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Abstract: An additive manufacturing technology based on projection light, digital light processing (DLP), three-dimensional
(3D) printing, has been widely applied in the field of medical products production and development. The precision projection
light, reflected by a digital micromirror device of million pixels instead of one focused point, provides this technology both
printing accuracy and printing speed. In particular, this printing technology provides a relatively mild condition to cells due
to its non-direct contact. This review introduces the DLP-based 3D printing technology and its applications in medicine,
including precise medical devices, functionalized artificial tissues, and specific drug delivery systems. The products are
particularly discussed for their significance in medicine. This review indicates that the DLP-based 3D printing technology
provides a potential tool for biological research and clinical medicine. While, it is faced to the challenges of scale-up of its
usage and waiting period of regulatory approval.
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1 Introduction medical products. In the meanwhile, the application

) ) L ) ) of these products continues to grow rapidly. The
Three-dimensional (3D) printing, a rapidly emerging 1, oqt forecast is that the global market for medical

technology, can construct 'p‘roducts With comp}ex products manufactured through 3D printing will
geometric features by depositing materials according .1 nearly 26 billion dollars by 2022, while the
to the digital files'). This neoteric technology pnariet related to bio-printing will exceed 1.3 billion
provides a rapid manufacturing method to fabricate  jojjars!.

medical products that are usually complex and urgent. Digital light processing (DLP)-based 3D printing
In addition, 3D printing can fabricate customized s ytilizing projection light to polymerize materials
products with complex accurate structure at to obtain the pre-designed structures. Compared
comparatively low costs, especially in personalized with other 3D printing methods, such as extrusion-
medical application. This has important implications  based 3D printing technology and inkjet-based 3D
for a unique patient!®. Therefore, 3D printing printing technology, this technology has significant
technology has profoundly impacted biomedicine advantages in printing resolution, efficiency, and
for fabricating various complex and personalized working condition. Hence, it can give many good
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features to the products. The medical models have
fine shape and physical property for simulating
human body. Additionally, favorable structures
can be integrated into implants to promote tissue
regeneration. Besides, artificial tissues and organs
are built with precise bionic structure and high
cell viability. Last but not least, customized drug
delivery system can provide a nuanced solution
to controlled release, accurate drug dosages, and
minimally invasive delivery!¢-1%,

This review introduces the DLP-based 3D
printing technology and its applications in medical
field. The principle and characteristics of DLP
printing technology are introduced. Then, the main
applications demonstrate the influence of DLP-
based 3D printing to medicine (Figure 1). Finally,
this review culminates with the limitations of
existing techniques and future research directions.

2 DLP-based 3D printing
2.1 DLP-based 3D printing technology

The concept of 3D printing is first described
in 1986 by Charles!'!. The method, named
stereolithography, sequentially print many layers
by ultraviolet light to create 3D structures. With the
developmentofadditive manufacturing technology
and material science, various 3D printing methods
have emerged. There are two common types of 3D
printing methods: The nozzle-based and the light-
based 3D printing. The nozzle-based 3D printing
includes extrusion printing and inkjet printing. In
these printing methods, the printed materials are
extruded or jetted and deposited onto the platform.
The light-based 3D printing includes DLP printing,

laser assisted printing, selective laser melting
(SLM), and selective laser sintering (SLS). The
DLP and laser assisted printing methods apply
photopolymerization reactions. During the process
of SLM and SLS, material powders are melted
and reshaped at the high temperature created by
laser. These 3D printing platforms have significant
differences in printing mechanism, speed, material
selection, and resolution!'>!*], Table 1 compares
the DLP printing with other 3D techniques used in
the medical field.

DLP-based 3D printing technology comes
from the image projection technology developed
by Texas Instruments in the 1980sP. This
method uses a set of chipsets based on optical
micro-electromechanical technology to process
working light sources to photosensitive materials
(Figure 1). The main functional part is a digital
micro mirror device (DMD) which consists of a
group of micron-sized, controllable mirrors. The
mirrors rotate to control the path of light and then
project it onto the photosensitive resin during
working. The ordinary arrays have a large number
of mirrors, from nearly a million mirrors to more
than 2 million. On the other hand, the pixel
spacing of the micromirror is only a few microns
or a dozen microns. The resolution of the DLP-
based 3D printing depends on the projection plane
adjusted by DMD and lens. Thus, the DLP printing
technique has a relatively high resolution, which
is usually at the micron scale!'?!. Furthermore, the
printing conditions are mild for cells. In general,
the printing process without high temperature,
pressure, and shear stress caused by the nozzle is
suitable for printing living tissues or organs with

