

The above examples fully prove the feasibility of using 3D
printing technology to define drug release, eliminating the step for
changing the composition of the prescription. By printing these
geometric shapes, the release of the drug can be customized. This
approach can actually customize the drug release behavior for the
patient by simply regulating the 3D model.

3.5.2.

shapes
3D printing technology provides the advantage of personalizing
the design of dosage forms. For the pediatric population, a more
attractive product can result in higher patient compliance and
treatment adherence. The application of printing methods in the
pharmaceutical field has substantially improved the convenience
and diversity of the production of pediatric formulations'**. 3D
printing technology can accurately adjust the geometric shapes of
the tablet and print different cartoon animal tablets according to
the children’s favorite shape'”’ (Fig. 3). Recently, pediatric-
friendly chocolate-based chewable tablets were fabricated based
on extrusion-based 3D printing technology. The tablets were
designed into six shapes resembling simple structures of cartoon
characters'**. The combination of the customization offered by
3D printing technology and the palatability of the natural product
chocolate results in an attractive dosage form for the pediatric
population. Hence, with the continuous transformation and
upgrading of color printers, the color 3D printer can realize the
preparation of medicines with specific colors more effectively and

Improving patient compliance by regulating geometric
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quickly, thereby greatly improving the compliance of clinical
pediatric patients with medication''”.

3.5.3.
shapes
The flexibility of the printing approach in geometric shapes also
encourages the preparation of implants and transdermal formula-
tions. The implantable drug delivery system is a sterile, solid,
controlled-release formulation prepared for cavity, tissue or sub-
cutaneous implantation'>. Therefore, to better fit the cavity and
the injured part, pharmaceutical preparations usually need to be
processed into various shapes. Compared with traditional pro-
cesses, 3D printing technology can accurately control the geo-
metric shapes, internal structure and surface area that control the
dissolution kinetics through precise adjustment of the micro-
structure'*°. For example, Sarkar et al.® designed tricalcium
phosphate (TCP) scaffolds with predesigned pores using 3D
printing technology. The results showed that the interconnected
porosity and biodegradability of 3DP TCP ceramics allowed
controlled release kinetics of genistein, daidzein and glycitein in
acidic and physiological buffer media for 16 days, which could be
used to better simulate the clinical microenvironment. From this
perspective, 3D printing allows the creation of a wide variety of
patient-specific implants with complex porous architectures and
mechanical strength compatible with that of cancellous bone. In
addition, PLA/PCL-based progesterone contraceptive vaginal
rings by Fu et al.'>” were developed using HME-coupled FDM
printing technology and were designed into various shapes (“O”,
“Y” or “M”) that are more beneficial for the clinical application to
patients. The “O”-shaped vaginal ring showed a higher drug
release rate than those of “Y” and “M” due to its shape and S/A
value, and all the rings exhibited sustained release of progesterone
for more than seven days. These special formulations not only
allow a matching of the patient’s administration site to the greatest
extent but also substantially reduce or eliminate the burst effect
and exhibit a more personalized release feature than those of
conventional implant manufacturing methods'?®,

The transdermal drug delivery system (TDDS) refers to the
dosage form that is administered on the skin surface so that the
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Pediatric-friendly dosage forms with different animal cartoon shapes (A) elephant; (B) pigeon; (C) dog; (D) horse; (E) taurean; (F)

drug passes through the skin at a constant rate or near a constant
rate, enters the systemic circulation and produces a systemic or
local therapeutic effect. It not only achieves topical administration
but also avoids the hepatic first pass effect and continuously
controls the rate of administration. 3D printing technology has
substantial advantages for transdermal drug delivery, especially in
the field of transdermal patches and microneedles'*”'*’. Goyanes
et al."*' combined 3D scanning and printing methods to prepare
anti-acne transdermal patches. The 3D scanning method was first
adopted to develop a 3D nose model suitable for personalized
morphology, and then the nose-shaped mask was printed based on
the 3D model using FDM and SLA technologies. The results
showed that the SLA method can prepare 3D printed devices
(nose-shape) with higher resolution and higher drug loading than
those of FDM, with no degradation. Recently, Chaudhari et al.'*
also designed and fabricated medicated skin patches incorporated
with quercetin-PVP using FDM based on the HME technique. The
in vivo profile of an optimized patch was studied in rats, showing a
prolonged T\,,.x, lowered Cy,., and reduced fluctuations in plasma
concentrations. All data demonstrated the feasibility of using 3D
printing technology to develop medicated skin patches to over-
come the current delivery challenges.

