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A B S T R A C T

Escalating cases of organ shortage and donor scarcity worldwide are alarming reminders of the need for alter-
natives to allograft tissues. Within the last three decades, research efforts in the field of regenerative medicine and
tissue engineering continue to address the unmet need for artificial tissues and organs for transplant. Work in the
field has evolved to create what we consider a new field, Regenerative Engineering, defined as the Convergence of
advanced materials science, stem cell science, physics, developmental biology and clinical translation towards the
regeneration of complex tissues and organ systems. Included in the regenerative engineering paradigm is advanced
manufacturing. Three-dimensional (3D) bioprinting is a promising and innovative biofabrication strategy to pre-
cisely position biologics, including living cells and extracellular matrix (ECM) components, in the prescribed 3D
hierarchal organization to create artificial multi-cellular tissues/organs. In this review, we outline recent progress
in several bioprinting technologies used to engineer scaffolds with requisite mechanical, structural, and biological
complexity. We examine the process parameters affecting bioprinting and bioink-biomaterials and review notable
studies on bioprinted skin, cardiac, bone, cartilage, liver, lung, neural, and pancreatic tissue. We also focus on other
3D bioprinting application areas including cancer research, drug testing, high-throughput screening (HTS), and
organ-on-a-chip models. We also highlight the current challenges associated with the clinical translation of 3D
bioprinting and conclude with the future perspective of bioprinting technology.

1. Introduction

The human body has limited capabilities for regeneration. Current
treatment options to replace damaged tissue and organs rely on obtaining
tissue from the same individual or transplantation from cadavers. There
are limitations to these treatments that include donor site morbidity and
donor scarcity. These circumstances further support the need for biolo-
gical substitutes and the fields of tissue engineering and regenerative
medicine have worked towards this end. Work in the field has evolved to
create what we consider a new field, Regenerative Engineering, defined
as the Convergence of advanced materials science, stem cell science,
physics, developmental biology and clinical translation towards the re-
generation of complex tissues and organ systems [1]. Included in the
regenerative engineering paradigm is advanced manufacturing.

Three-dimensional (3D) bioprinting, is a state-of-the-art technology
to fabricate biological constructs with hierarchical architecture similar to
their native counterparts. Developing living functional tissues by artifi-
cial means can address an unmet need in tissue replacement and organ
transplantation [2,3]. With this perspective, bioprinting is gaining
overwhelming acceptance from doctors and researchers across the globe
as a viable option to improve the lives of disease-stricken patients.

In essence, bioprinting is an extended application of rapid proto-
typing or an additive manufacturing technique to print bio-functional
materials in a layer-by-layer (LbL) manner on substrates when em-
bedded in cytocompatible biomaterials [4]. The process refers to
printing and patterning cells, or other biological entities, directly on a
substrate or tissue culture dish through an automated dispensing
system. This fascinating development ensures that individual cells and
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multiple cell types are held together when dispensed in biocompatible
materials to form desired 3D functional structures [5–7]. Biomaterials
consisting of cells, base structure material, and other requisite compo-
nents are referred to as ‘bioinks’ [8]. Cell-based bioinks are then fab-
ricated into desired shapes and sizes with geometrical complexities to
create multifaceted 3D mimetic tissue constructs. This serves as a pro-
mising gateway for organ and tissue printing to create new and func-
tional 3D tissues from a source of cells [9,10].

3D printing facilitates the application of scaffold-based or scaffold-free
tissue and organ constructs, mini-tissues, and organ-on-a-chip model sys-
tems to generate functional human organs–such as heart, kidneys, skin, and
liver–on a large-scale in the upcoming future [11–17]. Using a 3D bio-
printer allows for the proper distribution and positioning of biomaterials,
signaling factors, and heterogeneous cells in high densities to form tissue-
engineering constructs (TECs). The quality of the final bioprinted scaffold is
influenced by its biocompatibility, biodegradability, cellular response, and
the tissue-microenvironment where it is exposed [18]. Moreover, 3D bio-
printed constructs with interconnected pores and large surface areas sup-
port cell attachment, growth, intercellular communication and exchange of
gas and nutrients, a notable advantage over traditional−solvent casting,
phase separation and melt molding techniques [19].

To recapitulate aspects of the complex 3D micro-tissue environment,
bioprinting can generate identical biomimetic 3D scaffolds with uniform
cell distribution to form reproducible 3D cell culture. Such biomimetic 3D
printed models can substitute the conventional 2D cell culture where cells
are grown as monolayers on hard polystyrene coated plates, which
therefore primarily lack the dynamic and complex cell-cell and cell-matrix
interactions [20–22]. Bioprinted cell-laden 3D scaffolds provide spatial
depth and better cell-cell communication for improved in vivo physiology.
This can also contribute to, or even eliminate, the need for animal tests
that cannot accurately predict the human toxicological and pathophysio-
logical responses [23]. Creating in vitro conditions that can closely mimic

the in vivomilieu will not only be cost-effective but will also allow batch to
batch consistency and improved control over individual variables. This
would, in turn, be fundamental to understanding and contributing to de-
livery applications, drug discovery, and testing of new materials [24].

Despite being a relatively young while innovative tissue engineering
technology, 3D bioprinting has several challenges. These include: (1)
identification of biodegradable and biomimetic printable materials that
enable prompt cell attachment and proliferation, (2) the need for vascu-
larization at the single-cell level, (3) complex patterning of heterocellular
tissues and (4) maintaining cell viability and long-term functionality post-
printing until remodeling and regeneration is complete [2,6,7,25].

At the outset, this review will focus on prime bioprinting strategies
currently used for 3D tissue/organ engineering with an emphasis on the
impact of 3D printer process parameters on the bioprinted constructs. We
present a comprehensive overview of several natural, synthetic, and com-
posite bioinks applied to print 3D tissue models, and provide insight into
cells as the critical component of bioinks and peptide-based bioinks. We
outline the recent and on-going research in 3D bioprinting of skin, cardiac,
bone, cartilage, liver, lung, neural, and pancreatic tissues followed by the
progress made in their clinical translation. We will also discuss the current
state of 3D bioprinting applications in the context of organ-on-a-chip
models, cancer research, and high-throughput screening. Finally, we will
highlight particular challenges and limitations associated with the trans-
lation of cell-laden 3D models from lab research to clinical utilization, and
discuss the perspective solutions to secure the seminal benefits of bio-
printing technology to create on-demand tissues/organs for human needs.