Table 1. Comparison of various 3D printing methods in the medical field!'»!*!%],

Properties Materials Printing process Resolution Speed Cell
(nm) viability
Nozzle based printing
Extrusion Thermoplastic polymer Serial (line by line) 50 Slow (pm/s) 40-80%
Inkjet Thermoplastic polymer Serial (drop by drop) 50 Medium (mm/s)  >85%
Light based printing
DLP Photosensitive polymer Continue Plane (layer by layer) 6 Fast (mm?/s) 85-95%
Laser assisted Photosensitive polymer Serial (dot by dot) ~1 Medium (mm/s)  >85%
SLM/SLS Metals and alloys powder, Serial (dot by dot) 80 slow (pm/s) —

ceramic and polymer

International Journal of Bioprinting (2020)—Volume 6, Issue 1 13



Digital light processing based 3D printing for medical applications

little cell damage. When light is projected onto
the resin using DLP technology, instead of being
restricted to a spot like the laser-assisting 3D
printing, the entire layer is printed immediately.
Hence, this technology allows fast printing!™!2,

2.2 The advancements of DLP-based 3D
printing

During the past decade, the printing accuracy
which is, a key indicator of 3D printing
technology, has improved greatly. The accuracy
improvement is related to the printing equipment,
materials, and process parameters. When DLP 3D
printing technology was first invented in 2006,
the researchers manufactured constructs that
have 20 pm microstructure!'?. In 2013, Yi et al.
fabricated constructs with various topologies. In
fact, the resolution of DLP 3D printing partially
depends on the material chosen. When the 3D
constructs are printed using polyethylene glycol
diacrylate (PEGDA MW = 700 da) solely, the XY
resolution of the constructs can reach nearly 6 by
6 um. Meanwhile, the resolution is about 17 pm
with bioink containing 10% gelatin-methacrylate
(GeIMA) and 3 x 10° cells/mL!. Dai et al.
used a high precision DMD (each micromirror
is 10.8 pum) to build the projection-based 3D

Optical
lens

DMD device

ca—
\*\ﬁ‘

Light source

printing platform. This platform can fabricate
multiscale vascular channels, ranging from the
main trunk channel (> 1100 um wide) to the
relatively small branch channel (up to 17 pum
wide)!'”). Saha et al. combined the advantages of
two-photon lithography (TPL) and DLP printing
and developed a femtosecond projection TPL
(FP-TPL) technique. By this method, complex 3D
structures maintaining sub-500-nm features can
be printed rapidly!'®.

Besides accuracy, many methods were applied
to improve printing speed. These methods greatly
improve printing efficiency and ensure cell
viability during tissue construction™. In 2015,
John et al. modified the technique and created a
continuous liquid interface fabrication method. The
continuous liquid interface in this study is realized
through the oxygen-permeating region under
the printing platform, which forms a persistent
liquid interface between the oxygen-permeating
region and the photopolymerization region of the
material, in which the material cannot conduct
photopolymerization. When the average thickness
of each layer is set at 50-100 pm, this method
can manufacture a 3D structure with 5 cm high
in <10 min®”. Recently, a faster DLP 3D printing
method, computed axial lithography, has been

rMedical models
Implants

- Functionalized devices

~ Liver
Lung
Bone
Heart

Spinal cord

{ Drug discovery and development
Drug delivery

Figure 1. This schematic diagram shows the working principle and related application fields related to,
DLP based 3D printing technology.
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developed?'!. In this manufacturing system, light
is reflected onto the photosensitive material in the
form of a 2D image. When different plane images
are projected onto the material from different
angles, the energy generated by the multi-angle
superposition exposure will cause the material to
converge into the originally designed 3D structure.
This technology can be scaled up to a relatively
large additive manufacturing volume and is order
of magnitude faster than conventional 3D printing
methods.

To design products with ideal performance, the
selection of appropriate materials has become an
important requirement. Materials for DLP printing
are photosensitive polymers that can polymerize
from liquid into solid when exposed to light. The
physical and chemical properties of traditional
photosensitive polymers limit their applications.
Most of them are incompatible with cells. What is
more, the monomers and its vapors are also harmful
to humans. Hence, researchers have manifolded
the materials used for DLP-based 3D printing. Due
to the biocompatibility and good polymerization
effect, PEGDA and GelMA are widely used inks
for bioprinting. Soon et al. modified silk fibroin
with glycidyl methacrylate to get SF-based bioink-
methyl acrylate (SiL-MA). This polymerized
SiL-MA hydrogel has the characteristics of high
tensile strength, which is available to suture. In
addition, SiL-MA hydrogels produced by DLP
3D printing have remarkable biocompatibility,
which gives the hydrogel a broad application
prospect in the field of tissue engineering!??. Many
components can be mixed in the liquid printed
materials to obtain functionalized constructs. The
addition of piezoelectric BaTiO, nanoparticles
and electric silver nanoparticles to ink can give
the products the functions of piezoelectricity and
electroconductibility, respectively. Ceramic and
glass products can be sintered with printing inks
combining ceramic fillers or silicate*24. These
improvements made this manufacturing method
more competitive in fabricating medical products.