In the preparation of microneedles, Economidou et al.'** used
biocompatible resins based on SLA to manufacture pyramidal and
spare microneedle (MN) designs for transdermal insulin delivery.
During the printing process, MN tips were covered with thin
coating films composed of insulin and drug carriers. Compared
with metal arrays, 3D-printed MNs showed better piercing ability.
In vivo studies revealed a fast drug release with lower glucose
levels completed within 60 min and sustained hypoglycemic ef-
fects for over 4 h compared to those of subcutaneous injections.
With respect to the microneedle system, Wu et al."** also suc-
cessfully fabricated a microneedle patch system by applying
extrusion-based 3D printing and the post stretching method, and
demonstrated the transdermal drug delivery of the microneedle for
the treatment of type 1 diabetes. The printed microneedle patches
exhibited a complete structure and showed sufficient mechanical
strength to penetrate the skin of mice. These 3D-printed micro-
needle systems enabled a convenient, minimally invasive platform
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for drug delivery, and indicated the great potential of 3D printing
as a novel technology for the production of microneedle patches

for transdermal drug delivery in other diseases'®”.

3.6.  Preparation of personalized and innovative oral delivery
devices

Traditional manufacturing technology has advantages in mass
production and cost, but it obviously cannot adjust the micro-
structure and spatial distribution, and further improvement re-
mains necessary. The dosage forms prepared in the traditional way
primarily achieve the regulation of drug distribution and drug
release through the selection of excipients and the coating method,
limiting the design of dosage forms with personalized structures.
The emergence of printing methods has greatly promoted the
application and design of dosage forms for digitization. The
flexible design and improvement of the model can produce more
preparations with personalized structures and customized release
mechanisms, which create new opportunities for drug delivery
systems'*®'?7_ Therefore, an increasing number of studies have
begun to focus on researching drug delivery systems with
personalized and innovative structures to obtain better clinical
treatment effects through structural adjustment and control.

3.6.1. Honeycomb structure

Kyobula et al.'*® selected fenofibrate as a model drug and
beeswax as a drug carrier and successfully fabricated 3D printed
tablets with honeycomb structures using DOP technology, as
shown in Fig. 4. Changing the cell size to adjust the distribution of
the honeycomb structure, thereby changing the surface area, can
finally achieve adjustment of the drug release curve without
changing the formulation. Experimental and predicted drug fac-
tors were compared and found, and other parameters need to be
considered in the process of designing the dosage form, such as
the honeycomb geometry and material wettability, which can
better control the drug release behavior. This study showed that
DOP technology has great potential for printing tablets with
highly personalized structures, which will further expand the
design feasibility of drug delivery systems.

3.6.2. Caplet structure

Sadia et al.'*” attempted to design and prepare an innovative
structure of caplets with perforated channels using FDM 3D
printing technology to accelerate drug release. The caplet-shaped
perforation width was defined as 0.2, 0.4, 0.6, 0.8, and 1.0 mm,
and its length was variable. In vitro drug release profiles showed
that when the widths of the channel were greater than 0.6 mm, the
drug release was measured up to the rapid release standard stip-
ulated by the USP. Moreover, in the case of identical specific
surface area ratios, the shorter multichannel (8.6 mm) was more
effective than the long channel (18.2 mm) in accelerating drug
release. This phenomenon may be related to the faster fragmen-
tation and the reduction of the flow resistance of the channel when
they are dissolved. The design of these channels could be adapted
for stents or implants to promote drug release from tablets.