2. Strategies for bioprinting

The success of tissue engineering chiefly depends on the ability to
formulate complex, cell-laden 3D structures that intimately resemble the
original living tissues. Therefore, the strategies put to use to design and

Fig. 1. Schematic figures showing the Bioprinting modalities. (A) Inkjet Bioprinting systems including Thermal and Piezoelectric Drop-On-Demand (DOD) based
mechanisms. (B) Laser-Assisted Bioprinting system; Laser-Induced Forward Transfer mechanism. (C) Extrusion-based Bioprinting systems including Pneumatic
pressure, Piston and Screw assisted mechanisms. (D) Acoustic Bioprinting system; a type of DOD mechanism. (E) Stereolithography Bioprinting systems including
SLA and DLP (Digital Light Processing) Laser-based mechanisms. (F) Magnetic Bioprinting system; cells are shown within the culture media.
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create the architecture and topography of biomaterial scaffolds are a
vital aspect of functional tissue engineering. Functional scaffolds can be
prepared by following either top-down or bottom-up approaches [26].
There are different bioprinting strategies depending on their funda-
mental working principles for fabricating functional tissue constructs,
namely inkjet-based bioprinting, laser-assisted bioprinting (LAB), pres-
sure-assisted (extrusion) based bioprinting, acoustic bioprinting, stereo-
lithography (SLA)-based bioprinting, and magnetic bioprinting [18,27].
These bioprinting strategies can be used alone or in combination to
achieve the desired additive manufacturing objective and tissue fabri-
cation. These strategies are schematically described in Fig. 1.

2.1. Inkjet-based bioprinting

Inkjet-based printing is the most widely understood printing tech-
nology derived from the conventional 2D desktop inkjet printers. In this
non-contact bioprinting process, the image reconstruction is based on
creating and precisely positioning picoliter volume (1–100 pL) droplets of
“bioink” on a substrate under computer control [29]. Each droplet of
bioink holds 104-304 cells [30]. The drops of ink used in bioprinting are
formed by two strategies: (1) continuous inkjet printing (CIJ) and (2) drop-
on-demand printing (DOD). Briefly, CIJ printing relies on the inherent
tendency of liquid stream to flow and undergo morphological transfor-
mation leading to continuous-discrete drops of ink (by Rayleigh-plateau
instability). The drops are electrically conductive and are easily steered to
their respective locations under the influence of electric or magnetic fields.
The ink drop diameter ranges from 10 to 150 μm. On the contrary, DOD
printing as the name suggests generates drops of bioink over the substrate
when required. Comparatively, CIJ based bioprinters generate drops at a
much faster rate than DOD systems. However, the requirement for con-
ductive fluid inks and risk for contamination during fluid recycling hinders
their use for biomedical applications. Instead, DOD based bioprinters are
well suited for material deposition and patterning for their precision and
minimal waste of bioink [31].

The DOD can be created by thermal, piezoelectric, or acoustic ap-
proaches [27]. The commonly used inkjet bioprinters utilize heat or
mechanical compression to create and eject drops. The ejected drops
mostly have a diameter of<30 μm which offers high resolution. A
thermal inkjet bioprinter consists of an ink chamber with a nozzle and a
heating element (a thin film resistor) [32]. To generate a drop, a short
electric pulse is applied to the resistor, generates heat, and forms a small
vapor pocket or bubble. The bubble inflates or collapses when the heat is
removed. These expanding and collapsing forces drive the ink drops of
various volumes out of the nozzle orifice [33–36]. Thus, thermal inkjet
bioprinters are also referred to as “bubble jet bioprinters.”

In piezoelectric inkjet, the pressure pulse is generated by mechan-
ical actuation of piezoelectric crystals that are placed on the back of an
ink chamber that causes them to vibrate. The inner vibrations pressure
the bioink droplet out of the nozzle. The thermal inkjet technology is
simple, efficient, economical, and hence preferred. However, frequent
clogging of nozzles by bioink gelation and production of unequal sized
drops disturbs the smooth printing process [37]. Another challenge
involves the thermal and shear stresses involved in creating bioink
drops that may affect cell viability. According to several reports, during
the printing process, cells are not greatly affected by an increase in the
local temperature up to 300 °C due to short exposure of 2 μs [38–41].
While, the vibration frequencies and power levels in piezoelectric based
bioprinting can disrupt cell membranes and the structure of biomole-
cules, such as the unfolding of proteins [42], Saunders et al. reported
appreciable cell viability (> 90%) of human fibroblasts post-printing
using a piezoelectric inkjet printer [43–45]. Overall, thermal inkjet
bioprinters are widely used for printing biological entities [42].

2.2. Laser-assisted bioprinting

This bioprinting strategy stems from the laser-induced forward

transfer (LIFT) effect to print different living cells and biomaterials with
precision and micrometer resolution [46]. Originally developed for the
direct writing of metals, LIFT has been successfully applied to deposit
biological materials such as cells, nucleic acids (DNA), and peptides using
a laser pulse repetition rate of 5 kHz [47–50]. In 2004, Barron and col-
leagues developed a biological laser printer (BioLP) to transfer biological
patterns to substrates with spatial accuracy of>5 μm [51]. LIFT based
bioprinters or LAB mainly consist of (a) an energized pulsed laser (mostly
infrared laser), (b) target or ribbon which serves as donor film of bio-
logical material, and (c) a receiving substrate to collect the printed ma-
terial. The ribbon assembly includes a laser-transparent substrate (e.g.
quartz or glass) coated with a thin layer of laser-absorbing metal (e.g.
gold (Au) or titanium (Ti)). Bioinks comprising of cells or molecules
(organic component) in liquid or gel solution (e.g. culture media, col-
lagen) are then deposited over the metal-film support. The incident laser
light vaporizes the metal film causing ejection of bioink droplets, which
are subsequently received on the facing substrate [52–54].

During this process, the laser-cell interactions and cell-substrate
interactions can alter cellular integrity [53,55]. However, LAB being an
orifice-free technology can work with bioinks with varied viscosities
ranging from 1 to 300mPa s and cell concentration ~108 cells mL−1

[2]. Hence, LAB is highly versatile to fabricate heterogeneous tissue
constructs with high cell densities, high resolution (10–100 μm), and
various sizes to closely mimic their native physiological counterparts.
Other advantages include automation, reproducibility, and high-
throughput that makes LAB an attractive approach for 3D tissue fabri-
cation. An important consideration for LAB is the selection of bioma-
terial. The selected biomaterials should exhibit fast gelation kinetics
(i.e. rapid cross-linking) and ensure compatibility of working wave-
lengths to preserve the resolution and arrangement of cells and bio-
materials in 3D printed constructs, which is a challenging aspect of the
printing process. Moreover, gravitational-settling of cells in solution
and long-fabrication times are other major concerns.