Given the favorable properties of printing
speed, accuracy, and materials, DLP 3D printing
has great value in the rapid fabrication of precision
personalized products.

3 Medical devices

A medical device is an important tool that can benefit
the patient by helping health-care providers diagnose
and treat patients, assisting patients to overcome
sickness or disease, and improving their quality of
life®!, The 3D printing technology has been widely
applied in fabricating specific medical devices based
on patients’ disease. According to the statistics, the
U.S. Food and Drug Administration (FDA) has
approved at least 85 3D printed medical devices up to
201529, These products including medical models,
personalized implants, and functionalized devices.

3.1 Medical models

The solid 3D model can remedy the limitation
of medical imaging technology that can only
transform the information of patients’ lesions into
visual graphics and display them to doctors and
patients. These 3D models are tangible objects that
can be operated by hand and can directly reflect
patients’ conditions, providing more intuitive and
convenient means for clinical medical teaching,
diagnosis, and surgical planning. The 3D printing
technology provides a method that can use the
graphic information to create patient-specific
anatomical 3D medical models?’!. So far, a series
of medical models have been manufactured by
various 3D printing technologies, such as skull,
heart, pelvis, blood vessel, and tumor, which are
beneficial to surgery assistance, disease analysis,
and teaching demonstration!?**"),

Due to the fast printing speed of DLP-based 3D
printing, doctors no longer have to wait for long
hoursto prepare 3D models of patients’pathological
organs. In the clinical treatment of various acute
diseases, such as cerebral hemorrhage, cerebral
infarction, and myocardial infarction, the effective
treatment window period is only a few hours,
requiring the doctor to prepare the patient’s surgical
plan within a few minutes. On the premise of
ensuring printing accuracy (~100 pm), polymeric
models, up to tens of centimeters, in size can be
produced in minutes?”. This characteristic can
meet the time requirement of clinical treatments
of the above acute disease models. Compared
with other 3D printing technologies, the DLP
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printing platform can flexibly set a series of
manufacturing parameters, including printing
time, light intensity, and even the wavelength of
light. Kuang et al. designed a special grayscale
light DLP 3D printing technology. This method
utilizes a grayscale light to print the material that
can be two-stage curing into a 3D structure that
can be printed with relatively high precision and
has remarkable changes in mechanical strength
gradient. A bionic 3D structure with both soft
muscle and hard bone was created by this printing
technique (Figure 2A). When pressed lightly,
the muscles are easily squeezed out of shape.
However, in the process of pressing the muscles,
the hard bones remain stable!®. An other group
fabricated spine-shaped phantom for stereotactic
body radiation therapy and oral cavity model for
orthodontics (Figure 2B and C)1*%3!,

A

In addition to the benefits of surgical assistance
and disease analysis, DLP 3D printed disease
model is also applicable to the teaching of clinical
medicine, especially the basic subjects of medical
education such as human body and pathological
anatomy. For example, this technology can
quickly print personalized zirconia material
dental teaching model, this personalized teaching
model has sufficient dimensional accuracy, and
maintains clinical-pathological oral deformity so
that students can get an intuitive impression of
oral malformation diseasel****!,

3.2 Implants

The field of in vivo medical devices that can be
printed with DLP-based 3D printers mainly
includes biodegradable or non-degradable human
implants made of various materials, such as metals,

Figure 2. Digital light processing 3D printed medical devices: (A) A limb with soft “muscle” and
stiff “bone”®, (B) spine-shaped phantom®?!, (C) Oral cavity model®®*!, (D) (i) nerve conduit with
microchannels!”; (ii) a range of nerve conduits®¥, (E) zirconia dental implant™)], (F) detoxification
device!®, (G) toxin sensort®®, (H) blood senor for measuring glucose, cholesterol, and triglycerides*”".
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ceramics, and polymers. These implants are used
to replace or repair the injuries in vivo. First, the
shapes of the implants are well-matched with the
injury parts. Then, the printed microstructure can
guide the regeneration of injured tissues.