3.6.3.  Core—shell structure

Li et al."* chose polyvinyl alcohol (PVA) as the drug-loading
filament and glipizide as the model drug, and used FDM 3D
printing technology to develop and print the dual chamber (Fig. 5).
By rationally arranging the drug concentration distribution in the
tablets, the drug release behavior was successfully modified. The

Figure 4 Rendered images of honeycomb-like structure design.

drug dissolution results demonstrated that the radial dimensions of
the inner and outer layers of the tablet exhibit a substantial effect
on the dissolution profile. The model can accurately control the
thickness of the inner and outer layers, and the drug content be-
tween the layers can effectively regulate the release behavior of
the chip package and achieve the effect of precisely controlled
release. Recently, Reddy Dumpa et al.'*' developed core—shell
gastroretentive floating pulsatile drug delivery systems by
applying FDM 3D printing. The dissolution study showed that all
core—shell tablets floated without any lag time and exhibited good
floating behavior. In addition, core—shell platforms have also been
investigated based on various printing technologies to improve the
treatment effect, such as a core—shell multidrug platform con-
structed to improve gastrointestinal tract microbial health’ or
liquid-core—shell microparticles developed to advance cell/tissue
engineering, diagnostics and drug delivery'*?. Thus, 3D printing
provides an effective strategy for the production of complex
customized drug delivery systems for individual pharmacotherapy.

3.6.4. Lattice internal structure

Li et al.'* explored the feasibility of using SSE 3D printing as an
innovative manufacturing method for the fabrication of gastro-
floating tablets. A tablet with an innovative low-density lattice
structure was prepared to extend the residence time in the stomach
(Fig. 6). The dissolution profiles indicated that without the addi-
tion of foaming agents, the prepared tablets could maintain a
floating state for more than 8 h, which increased the drug release
effect while prolonging the gastric retention time. Moreover, Chai
et al.'**, Wen et al.'*, Li et al.'*® and Giri et al.*’ also used
various 3D printing technologies to design and print gastrofloating
tablets with internal hollows or low-densities, respectively. These
studies demonstrate that 3D printing technology can be adapted to

Figure 5 Rendered images of core—shell structure design.
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prepare gastrofloating tablets over a long time (more than 8 h).
These studies also prove the convenience of printing controlled-
release targeted formulations based on 3D printing technology
and provide a technical foundation for the industrial production of
these dosage forms.

3.6.5. Sandwich structure

In 2007, Huang et al.'*’” designed and printed a sandwich-type
gentamicin implants using DOP (Fig. 7). The dissolution
behavior revealed that the cumulative release amount of the
sandwich structure implants on day 5 could be controlled below
45% (the burst release amount of common framework structure
implants on day 5 was 70%). The results confirmed that the
structure of the sandwich can reduce the surface area of the
release, which can substantially inhibit the burst release amount,
prolong the effective release time of the drug, and finally achieve
the purpose of long-term sustained release of the implant.

3.6.6. Concept devices

Recently, many works have also focused on in-depth exploration
of the preparation of concept devices of complex structures using
3D printing technology. These design concepts showcase a
powerful and economical approach of digital design to provide
healthcare staff with a highly adjustable “polypill” solution, to
accommodate the increasing number of patients who receive
multiple and complex dosing regimens. For example, Pereira
et al.'*® developed a highly modular multicompartmental capsule
platform of complex structure using FDM printing aligned with
hot-filling syringes. The platform was designed in two capsule
skeletons (concentric format and parallel format) with four sepa-
rate compartments. Drug release is controlled through digital
manipulation of shell thickness in the concentric format or the size
of the rate-limiting pores in the parallel format. Target drug
release profiles are achieved with variable orders and configura-
tions, hence confirming the modular nature with capacity to
accommodate therapeutics of different properties. Overall, the
successful fabrication of 3D printed concept devices provides new
ideas for the design and printing of dosage forms with customized
structures and drug release behavior.

The purpose of these studies is not to prove which structure is
the most suitable but to demonstrate the freedom and flexibility of
changing drug release behavior by personalizing the structure of
the tablets. 3D printing methods have developed rapidly, and the
emergence of various types poses challenges to traditional ap-
proaches. Their versatility, speed, cost and potential for tailored

Figure 6 Rendered images of lattice internal structure design.