2.3. Extrusion-based bioprinting

Pressure-assisted or extrusion-based bioprinting is the most popular
approach in research and commercial areas to create 3D cell-laden
constructs. Thermal inkjet bioprinters can only dispense low viscous
bioinks with<10mPa.s air bubbles [56]. Highly viscous bioinks cannot
be ejected out of its nozzle orifice. In extrusion bioprinting, bioinks are
placed in disposable medical-grade plastic syringes and then dispensed
pneumatically or mechanically (piston or rotating screw) onto sterile
substrates. The set up with piston-driven deposition provides extended
control overflow of bioink while screw-driven systems enable good
spatial control and are valuable for depositing highly viscous bioinks.
The pneumatic driven system is advantageous in depositing bioinks of
various types and viscosities by modulating pressure and valve gating
time [57]. Upon applying pressure, highly viscous bioinks flow out as
seamless cylindrical filaments (diameter ~150–350 μm) [5,58]. The
printed filaments are then cross-linked by light (mostly UV), enzymes,
chemicals, or heat to form mechanically durable structures.

To dispense thermo-sensitive and light-sensitive polymers, the tem-
perature of the ink container and receiving platform are primarily
maintained to control bioink viscosity and induce in situ gelation [59].
Other parameters such as air pressure, extrusion speed, collecting plat-
form position, and type can also be adjusted which directly affects the
printing fidelity and resolution. However, high pressure and rapid speed
can induce shear stress, which in turn reduces cell viability, an un-
desirable outcome. Other concerns include frequent nozzle clogging and
inferior resolution (200–1000 μm) [5,60]. Thus, the printing parameters
must be carefully optimized to ensure stable printed structures, without
affecting cell viability, to reap the benefits and ease of extrusion printing.

To fabricate custom 3D structures, the desired shape is first created
using CAD/CAM (computer-aided design/manufacturing) in STL
(standard template library) file format and then printed LbL to a
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particular thickness [20]. Recent extrusion bioprinters are equipped
with multiple printer heads that allow simultaneous deposition of dif-
ferent bioinks with minimal cross-contamination [61]. Furthermore,
they permit better control over porosity, shape, and cell-distribution in
the printed construct. A myriad of cell types and designs have been
printed as tissue substitutes [62,63]. Other biomolecules including
DNA, RNA, and peptide fibrils have also been 3D printed with this
technology [50,64]. Extrusion bioprinting is highly versatile and
therefore most suited to fabricate scaffolds or prosthetic implants for
tissue engineering.

2.4. Acoustic bioprinting

Single-cell manipulation and building 3D structures using surface
acoustic wave technology have added a new dimension to bioprinting
[65]. Acoustic or sound waves can move cells in different directions to
fabricate intricate 3D patterns. Acoustic bioprinters work on the prin-
ciple of generating and depositing cell encapsulated picoliter droplets
from an open-pool of bioink in the presence of a gentle acoustic field.
Being a nozzle-free technology, it eludes clogging issues and protects
cells from detrimental shear stresses, heat, and pressure frequently
encountered with DOD printers [66]. Over a decade ago, investigators
designed an acoustic bioprinter to encapsulate and print multiple cell
types (stem cells, fibroblasts, hepatocytes, cardiomyocytes, etc.) in
biological fluids at high throughput levels while preserving cell viabi-
lity (> 85%). It comprised of a single or an array of 2D microfluidic
channels to hold bioinks in position. The acoustic ejector was made of a
piezoelectric substrate (lithium niobate/tantalate, murata and quartz)
with interdigitated Au rings on top to build surface sound waves on
demand. These circular sound waves formed an acoustic focal point at
air-fluid interface. When the acoustic vibration forces exceeded the
surface tension of bioink, acoustic droplets generate. The diameter of
the droplets varies as a function of acoustic frequency. The picoliter
droplet ejection rate ranges from 1-104 droplets per second [67,68].

Recently, researchers demonstrated the use of 3D acoustic tweezers
utilizing standing surface acoustic wave (SSAW) technology to pick up,
translate, and deliver single cells or cell assemblies to make 2D or 3D
patterns. This technique prints cells in a precise, non-invasive, label-
free, and contact-free way [65]. However, the potential of acoustic
bioprinting to combine multiplexed cell types and other growth factors
to form biomimetic cell-laden scaffolds requires further exploration.

2.5. Stereolithography bioprinting

Stereolithography (SLA) bioprinting is another technical approach
to fabricate 3D patterned scaffolds with micro-and nano-architecture
[69,70]. 3D scaffold structures created using common printing techni-
ques usually lack the properties to allow users to control the porosity,
resolution, and mechanical properties. SLA bioprinting is a typical light-
assisted direct printing method to cure light-sensitive bioinks in a LbL
process to additionally build-up materials. It is a projection-printing
system which employs a light projector to cross-link photo-curable
bioinks plane-by-plane [71,72]. The printing time for each layer is in-
dependent of the layer complexity and size. The total printing time can
be estimated from the thickness of the structure. 3D cell encapsulated
structures with resolution as low as 100 μm and very high cell viability
(> 90%) have been printed in less than 30min using SLA [73]. Visible-
light cross-linkable bioinks of polyethylene glycol diacrylate (PEG-DA)
and gelatin methacrylate (GelMA) hydrogels, combined with fibroblast
(NIH 3T3) cells, were SLA printed with a low-cost setup, 50 μm re-
solution, and 85% cell viability [74]. In a recent study, SLA bioprinting
was combined with electrospinning for neural tissue engineering.
Aligned electrospun fibers of polycaprolactone (PCL)/gelatin compo-
site, combined within SLA 3D printed microporous scaffolds of PEG-DA
with 66% porosity, were determined to improve neural cell behavior
and mechanical properties [75].

2.6. Magnetic bioprinting

Assembly of 3D multitype co-cultures in the laboratory has become
possible with magnetic 3D bioprinting (M3DB) based on the principle of
magnetic levitation [76]. This technique provides various advantages of
fine spatial control, endogenous synthesis of ECM without needing any
artificial protein substrate, and the capability to print multiple tissue-
like structures rapidly [77,78].