3.2.1 Biodegradable implants

Biodegradable implants refer to a series of medical
implants that can be gradually degraded by the
human body with the change of time and other
conditions after implantation and finally replaced
by human original tissues. Many biodegradable
materials, such as alginate, cellulose, extracellular
matrix (ECM), and collagen, have been developed
and applied in DLP 3D printing. Christopher
et al. used the DMD device that can print in
micron scale to obtain nerve conduits with
parallel microchannels (Figure 2D i). The light
is reflected by the 20 um size mirrors of the
device. This translates the 2D image into a 3D
microstructure that is identical to the micron array
of mirrors. The microstructure can guide Schwann
cell-directed migration. Tao et al. created similar
nerve conduits encapsulating nanoparticles. The
drugs loaded in nanoparticles can further improve
the regeneration of injured nervel®®. For treating
different injury sites, Zhu et al. have utilized this
technique to create a series of nerve conduits, such
as conduits with microchannels and even bionic
conduits that are beneficial to nerve repair in
humans (Figure 2D ii)?*.

3.2.2 Non-biodegradable implants

DLP 3D printed implants play an important role
in stomatology, brain surgery, ent (ear, nose
and throat), thoracic surgery, and other surgical
operations. Reham ef al. reported that they
used DLP technology to fabricate a customized
zirconia implant and evaluated its related physical
properties (Figure 2E). In this study, they
evaluated the precision size, surface morphology,
and physical properties of printed zirconia
implants®®. The results show that this printed
custom implant has a precision size similar to the
reference model and competitive bending strength
(943 MPa), which can be compared with grinding
zirconia (800-1000 MPa). In addition, DLP

technology can also quickly print photosensitive
resin materials. These resin materials have been
widely used as a filling materials in stomatology
due to the characteristics of low viscosity, curing
and shrinking, fast processing rate, small swelling,
and high wet strength!**,

3.3 Functionalized devices

Besides satisfying shapes and microstructures
of DLP printed 3D models and implants, it can
add specific functions to medical devices. These
devices take the fixability to combine materials
and structures to achieve their functions. Due to
the efficiency and high accuracy of DLP printing,
it only takes a short time to fabricate medical
devices with powerful functions.

In 2014, Gou et al. loaded the printed hydrogel
with polydiacetylene (PDA) nanoparticles to
construct a detoxification device (Figure 2F).
The lobule-like microstructures allow efficient
contact between toxins and the 3D devices. At
the same time, detoxification particles in the
hydrogel can trap and attract toxins while sensing
them. It turns out that the printed detoxification
hydrogel device can effectively remove certain
toxins from aqueous solutions!®. The combination
of PDA nanoparticles and 3D printed hydrogels
not only act as a detoxification device but also a
toxin sensor in solutions. When the nanoparticles
bind to the toxin, the ordered m-conjugated chain
structure on the particle surface is disrupted,
triggering a fluorescent radiation reaction that
makes it easy to detect the presence of the
toxin. Zhu et al. printed swimming microfish
encapsulated PDA, iron oxide, and platinum
nanoparticles (Figure 2G). The microfish can be
chemically powered and magnetically guided.
They took the fluorescence intensity change of
PDA as an indicator to evaluate the detoxification
efficiency of hydrogels and the concentration of
toxins in solution®®!. Recently, a 3D paper-based
microfluidics analysis device (3D-puPAD) has
been reported for in vitro diagnosis (Figure 2H).
The 3D-uPAD is produced by a DLP 3D printer
using a material called photoluminescent liquid
resin, which is printed on both sides of the paper
in one go, with no additional assembly required.
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This 3D-puPAD could be used to measure glucose,
cholesterol, and triglycerides in human blood..

4. Tissue engineering

Tissue engineering aims at improving or replacing
biological functions to improve clinical procedures
for repairing damaged tissues and organs!*!\. The 3D
bioprinting allows cells, materials, and biological
factors reasonably distributed in the construct. It
provides anew method for building artificial tissue!?..
DLP-based 3D printing has a great advantage in
bioprinting for its mild printing condition. It causes
little damage to functional components, including
cells, biological factors, and biomaterials*!. The
DLP 3D bioprinting technology has been applied
to construct a range of tissues and organs, such as
liver, cardiac, vascularized, and cancer models. In
the following part, some typical applications are
discussed in detail(®4-43,

4.1 Liver

The liver is the largest internal organ and gland
in the human body. Many important physiological
functions are performed by it, which include bile
secretion, detoxification, drug metabolism, and
producing serum proteins. So, hepatic diseases
have significant influence on patient. Actually,
the liver has a certain degree of self-regeneration
ability. However, many severe diseases, such as
hepatocellular carcinoma and cirrhosis, can reduce
or even eliminate the regenerative ability of the
liver. For these patients, a common treatment is
transplanting a new healthy liver to replace the old
one. There is forecast predicting that the demand
for liver transplantation will increase by 23% in
the next two decades. Aside from the high cost
of surgery, donors and their availabilities are
very limited*Sl. Thus, the artificial liver has wide
application prospects.