Figure 7 Rendered images of sandwich structure design.

manufacturing will compete with many traditional manufacturing
technologies'*”. The development of 3D printing technology is
expected to provide a novel manufacturing approach for the
design of personalized preparations, suitable for advanced dosage
forms.

4. Main challenges

Despite the advantages of 3D printing technology, many technical
difficulties and obstacles urgently need to be overcame to promote
wider application of DDSs'**'*!. These sections summarize the
current shortcomings involved in the exploration of excipients, the
development of printing software and instruments, the optimiza-
tion of the preparation’s mechanical properties, and the situation
of the relevant regulatory landscape.

4.1.  Excipients

In the preparation process, all types of 3D printing technologies
have certain requirements on the properties of excipients due to
their unique printing principles. For FDM technology, the heating
and melting steps are involved in the printing process, so it is
important to select a suitable drug carrier. The carrier excipient
that has been reported most frequently is PVA, but its melting
temperature is relatively high, which is not suitable for thermally
unstable drugs, such as 4-ASA™® or levetiracetam'”. In recent
years, an increasing number of researchers have attempted to
combine HME technology with 3D printing technology'®'>* or
low-temperature 3D printing technology'>*, using PVP, HPMC,
Kollidon, talc and triethyl citrate as excipients to prepare low-
temperature printed filaments to solve the problem of drug
degradation®® and improve drug loading®’. For SLA and SLS
technologies, the excipients are limited to photopolymers and
laser sinterable materials, and these polymers are not included
under the FDA’s generally recognized as safe (GRAS) list. To
date, only a few excipients have been used for printing, most of
which are expensive, toxic, smelly, and need to be protected from
light to avoid premature polymerization. In addition, safety
manufacturing is expected for drug preparation. For DOP and
SSE, one of the substantial related advantages is the feasibility of
applying these technologies to various active drugs and excipients,
such as epoxy resins, cheese, hydrogels, and chocolate. Even so,
both technologies would relate organic solvents. In DOP tech-
nology, organic solvents are chosen as printing inks. In SSE
technology, the possible addition of organic solvents is primarily
adapted to prepare a soft paste. Therefore, the residual solvents in
some of the final 3D printed tablets are the major limitation.
According to ICH guidelines Q3C (RS), there are certain accep-
tance limits for the solvents, and therefore, the choice of solvents
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is limited, and there is a minimum tolerable residual amount for
each solvent. Thus, to solve this limitation, multidisciplinary
research needs to be strengthened, such as by developing new
types of 3D printers'>*.

In general, the excipients available for 3D printing technology
are relatively limited in comparison with those of traditional
pharmaceutical processes. Especially for special dosage forms of
individual administration, selecting the printing excipients may be
necessary. In addition, many of the materials applied in the
printing process are nonpharmaceutical grade, and the compati-
bility and toxic side effects severely hinder the application of these
materials in pharmaceutical formulations. Therefore, to promote
the wider application of printing approaches in the pharmaceutical
field, the investigation of nontoxic, biodegradable, biocompatible,
and physicochemically stable excipients need to be accelerated.

4.2.  Printing software and instrument

The 3D printing process primarily includes four main steps:
modeling, slicing, printing, and postprocessing. In the printing
process, the computer is first used to establish a printing model
and slice it to set the printing path of each layer, and then the
formulation with a complex structure is fabricated according to
the prefabricated model. Therefore, as the complexity of the
required structure increases, the modeling and slicing software
need to be constantly updated to meet higher printing standards.
However, it is understood that few software programs and models
are dedicated to 3D printing technology. For DOP technology, the
print head must be stopped and restarted multiple times, which is
very demanding for the stability of the print head™®. In addition,
the clogging of 3D printing nozzles, the migration and leakage of
binders, and the difference in powder feed have reduced the
completion rate of printing and affected the performance of
printing formulations'*®. Belonging to extrusion molding tech-
nology, multiple print nozzles have been developed and updated
for suitability with FDM and SSE technologies, as shown in
Fig. 8. However, while achieving diversified formulas, the

B

(A) The two-in-one printed nozzle (B) five-in-one printed nozzle (Available from: https://user.qzone.qq.com/492892870/main.

positioning of the double nozzles may be inaccurate, which
severely affects the products’ properties, such as content unifor-
mity, hardness, and friability. Therefore, the mechanical equip-
ment, operating procedures, driving control system, and key
components of 3D printers urgently need to be further optimized
and upgraded. In addition, the recovery and disposal of excess
powders in the printing process of SLS, SLA, and DOP must be
considered in production, and potential occupational health haz-
ards should also be considered' .