Primarily, it is a contactless technique employing two distinct
strategies for manipulation and assembly of cells into shaped structures
[79]. First, in the label-free diamagnetophoretic printing the cell-
medium is mixed with a paramagnetic buffer and then exposed to an
external magnetic field to form cell aggregates [80]. In the second
approach, cells are incubated with nanoparticle assembly consisting of
poly-L-lysine, magnetic iron oxide (Fe3O4, magnetite), and gold nano-
particles (NanoShuttle-PL) that form a gel via electrostatic interactions.
When the cells take up the gel they become magnetic, which allows for
their manipulation, enabling the cells to levitate off the plate surface
and into the media where they form cell aggregates [78]. The magne-
tized cell aggregates are then guided into 3D patterns using mild
magnetic forces generated by a prefabricated magnetic template. Spa-
tial patterning of the cell aggregates can be altered by varying the shape
of the magnetic template used [81].

Tissues of fat, lung, aortic valve, blood vessels and tumors of glio-
blastoma and breast have been fabricated by similar methods; all of which
showed in vivo-like protein expression and ECM [82]. With this foundation
of M3DB, Tseng et al. validated spheroid contraction as a biologically
relevant cytotoxic endpoint using 3T3 murine embryonic fibroblasts in
response to five toxic compounds. This study revealed that the assay de-
veloped, employing M3DB spheroids to determine cytotoxicity in a 3D
microenvironment, could overcome limitations of handling, speed,
throughput, and imaging of other 3D cell culture platforms [82].

Further, they proposed a 3D in vitro model for the evaluation of
uterine contractility physiology using human uterine myometrial cells.
Patient-derived myometrium cells were magnetically printed into
hollow rings for throughput uterine contractility analysis over time and
as a function of various clinically relevant agents. These printed uterine
rings, derived from different cell origins and patients, differed in their
contractility patterns and response to the uterine contractility in-
hibitors, nifedipine, and indomethacin. This study could address the
need for high-throughput evaluation of multiple agents and conditions
in uterine contractility for clinical research [83].

3D pancreatic cancer organoids in standard flat-bottom well plates
were developed by Hou et al. employing M3DB and cell-repellent
forces. Inhibitory effect of ~3300 clinically approved drugs was tested
against pancreatic cancer patient-derived cells (including cancer-asso-
ciated fibroblasts, CAFs) [84]. Further, Baillargeon et al. used similar
technology to extend the conventional 96- and 384- well microtiter
plate densities to 1536- well plate for executing automated large-scale
screening. The strategy was found to be efficient for fully automated
large-scale spheroid and organoid production to support high
throughput screening [85].

3. Process parameters affecting 3D bioprinting

Extensive literature is available focusing on 3D bioprinting for tissue
engineering and bioengineering applications. However, the process
parameters involved in extrusion-based bioprinting translating 2D or
3D designs of tissues or organs into synthetic structures under computer
control are seldomly addressed. Proper knowledge and understanding
of such process variables can prompt the fabrication of user-defined 3D
hierarchical structures that accurately reflect the native tissues. The
diameter of the deposited/printed strand (strut) predominantly influ-
ences the overall porosity, mechanical strength, and layer height of the
scaffold. Several factors affect printing fidelity, including solution
viscosity, applied pressure, printing speed, and printing distance are
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critical working parameters of a 3D bioprinter. These parameters are
interrelated and require proper optimization to ensure a reproducible
bioprinting process [86].

The viscosity of the solution or bioink is of utmost importance to
produce 3D printed cell-laden constructs in cases of inkjet and extru-
sion-based bioprinting [87]. In such cases, an ideal printable bioma-
terial should have sufficient viscosity to enable smooth nozzle extrusion
and rapid solidification post-printing, either through gelation or shear
thinning properties. Frequent clogging of the nozzle occurs with highly
viscous inks while deformation and collapse of structures occur with
low viscous materials [88]. On the other hand, viscosity is not a lim-
itation for laser-assisted bioprinting technology since there is no ejec-
tion from the nozzle in these methods [89]. Therefore, bioink viscosity
requires modification depending on the type of bioprinter used [87].
Numerous bioprinters have different working ranges of viscosity. The
common inkjet or droplet-based bioprinters have a viscosity value close
to 10mPa.s, LAB bioink viscosity ranges from 1 to 300mPa.s, and ex-
trusion-based bioprinter viscosity ranges from 30-6 x 107mPa.s
[9,87,90–93]. In addition, increasing the concentration of bioinks di-
rectly affects cell viability. Cell migration and proliferation are in-
hibited due to the entangling of polymer chains with an increase in
bioink concentration, which reduces the cell viability [94]. Printability,
shape fidelity, structural resolution, and cell survival of the 3D printed
construct are greatly affected by the bioink composition which dom-
inates cross-linking during pre and post gelation processes [92,95,96].
In the subsequent section, we present a brief overview of the different
bioinks that influence scaffold properties.

3.1. Bioinks

The solution or hydrogel form of biomaterials loaded with desired
cell types is referred to as bioinks. Bioinks are crucial for bioprinting to
develop functional tissue or organ constructs [92,95]. The terms
bioinks and biomaterial bioinks are often used interchangeably. How-
ever, the cellular component is defined as a bioink if it is constructed in
3D on or within hydrogels. On the contrary, the term biomaterial bioink
is used for the hydrogel precursors or aqueous polymer formulation that
can contain biological factors and be used for subsequent cell seeding or
in vivo studies [97]. Bioinks are further divided into four different
classes on the basis of their roles. (1) Structural−bioinks support cell
adhesion, proliferation, differentiation, imitate extracellular matrix
(ECM) during cell multiplication, and maintain the mechanical in-
tegrity of the construct. (2) Fugitive−bioinks or sacrificial bioinks are
temporary materials that can be rapidly removed to form internal voids
or channels in a 3D printed construct. (3) Support−bioinks are non-
biologic materials with good mechanical strength to resist loads and
provide mechanical support for softer materials or complex structures
during the printing process. (4) Functional-bioinks provide mechanical,
biochemical, and electrical signals to influence cellular behavior post-
printing [98]; sacrificial and support bioinks are technically biomaterial
inks rather than bioinks. The functionality of final printed tissues and
organs depends on the rheological, mechanical, and biological prop-
erties of the bioink [96].