In the past decades, people have been trying
to obtain artificial liver tissue. However, due to
the complex structure and various cell types,
it is hard to construct an artificial liver with
multiple functions. The bioprinting technology
has promoted the development of engineered liver
tissue. It can fabricate the interwoven networks

such as bile duct, lymphatic, and vessels in the
natural liver. DLP-based 3D printing technology
has the potential of accurately patterning cells
and biomaterials and maintaining high activity.
Taking advantage of this technology, engineered
livers’ constructs are more precise with increasing
structural and functional complexity™7.

Ma et al.used a DLP-based 3D printer to obtain a
3D triculture hepatic model. The model consists of
many micro hexagonal structures and encapsulated
three kinds of cells, including human induced
pluripotent stem cells (hiPSC)-hematopoietic
progenitor cells (HPCs), human umbilical vein
endothelial cells (HUVECs), and adipose-derived
stem cells. (Figure 3A i), By characterizing the
cell morphology, the liver-specific gene expression
levels, metabolic product, and cytochrome P450
(CYP) induction, they found that the hiPSC-HPCs
in the hepatic models are very similar to hepatic
cells in human body. The results indicated that the
microstructure and supporting cells can promote
the maturation of hiPSC-HPCs and maintain their
functions. Zhu et al. fabricated a relatively simple
model that encapsulated HUVECs and HepG2
(Figure 3Aii)*”. Grigoryan et al. used DLP printing
technique to fabricate artificial liver with functional
intravascular topologies®. Compared with tissues
containing single hepatocyte, the vascularized liver
containing hepatocyte aggregates showed 60 times
activity of the albumin promoter. Furthermore, the
DLP 3D printed vascularized liver tissues appeared
better integration with host after implanted in vivo.

4.2 Lung

Lung is one of the main functional organs of the
respiratory system. The function of lung is to
extract and transfer oxygen into human blood and
release carbon dioxide to the air. However, human
lungs have no regenerative capacity. Constructing
artificial lung to replace diseased lung is the
only alternative to treat patients with severe
lung diseases!*”!. They are faced with the same
problems as liver disease patients. Therefore, the
construction of artificial lung is one of the best
solutions.

The lung contacts air and blood at the same
time. Thus, it takes huge challenges to construct
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a satisfying artificial lung. The 3D printing has
helped fabricate lung tissue analog!*’!. Lenke et al.
designed a lung model to simulate air-blood barrier
architecture (Figure 3B). The model consisted
of two layers: The endothelial layer containing
HUVEC and A549 cells and thin Matrigel layer™.
They have not evaluated the functional of the
printed membrane model. However, natural lungs
are 3D and can “breathe”. Grigoryan ef al. added a
nontoxic light blocker to improve the z-resolution
of DLP 3D printing and fabricated vascularized
alveolar model topologies®. The alveolar model

showed two major functions of lung tissues that
are blood flowing and air exchanging. Circulating
moist 10 kPa, 0.5 Hz oxygen gas, the distension of
the structures, and the shape changes of the concave
airway regions could be found. In the meantime,
they perfuse the deoxygenated red blood cells
(RBCs) at the blood vessel inlet. Then, they saw
the RBCs became clear after passing through the
vessels adjacent to airway. In this work, the high
precision of DLP 3D printing lent them the ability
to fabricate 3D entangled networks in organs.

BECEE|DDBD|EHBAR

Figure 3. Digital light processing 3D printing of artificial tissues: (A) (i) Hepatic structure containing human induced

pluripotent stem cells (hiPSC)-hematopoietic progenitor cells (green) and supporting cells (red)™®; (ii) endothelial

network of prevascularized hepatic tissue*”, (B) (i) multivascular network; (ii) vascularized lung tissue!,

(C) (i) bone tissue engineering scaffold?!l; (ii) staining of cells encapsulated in bone tissue engineering hydrogel?,

(D) hiPSC-derived cardiac tissue on force gauge™, (E) spinal cord and its horizontal section>¥.
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4.3 Bone

Bone is a dynamic vascularized tissue that can
repair and remodel itself without leaving scars!®*.
However, for critical size bone defects, bone
replacement or surgical intervention is usually
required®®. Besides the autograft and allografts,
the implant made by biocompatible metal or
ceramic is an alternative to repair the injured
bone. However, the inert implant will slowly
break down with time. Therefore, active bone
tissue is considered as an ideal implant to replace
the injured part!!*37, The 3D bioprinting allows
precise bone scaffolds to be fabricated and a
variety of cells arranged in the scaffolds to form
bionic bone constructs.