In general, the technical hurdles of 3D printers for the prepa-
ration of pharmaceutical formulations continue to restrict the
development of 3D printing technology; furthermore, the 3D
printers used in medicine do not meet the manufacturing practice
(GMP) standard, and thus the process and products must be
validated to ensure that they are safe for human health. None-
theless, the development and use of 3D printers is expected to
continue.

4.3.  Mechanical properties

The mechanical properties of the dosage forms are considered a
quality control parameter to ensure that the prepared tablets are
reproducible and suitable for postprocessing. In the 3D printing
process, because of its unique printing principle, different poly-
mers or powders are stacked on top of each other, resulting in a
rough surface and relatively insufficient mechanical strength of
the products'”’. Factors such as the viscosity of the adhesive,
surface tension, and fineness of the nozzle affect the performance
of the products'®®. In addition, postprinting processes such as
drying methods, drying time and drying temperature may also
affect the appearance and quality of the products. These are
extremely important for 3D printing technologies based on DOP,
FDM and SSE. In terms of DOP, although Spritam® produced
using this technology has a high porosity that gives this formu-
lation a competitive advantage over other fast-disintegrating tab-
lets, its poor mechanical resistance remains an important issue
(<40 N). Therefore, it is essential to ameliorate the mechanical
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behavior of products by optimizing printing equipment, such as
computer control programs, refining of adhesive nozzles, and
optimizing printing process parameters.

4.4.  Regulatory landscape

The 3D printing method and its numerous underlying mechanisms
for revolutionizing dosage form application and development have
attracted the focus of regulatory authorities; at the same time, it
has raised many questions regarding the supervision and quality
evaluation of 3D-printed products before and after marketing™. In
2017, the FDA proposed its final guidance on technical consid-
erations for the regulation of 3D-printed medical devices, focusing
on the design, manufacture and use of the device'”’. The guide-
lines provide preliminary regulatory requirements for 3D-printed
products for medical applications. Nevertheless, these terms may
not be extended to all 3D-printed medical devices because a
separate assessment of safety and effectiveness might be required,
especially for products that match the patient®. Although the FDA
authorized the first printed tablets, no regulations or guidelines
regarding 3D-printed medicines are currently available. The
development of printing approaches in the pharmaceutical field
will also bring problems, such as how to investigate the key pa-
rameters of various printing technologies, how to evaluate the
performance of 3D-printed medicines and study the in vitro and
in vivo release of preparations, how to control the quality of 3D-
printed formulations. Fortunately, the FDA’s Office of Testing and
Research is currently conducting discussions to find solutions to
these problems'®’. In addition, an increasing number of experts
are advancing research in this area. With the improvement of
relevant regulatory regulations, the development of printing
technology in pharmaceutical formulations could make a leap
from theoretical exploration to practical solutions.

5. Future perspectives

3D printing preparation technology and traditional preparation
technology are complementary in a certain manner. Traditional
preparation technology has gradually matured after a long period
of practice and has unique advantages in industrialization. On the
other hand, as an emerging technology, 3D printing can realize the
precise shaping of a variety of materials and can overcome the
issues of traditional preparation technology in many aspects. The
development of printing methods in pharmaceutical formulations
not only broadens the application range of 3D printing technology,
but also provides new methods for pharmaceutical investigation
and fosters the development of personalized drug delivery. It in-
creases the precision and complexity of pharmaceutical formula-
tions, and provides basic technical support for compound
medicines. Although 3D printing technology still has many
technical and regulatory challenges, these problems will presum-
ably be solved in the future. In conclusion, 3D printing technology
will bring new opportunities and hopes for the development of
medicines, and accelerate the arrival of personalized and intelli-
gent drug delivery.
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