The polymers used in bioinks can be natural, synthetic, or a com-
bination of both. They promote beneficial cellular interactions, in-
creased cell proliferation, motility, and differentiation [95,96]. Some of
the natural polymers widely used as a base for bioinks include alginate
[99], collagen [100], silk [101], dextran [102], gelatin [103], fibrin
[104], agarose-chitosan [100], agarose [105], gellan gum [106], hya-
luronic acid (HA) [107], de-cellularized matrix [108], matrigel [91],
and hydroxyapatite (Hap) [109]. Synthetic polymers include poly-
ethylene glycol (PEG) [110], methacrylated hyaluronic acid (HAMA)-
methacrylated poly[N-(2-hydroxypropyl)methacrylamide mono/di-
lactate (Phpma-lac)/PEG [111], polyvinylpyrrolidone (PVP) [112],
poly(ε-caprolactone) (PCL) [104], pluronic [113], poly(glycidol)-HA
(PG-HA) [114], and polyhydroxybutyrate (PHB) [115]. Tables 1–3

review the use of several natural, synthetic, and composite materials
used as base biomaterials with distinct cell types to formulate bioinks,
respectively.

The most predominant approach in using additive manufacturing
technologies in tissue engineering is cell-seeding of the porous scaffold
after printing them, using biomaterial inks rather than cell contained
bioinks. This approach has a crucial limitation as it usually hinders even
distribution of cell density in a way that cells will be more populated on
the edges of the construct; this heterogeneous cell density can lead to
unsuitable oxygen gradients from edge to core of the construct which
can affect the cell growth and proliferation negatively [116]. Bio-
printing or printing cell contained bioinks can bypass such a limitation
as the cells will be homogeneously distributed within the bioinks and
consequently within the printed construct. In this approach, the char-
acteristics of the biomaterials that are used as the base for the bioinks
can largely affect the cell encapsulation process and cell viability. One
such characteristic is the encapsulating hydrogel's moduli; generally
low moduli hydrogels (< 1 kPa) behave better in terms of cell attach-
ment, viability, expansion, and proliferation [117,118].

As mentioned above, cells are the primary and important compo-
nent of bioinks and need to be considered first before choosing the base
biomaterials. The suitable cell density and cell type or combination of
cells for bioinks should be determined based on the tissue of the in-
terest; for example, for bone tissue engineering 5 to 10 million cells per
milliliter of bioink can be optimal [116].

3.1.1. Cell density
One important factor to be considered regarding the cell component

of bioinks is cell density. It is important to have enough live cells after
the printing process to yield the suitable cell density, as the process will
apply some forces to the cells within the bioinks that can lead to some
extent of cell necrosis. This issue even exacerbates in cases of using high
polymer content hydrogels as a base for the bioink due to the high
forces and stress on encapsulated cells from the concentrated polymer
content. Cell density is crucial for finding the best printing strategy as
different bioprinting techniques have different cell viability outputs;
inkjet-based, laser-assisted and stereolithography techniques have cell
viability outputs of more than 85% while the extrusion-based bio-
printing yield only 40%–80% cell viability [38,55].

Bioprinting of large-scale tissues or organs is even more challenging
in terms of cell viability as it will be challenging to maintain enough
cell viability within the first printed layers of the construct when the
printing time is more than a few hours. Moreover, the cell density that
can be used with each technique is different, the inkjet-based technique
can provide low cell density (< 106 cells/mL), laser-assisted and ste-
reolithography can work with medium cell density up to 108 cell/mL,
while extrusion-based technique yields high cell density and even cell
spheroids [2]. From the printing process point of view, cell density also
affects the viscosity of the bioinks, the higher the cell density the higher
the average viscosity, and this can affect the final construct's fidelity
and the functionality of the printed tissue or organ [38,91]. These
points need to be considered when adding a cell population to a hy-
drogel to make a bioink.

3.1.2. Cell type
The cells that are used within the bioinks can be either functional

primary cells or stem cells that can be chosen based on the tissue or
organ of interest [104,119–124]. Primary cells can be a good choice in
cases of bioprinting of single tissues especially in the case of extrusion-
based bioprinting since stem cells are more prone to environmental
stimulation. When stem cells are forced to pass through narrow needle
channels their membrane integrity, differentiation capacity, and pro-
liferation rate may be negatively affected [125,126]. Conversely, for
complex tissues or organs, stem cells are a better choice since different
cells need to be embedded in various biomaterial inks, which increases
the complexity of the printing process and the potential for errors.
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Although multiple cell bioprinting, or generally multiple bioink
printing, is practical using multi-head bioprinters such as the com-
mercially available 3-D Bioplotter (EnvisionTEC, Germany), there are
limitations on the number of bioinks used on a single printer. For in-
stance, the maximum cartridges (heads) that can be used with the
Bioplotter on a single print is five. This problem can be addressed if the
cartridges are not mounted on the robotic head and are not used in a
cyclical manner. In this case, cartridges containing bioink that has al-
ready been used and no longer needed can be replaced with new car-
tridges and new bioink while the robotic head is using the other car-
tridges and bioinks. Generally, in cases involving complex tissue or
organ bioprinting, it seems more reasonable to use stem cells as they
can differentiate into a variety of tissues by using growth factors or
inducerons [127]. This feature of stem cells makes them a good cell
source for the bioinks especially if they are harvested directly from
patients, which reduces the chance of an immune response and rejec-
tion [16]. The primary challenge of this approach is to precisely in-
corporate growth signals with the bioinks to elicit control of the cells’
differentiation.

3.2. Peptide bioinks

Self-assembling peptide hydrogels (SAPHs) are gaining increasing
interest as advanced printable bioinks. Their seminal features include
high water content, great biocompatibility, capacity to print 3D cell-
laden constructs with improved structural integrity and tunable me-
chanical stability, whilst providing an ECM-like microenvironment
[180,181]. This class of 8–32 amino acid long oligopeptides, with hy-
drophilic and hydrophobic side chains) can undergo self-assembly
predominantly via non-covalent interactions such as van der Waals
forces, hydrogen bonding, and hydrophobic interactions to form sec-
ondary structures such as α-helix and β-sheets [182]. External stimuli
such as temperature, electrolytes, and pH further trigger the secondary
structures to form nanostructures with distinct morphologies such as
micelles, nanofibers, and nanotubes [183]. Such nanostructures aug-
ment the shape fidelity and mechanical rigidity of the 3D bioprinted
construct.