The bone tissue engineering scaffolds are
required to fit the defect site, allow transport
of nutrient and growth factor, and degrade
over time. DLP 3D printing has demonstrated
a very important prospect to construct these
scaffolds. Dean et al. took advantage of the high
accuracy of DLP 3D printing to fabricate tissue-
engineered bone scaffolds (Figure 3C i) P!, The
printed microstructure improved the adhesion,
proliferation, and maturation of the cells. The
degradation velocity of the scaffolds can also
be adjusted by the microstructure. Recently,
Lim et al. encapsulated mesenchymal stem cells
(MSCs) in hydrogels to obtain bone or cartilage
tissues?. They developed a new bioink by
combining methacrylate polyvinyl alcohol (PVA-
MA) and GelMA. Using this bioink and a DLP
3D printer, they printed some biologically relevant
scaffolds with precise microstructures. The MSCs
encapsulated in printed hydrogels maintain high
viability (=90%) after 21 days of culture. Through
staining analysis, osteogenic differentiation, and
cartilage-specific ECM were observed in the
3D printed hydrogel (Figure 3C ii). The result
indicated potential applications of DLP 3D
printing and the bioink in bone tissue engineering.

4.4 Heart

Cardiovascular diseases are the foremost
cause of death over the world. The heart-valve
replacement is a common treatment for valvular

heart diseases. There are two kinds of artificial
heart valves, including mechanical valves and
biological valves (autograft and allograft). The
mechanical valves lead to the risk of thrombus.
The autograft implantation is a complex surgery
that requires cutting the other part of the
patient. On the other hand, the allograft always
causes an immune response. In addition, the
biological valves may fail more than 10 years
after implantation®®%, Thus, a new strategy is
necessary to be developed to fabricate artificial
myocardium replacements.

Some studies have been carried out to
develop 3D cardiac tissue in vitro. However,
the cardiomyocyte is usually seeded on or
encapsulated in a simple 3D scaffold in these
studies!®, It is very easy to culture cardiomyocyte
and maintains its viability in vitro. However, the
key point of fabricating artificial cardiac tissue is
obtaining biomimetic structures and promoting
cardiomyocyte orientation alignment. Liu et al.
blended human embryonic stem cell-derived
cardiomyocytes (hESC-CMs) into 3D pattern
hydrogel constructs by a DLP-based 3D printer
(Figure 3D)®. The DLP-based 3D printing
technology allowed hESC-CMs to mimic the
multilayered aligned myocardium. Meanwhile,
they printed a customizable cantilever-based force
detector to measure the force from the artificial
cardiac model. Further to this, they encapsulated
a specific hESC line that is sensitive to calcium.
Then, they can detect the calcium transient of the
cardiac model. Recently, this group used DLP-
based 3D printing technology to obtain artificial
cardiac tissue and detect the expression of mature
cardiac marker genes. The work will promote the
development of artificial cardiac tissue®*.

4.5 Spinal cord

The spinal cord, together with the brain, is called
the central nervous system (CNS). Itis a cylindrical
structure and consists of nerve fibers and associated
tissues. In USA, there are more than 50,000 people
who are suffering from the diseases of spinal cord
injury (SCI). Due to the importance of CNS, SCI
causes significant influence on patients and is hard

20 International Journal of Bioprinting (2020)—Volume 6, Issue 1
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to cure. Recently, the artificial spinal cord shows
great potential in assisting SCI repairt>*6%63,

The 3D printing technology allows the
fabrication of personalized scaffolds that are
matched with the patients’ injured sites. The
microstructure can promote SCI repair by
stimulating, guiding, and aligning axon. However,
due to the complex inner structure of the spinal
cord, it is difficult to construct a spinal cord
structure in detail®?. The technology of DLP 3D
printing provides a method to manufacture such
complex and precise structures. Using this rapid
3D printing technology, Koffler et al. printed 3D
biomimetic hydrogel scaffolds suitable for rodent
spinal cord size in several seconds (Figure 3E).
The printed scaffolds can encapsulate the neuronal
progenitor cells (NPCs) and promote axonal
regeneration. After implanting the bionic scaffold
to replace the injured site, the damaged axons
regenerated and entered to the scaffold and
synapsed with NPCs. The NPCs extended to and
synapsed with the host spinal cord below the
injury. The scaffold formed a new “contact” across
the entire spinal cord and improved the recovery
of the function of spinal cord. The artificial spinal
cord tissue can be extended to human spinal cord
size and fit to any shapes.