Chemical modifications and conjugation of the amino acid side
chains in peptides can induce additional functionalities such as bioac-
tivity, self-healing, shear-thinning, and shape memory to the bioinks
[184]. Ultra-short peptides (≤4 amino acids) are preferred in bioinks
for their facile synthesis, stimuli-responsive gelation behavior under
physiological conditions and cost-effectiveness [185,186]. Loo et al.
reported first peptide bioinks with lysine-containing hexapeptides (Ac-
ILVAGK-NH2) that could self-assemble into nanofibrous 3D stable hy-
drogels. These peptide hydrogels printed via an extrusion-method
presented stiffness of ~40 kPa could support the 3D culture of human
stem cells and differentiation of primary cells [186].

Synthetic self-assembling tetramer peptide (CH-01 and CH-02)
biomaterials have been used for skeletal muscle tissue engineering.
These peptide biomaterials could promote the growth and alignment of
mouse myoblast cells (C2C12) while preserving their viability. Also, the
3D cultured cells in peptide-based scaffold printed via extrusion could
replace the degrading hydrogel by secreting their ECM-like matrix.
When compared to the alginate-gelatin hydrogel as control, the pro-
liferation of C2C12 cells was well-aligned in the peptide hydrogels
[187].

Recently, Cofiño et al. added methylcellulose (MC, reinforcer and
thickening material) to self-assembling peptide RAD16-I (16-amino
acid peptide, ‘PuraMatrix’) solution for biocompatibility and to enhance
printability. Among various concentrations tested, MC with 4% (w/v)
blended with 3% (w/v) peptide solution resulted in scaffolds with high
shape fidelity and a strand diameter of ~400 μm. Results from the study
showed that rat MSCs were able to differentiate into adipogenic lineage
reflecting the potential of this peptide bioink for soft tissue engineering
systems [182].

Most recently, Gatenholm invented a method to print a novel bioink
of RGD-conjugated alginate together with human fibroblasts for human
skin 3D bioprinting, particularly dermis. A coaxial needle was used to
cross-link the bioink during the printing operation. This methodology
conferred the printed construct with high amounts collagen I, a high
degree of stretching of fibroblasts, high cell viability, and proliferation.
This bioink construct offers a way to test cosmetics, skincare products,
and skin grafts for skin repair [188].

4. Bioprinting for tissue regeneration

Various tissue constructs mimic native tissues and organs such as
skin, cardiac, bone, cartilage, liver, lung, neural, and pancreas, and they
have been successfully bioprinted using several 3D printing approaches.
In this section, we present an overview and progress in the printing of
the various tissue and organ constructs.

4.1. Skin

It is now possible to mimic and fabricate the largest and complex
multi-layered organ of the body i.e., skin with 3D bioprinting tech-
nology. 3D printed skin possesses enormous potential as grafts for
wound healing, burned skin replacement, and in vitro human skin
models for product and drug testing [189,190]. Lee et al. reported the
first printing of keratinocytes and fibroblasts together in a stratified
arrangement with a solid freeform fabrication (modified version of
extrusion-based bioprinting) technique forming dermal/epidermal-like
distinctive layers in a 3D scaffold. Collagen-based hydrogel bioink was
printed in LbL fashion, i.e. collagen-fibroblast-collagen-keratinocyte-
collagen. Cell proliferation with high viability was observed on both
planar and non-planar surfaces. However, cell proliferation was af-
fected by the printing resolution [191].

LIFT bioprinting was employed by Koch et al. to print cells derived
from skin cell lines (fibroblasts: NIH 3T3/keratinocytes: HaCaT) and
human mesenchymal stem cells (hMSC) with ~98% and ~90% cell
survival, respectively. No significant difference in proliferation, sur-
vival, apoptosis, and DNA damage of printed and control cells was
observed, demonstrating that there is no negative effect on these qua-
lities via the 3D bioprinting process. These results also showed that
stem cells are more prone to decreased cell survival rates due to the
printing process as compared with cell lines [192]. To understand the
tissue formation process in native conditions, Koch et al. demonstrated
LbL bioprinting of NIH 3T3 and HaCaT cells in the collagen matrix
using LAB. Different histological and immunohistological methods re-
vealed that the cells could proliferate in complete areas of the construct
while maintaining their vitality and printing pattern [138].

Furthermore, Michael et al. used LAB to print layers of collagen pre-
loaded with NIH 3T3 and HaCaT on a matriderm sheet. The resulting
skin construct was implanted within the dorsal skinfold of mice for in
vivo testing. After 11 days of implantation, the skin construct was
completely connected to the tissue surrounding the skin wound [121].
The in vivo function of this construct was a key step in skin bioprinting,
yet one major limitation was the absence of complete skin vascular-
ization and keratinocyte differentiation due to the short duration of the
experiment.

To overcome poor printability and long cross-linking duration of
collagen biomaterials, Ng et al. reported the use of polyelectrolyte ge-
latin-chitosan (PGC) hydrogel for 3D bioprinting of skin. The inherent
antimicrobial and hemostatic properties of chitosan make it compatible
for wound healing applications. HFF-1 cells were successfully en-
capsulated in PGC hydrogel using extrusion-based bioprinting to fab-
ricate a similar architecture of the outer epidermal layer and part of the
dermal region. The printed PGC hydrogel resulted in good shape fidelity
and was biocompatible for various bioprinting applications [193].

Cubo et al. demonstrated the successful generation of human bi-
layered skin constructs via free-form fabrication bioprinting. Bioink
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comprised of human plasma, fibroblasts (hFBs) and keratinocytes
(hKCs) cells obtained from skin biopsies. As skin substitutes, fibrin
scaffolds were fabricated with two layers. The lower layer (representing
dermis) was hFBs laden plasma-derived fibrin matrix and the upper
layer (representing epidermis) was of hKCs seeded on top of fibrin
scaffold. The resulting skin construct (100 cm2) could be printed in less
than 35min. The histological and immunohistochemical analysis was
performed in vivo by grafting on to the back of immunodeficient
athymic mice (skin-humanized mice). The bioprinted skin was struc-
turally, functionally and morphologically similar to normal human
skin. The viability of cells remained unaffected during printing [189].