The 3D bioprinting has been widely used in
fabricating various tissues and organs. Inkjet and
extrusion bioprinters are good methods to solve part
of the problems in tissue engineering. However,
these two methods also have limitations. First,
they are nozzle-based 3D printing technology.
Due to the small aperture of the nozzle, used to
deliver bio-ink, cells will be stressed and damaged
during passing through the nozzle. Next, the
printing resolution is limited by the aperture of
the nozzle, which is usually bigger than 50 um.
Finally, the printing speed of these methods is not
very high. Cells would subside to the bottom of the
printing ink in the process of printing!'®¢*3, DLP
3D bioprinting is a rapid, precise and mild printing
method. The printing speed is approximately
~1000% times faster than the traditional nozzle
printers'®. The X- and Y-resolutions can reach
6 um. Thus, DLP 3D bioprinting has advantages
in fabricating living tissues with complex and

miniscule structure, such as liver, lung and other
vascularized tissues.

5 Pharmacy

The 3D printing technology can be used in all
phases of pharmacy research, including drug
discovery, development, and delivery!®l. Despite
the continuous improvement of detection
equipment and technology, achievement in
discovery and development require a long time
and high cost, which are mainly reflected in
screening drugs from a large number of candidates
and researching their absorption, metabolization,
toxicity, etc. As described in the previous section,
the DLP 3D printed tissue or organ or disease
model can simulate the real situation of human
body. It can be used to discover and develop drugs
in vitro and replace part animal experiments!*?.
High-accuracy 3D printing allows the fabrication
of pharmaceutical preparations with fine
structures, and control the position and dose of
drugs precisely.

5.1 Drug discovery and development

In the early stage of drug development, 3D
printing products have important applications
in early and high throughput drug screening
due to their complex bionic structure and good
repeatability!®”). It is difficult to get a satisfying
result by applying traditional 2D and 3D disease
models for drug screening. These disease models
lack bionic structures, vascular networks, and
complex microenvironments. In the section of
tissue engineering, it has been discussed that
DLP-based 3D printing can build complicated
vascularized tissues, which can also be used in
fabricating disease models correspond to those in
the human body. If these models were applied in
drug screening, the results might be more accurate.
On the cover glass, an alginate loaded gel chip
loaded with Escherichia coli was printed on the
cover glass as a platform for high-throughput
screening of micro drugs®®l. Three drops of
the antibiotic mixture (penicillin/streptomycin,
antifungal agent, and kanamycin sulfate) were
added to evaluate the bioactivity, function,
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and antibacterial activity of antibiotics. Thus,
DLP-based 3D printing provides a rapid method
for disease modeling. Especially for precision
medicine, high throughput drug screening is very
important. The disease model based on patient’s
cell can get an accurate screening result. Besides
drug screening, the researches of cancer models
can provide new solutions for cancer therapy.

Developing a drug, it is required to study its
absorption, metabolization, excretion, optimal
dosage, and toxicity. Most measurements are
carried out in the traditional 2D monolayer
culture system, which cannot simulate the natural
3D tissue microenvironment. Hence, the results
are greatly different between the in vivo and in
vitro tests!®). Artificial tissue fabricated by 3D
printing can simulate the state of the tissue in vivo
more effectively and can quickly and cheaply
carry out pharmacological, toxicological, and
pharmacokinetic studies, so as to reduce the
losses caused by pharmacodynamic, and toxicity
problems found only in animal or clinical trials!'*7".
The 3D printed liver and kidney tissues have been
applied to testing drug metabolism. For example,
Ma et al. studied drug metabolism by their printed
hepatic model. Treating the biomimetic hepatic
model with an inducer, they characterized the
expression levels of CYP which includes several
key enzymes for drug metabolism. They found
significant increases in three key enzymes. The
positive response indicated that the inducer can be
cleared by liver.