Kim et al. developed a new strategy for constructing 3D human skin
models with a functional transwell by combining the extrusion and
inkjet modules simultaneously. The extrusion module fabricated the
transwell system and human primary dermal fibroblasts (HDFs) popu-
lated dermis successively. Whereas the inkjet module was used to ob-
tain a uniform distribution of human epidermal keratinocytes (HEKs)
on the dermis. The constructed and compatible skin model comprised of
stable fibroblast-stretched dermis and stratified epidermal layers after
14 days. This bioprinting strategy was found to be cost- and time-ef-
fective, and innovative in terms of combining two different bioprinting
methods [194].

To suppress improper skin regeneration, Xiong et al. fabricated
gelatin-sulfonated silk composite scaffolds with fibroblast growth factor
2 (3DG-SF-SO3-FGF) using self-made extrusion-based pneumatic bio-
printing. The resultant scaffold showed increased blood vessel and
granular tissue formation with ~75% cell proliferation when placed on

the dorsal surface of Sprague Dawley rats. The full-thickness skin de-
fects were repaired after 14 and 28 days post-implantation [195].

Shi et al. reported> 90% cell viability of human melanocytes
(HEM), HaCaT, and HDF upon the inclusion of gelatin methacrylamide
and collagen doped with tyrosinase (GelMA/Col-Ty) into the scaffold by
extrusion bioprinting. The resultant 3D living skin constructs from the
GelMA/Col-Ty bioink was found stable. Tyrosinase used in the process
elevated the proliferation of HEM, exhibited no effect on HaCaT, and
inhibited growth and migration of HDF cells [196].

The general trend demonstrates that laser-assisted bioprinting
technique has been used more often in skin bioprinting than in the
fabrication of other tissue types. Although more recent work in the field
of skin bioprinting has utilized nozzle based bioprinters. This finding
can be explained by the nature and structure of skin itself, it is less
complicated than other tissues. This feature makes it a suitable choice
for printing, especially since a few years ago, it was difficult to print
multi-material constructs precisely with nozzle based bioprinters. This
feature of skin has made it a perfect choice for in situ bioprinting and
clinical application for accelerated wound healing.

Recently, Albanna et al. demonstrated proof-of-concept validation
of a clinical skin bioprinter integrated with an imaging technology to
print autologous skin cells on-site to treat full-thickness wounds
(Fig. 2). Dermal fibroblasts and epidermal keratinocyte cells were
contained in a fibrin/collagen hydrogel carrier to ensure their viability,
rapid hydrogel cross-linking, and precise deposition to form multi-
cellular, multi-layered skin constructs. The wound scanning and ima-
ging systems employed could convert wound size, depth, and topology

Fig. 2. In situ skin bioprinting prototype and gross examination of printed skin in murine full-thickness excision wound repair. (A) Schematic of scale, design, and
components of the mobile skin bioprinter. (B) The main components of bioprinter include 260 μm diameter nozzles, dispensing system connected to XYZ movement
system and a 3D wound scanner. (C) Steps involved in skin bioprinted process. (a) Markers are placed around the wound area as reference points, (b) scanning of
wound surface with a hand-held ZScanner™ Z700 scanner, (c) retrieved geometrical information is inputted in an STL file format to orient scanned images in standard
coordinate system. (d) Generation of fill volume and path points for nozzle-head to travel to print the fill volume based on scanned data, (e,f) output code is then
provided to the custom bioprinter control interface for generation of nozzle path needed to print fill volume. (D) Precise and controlled deposition of fibroblasts
(green) and keratinocytes (red) in a layered format. (E) Epithelium forming over the wound in cell-printed athymic nude mice in week 1, developing skin covering
wound by week 2, complete wound coverage by week 3 and maturing epithelium (with minimal contraction) between weeks 4–6. In contrast, matrix-treated and
untreated groups show minimal epithelialization until week 4, resulting in a significant proportion of the open wound area. Significant contraction between weeks
4–6 following wound closure. Scale bar:1 cm. (F) Variation in wound sizes in over 6 weeks. Printed skin closed the wound in 3 weeks compared to 5 weeks for
controls. Statistical analysis was done using one-way ANOVA. ****p < 0.0001, n = 12; ***p < 0.01, n = 8; *p < 0.05, n = 8. Data presented as mean ±
standard deviation (SD). (G) Human nuclear antigen show presence of human cells within epidermis and dermis of printed skin at center of wound at week 3, and 6
post-printing. Human cells were found absent in matrix printed control wounds after 6 weeks. Scale bar:100 μm. (H) Masson's Trichrome staining of skin. (a–c)
Increased cellularity in printed skin (in week 1), presence of defined epidermis or matured dermis with aligned blue stained collagen fibers (from weeks 3–6). (d–f)
Matrix-printed wounds lacked cellularity, and well-defined epidermis or mature dermis after 1 week of printing. Thereafter, epidermis formation started with
prominence of blue stained collagen fibers was seen after week 3 and 6. (g–i) Untreated wounds also lacked cellularity but appeared similar to matrix-printed wounds
at weeks 3 and 6. Scale bar:100 μm. Adapted with permission from Ref. [197] CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/legalcode), no modifica-
tions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in a two-layered format: lower fibroblast layer and upper keratinocyte
layer. In a murine full-thickness wound model, this in situ bioprinting
system showed accelerated wound closure (< 15% of original wound
size at 2 weeks) with entire wound closed after 3 weeks post-surgery,
compared to 5 weeks for both matrix (fibrin and collagen alone) and
untreated controls. The presence of human fibroblasts, keratinocytes,
and endogenous cells was observed within the wound 3 and 6 weeks
post-printing. Well-defined epidermis and organized dermis indicating
re-epithelialization in bioprinted wounds and complete wound healing
were observed by the end of week 6. The authors also compared this
bioprinting technology with the clinically-used cell spraying technique.
There were no significant differences in wound closure, contraction,
and re-epithelialization. Nevertheless, the early formation of defined
epidermis and mature dermis layers with bioprinting was a striking
difference. A probable explanation could be due to the spatial or-
ientation of skin cells matching the wound architecture while bio-
printing [197].