5.2 Drug delivery

As a manufacturing technology, DLP-based
3D printing technology can also be used in the
preparation of the drug delivery system with
customized dosages, shapes, sizes, and release
ways. In 2015, the FDA approved a 3D-printed
drug to accurately control the structure and dosage
of the drug. Through 3D printing technology, the
tablet is constructed in microporous structures,
which will dissolve immediately after oral
administration. Patients who have difficulties
in swallowing can easily take the tablet’"). This
technology also encourages the development of 3D
printed drug delivery system. The delivery system

can also mix or print multi-drug layers to control
drug release. Adding drugs at fixed points on drug
delivery vectors can control the time of drug release
to achieve the purpose of accelerating or delaying
drug release. Printing different drug layers can
make drugs release at intervals according to their
structural characteristics. Changing 3D printing
can make drug release at intervals according
to their structural characteristics!’?. The filling
degree of the printed preparation can accurately
customize personalized drugs containing different
dosages. Liu et al. fabricated microhydrogels with
predesigned shapes and sizes to carry drugs. The
microhydrogels are small enough to be injected
through a 1-mL syringe in a noninvasive way!'".
Tao et al. encapsulated PDA nanoparticles into
the microhydrogels (Figure 4A). Then, the
microhydrogels are injected into the location of
bacterial infection to improve tissue recovery!’*.
The 3D printed implants can act as drug delivery
systems. The 3D printed post-operative filler
of drug-loaded gene drugs for patients with
glioma, which can continuously release drugs
to eliminate residual tumor cells and avoid
recurrence of tumors™. Xu et al. encapsulated
RGFP966 nanoparticle into 3D printed nerve
conduits to improve nerve regeneration and repair
(Figure 4B)>!. Taking theophylline as the model
drug, Hossam et al. used PEGDA at various
concentrations to fabricate tablets (Figure 4C).
Then, they studied the release of theophylline from
the printed tablets. The DLP-based 3D printing is
flexible in fabricating personalized drug delivery
systems by changing printed structure, polymer
concentration, and printer parameters, including
light intensity and wavelength and exposure time.
Therefore, this printing technology has great
potential in fabricating personalized drugs!*/.
Taking advantage of DLP-based 3D printing
technology, printed products can significantly save
the drug discovery time and cost and accelerate the
accuracy of drug screening. Meanwhile, the printed
tissues or cancer models formed by the patient’s own
cells could be used for precision medicine. Last but
not least, the DLP-based 3D printed drugs or drug
carriers can be designed with specific structures,
precise dosages, and personalized release ways.
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Figure 4. DLP 3D printing of drug delivery system: (A) A range of injectable microhydrogels encapsulating drugs™, (B)

functionalized nerve conduitst”, (C) microstructure of 3D printed tablets! 4.

6 Challenges and future perspectives

As one of the 3D printing techniques, DLP-based
3D printing inherits the advantages of fabricating
complex personalized productions. Meanwhile,
this technique has its own characteristics of high
precision, fast speed, and mild condition. Thus,
on the basis of conventional medical applications,
DLP-based 3D printing can improve the accuracy
and cell livability of the fabricated products.
As a result, the medical models manufactured
by DLP 3D printing can better simulate the
real states or locate implants. The devices with
precision structures are more sensitive. The
microstructures of tissues can be accurately
built to obtain engineered tissues and organs for
organ transplantation, disease research, and drug
development. Furthermore, DLP 3D printing
can manufacture predesigned microstructures of
pharmaceutical and accurately control the position
and doses of drugs.

The printing equipment and materials are the
foundation of applications in medicine, which are
increasingly developed. Some breakthroughs have
been made. Continuous liquid interface printing
improved the resolution and speed of DLP 3D
printing®?®. Using tomographic reconstruction
can fabricate a volumetric construct at oncel*!l.

Metal, glass, and ceramic products can be
obtained through printing and sintering. More
and more materials are developed in DLP-based
3D printing!’®.. For example, the materials include
functionalized materials, initiator-free materials,
and non-toxic initiators. Although DLP 3D
printing technology has made advancements,
it still takes some deficiencies!'?. The materials
choice is limited to only photosensitive polymers.
Many excellent materials cannot be printed
directly. They are required to be combined with
photosensitive polymer or chemical modified
by photosensitive groups. To accelerate the
photopolymerization,  photoinitiator, —mostly
having toxicity, is required to be added in the
mixed inks. When the light is projected from
top-down in DLP-based 3D printer, the materials
are not extruded by nozzles, but pre-filled the
container. It may raise the concerns of materials
wastage and cost increases. With the development
of 3D printing technology, there will be more
equipment and materials emerging in the future.
There is forced onto the cells as well when the
printing platform is lowered or the platform is
separated from the printed surface. The repeated
lifting of printing platform should be avoided
or reduced during printing. More studies are
required to reduce the separating force between
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the platform and the printed surface. Meanwhile,
more clinical researches and improved law systems
are required to regulate the use of 3D printed
products. The clinical researches would provide a
good foundation for making the rules. These, the
rules could guide doctors or researchers to use 3D
printing technology for medical applications.
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