4.2. Cardiac

Bioengineering cardiac tissue via bioprinting technology is gaining
increasing importance owing to the rising numbers of heart attack,
heart failure, toxicology research, drug testing and screening, and
personalized medicine [198,199]. Along these lines, Xu et al. reported
the fabrication of a functional “half-heart” using modified inkjet prin-
ters (Fig. 3A). The 3D cardiac constructs within the “half-heart” model
have a one cm inner diameter with two connected ventricles and rec-
tangular sheet measuring 3×0.8× 0.5 cm, it was successfully printed
using a LbL approach. Cardiac cells (primary feline adult cardiomyo-
cytes and HL-1 cardiac muscle cells) were printed in layers of alginate/
gelatin gels cross-linked on-demand with calcium chloride (CaCl2). The
printed cardiac construct had a lower elastic modulus as compared to
manually prepared scaffolds. The whole construct contracted rhyth-
mically along with encapsulated individual adult feline cardiomyocytes
under electrical stimulation [200]. This innovative method provided
the researchers with a cost-effective tool for fabrication of hierarchical
and functional cardiac tissues.

Subsequently, regenerated cardiac patches, obtained via the LIFT
approach, showed increased blood vessel formation and notable func-
tional improvement of infarcted hearts after implantation into rats
suffering from myocardial infarction. This cardiac patch was prepared
after seeding human umbilical vein endothelial cells (HUVEC) and
human mesenchymal stem cells (hMSC) in a defined pattern on
polyester urethane urea (PEUU) for cardiac regeneration [201]. The in
vivo functionality of this bioprinted patch was a key step in the field.

Gaetani et al. fabricated bioprinted constructs that demonstrated
significant gene expression of early cardiac transcription factors
(Nkx2.5, Gata-4, and Mef-2c), cell viability, and retention of cardio-
genic potential. This bioprinted tissue was used in combination with
human cardiac-derived cardiomyocyte progenitor cells (hCMPCs) en-
trapped in alginate gel to develop a 3D construct using an inkjet bio-
printer. Cell viability observed on days 1 and 7 was ~92% and ~89%,
respectively [202]. They showed that hCMPCs can be bioprinted and
cultured without any negative alterations to the growth or commitment
of the cells. This work presented the first step toward in vitro creation of
a well-differentiated cardiac construct.

Owing to the potential of stem cell therapy to treat ischemic heart
diseases, Jang et al. printed MSC (pre-vascularized stem cells) patch,
using an extrusion-based bioprinter, to induce vascularization, tissue
remodeling, and prolonged cell survival following transplantation for
cardiac repair. Also, the pre-vascularized stem cell patch exhibited
enhanced therapeutic and promoting effects of cardiomyogenesis and
neovascularization at the injured myocardium [198]. This technique
provided the spatial patterning of cells in a way that is in favor of rapid
vascularization. This platform is a new approach for stem cell delivery
with high retention capability and regenerating ischemic tissue areas.

The fabrication of functional heart tissue in vitro by employing a
microfluidic-based printing head (MPH) was recently reported.
Maiullari et al. fabricated in vitro and in vivo models of vascularized
cardiac tissue by a new approach that integrated induced pluripotent
stem cell-derived CM (iPSC-CM) and HUVEC to develop a multi-cellular
construct by extrusion bioprinting. This is the first study that showed
vasculature development in transplanted tissue by printed endothelial
cells. The resultant cardiac tissue was better suited for integration with
the host's vasculature owing to its composition of iPSC-CM with a high
orientation index and HUVEC originated blood vessel-like shapes. They
also demonstrated the potential for bioprinted multi-cellular constructs
to mature in vascularized functional tissues in vivo, which can be em-
ployed in various translational applications [203].

Very recent printing of 3D cellularized human hearts has proven to
be a major breakthrough in transplant science. Dvir and the team have
demonstrated bioprinting of fully personalized contracting cardiac
patches using patient's cells, which minimizes the chance of an immune
response (Fig. 3B). In the study, the personalized hydrogel was derived
from processing of extracellular matrix (ECM) obtained via biopsy of
fatty tissue (omentum) from patients. They combined this personalized
hydrogel with patient's own cells (iPSC-derived CMs) as bioink. Vas-
cularized, thick, and perfusable cardiac patches were printed using an
extrusion-based bioprinter. These vascularized cardiac patches could
fully match the anatomical, cellular, biochemical, and immunological
properties of the patient. The engineered cells in printed cardiac patch
were elongated and aligned, with massive striation, which indicated
their contractile ability. Thereafter, they showed free-form printing of
volumetric and anatomically complex−cellularized human hearts
(height: 20mm; diameter: 14mm) with major blood vessels. Support
medium with two customized bioinks-with CMs and endothelial cells
were employed for the printing process. When examined, CMs were
found homogeneously distributed in the 3D printed heart [204].
However, the printed blood vessel network is still limited and requires
further investigation.

4.3. Bone

Bone bioprinting has become a viable alternative for replacement of
lost or damaged bone tissue, rather than traditional methods involving
autografts and allografts [205]. It negates the problems of graft un-
availability, donor site morbidity, immunogenicity, and risk for disease
transmission associated with conventional bone grafting [206].

For instance, Lee et al. studied the in vitro cell differentiation of pre-
osteoblasts (MC3T3-E1) and in vivo bone regeneration in rat cranial
defects after implantation of 3D scaffolds incorporating poly (DL-lactic-
co-glycolic acid) (PLGA) microspheres loaded with bone morphogenetic
protein-2 (BMP-2) growth factor. BMP-2 loaded scaffolds, printed by
micro SLA technology, revealed high expression of alkaline phospha-
tase (ALP) and osteocalcin with improved cell differentiation ability
[207]. This work was a noble approach in incorporating bioactive
agents such as BMP-2 into a 3D printed scaffold.

Mechanically robust 3D tricalcium phosphate (TCP) scaffolds were
later developed by Tarafder et al. by employing microwave sintering
followed by laser/metal printing. Both in vitro and in vivo studies con-
ducted using human osteoblast cells and femoral defects in Sprague
Dawley rats showed that controlled pore size (by microwave sintering
3D printing) resulted in high compressive strength, increased cell
density, excellent biocompatibility, and osteogenesis as compared to
conventional sintering [208]. The same group extended their work and
reported that TCP scaffolds when doped with strontium (Sr2+) and
magnesium (Mg2+) showed an increase in osteoid like bone formation,
mineralization, multiscale porosity, and osteocalcin and type I collagen
levels in rat blood serum as compared to pure TCP scaffolds [209]. They
also doped TCP scaffolds with silica (SiO2) and zinc oxide (ZnO) to
promote osteoinduction and angiogenesis [210].

To augment osteogenic activity in bone scaffolds, Jensen et al. used
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3D printing for LbL deposition of PCL to develop scaffolds with nano-
structured pores (NSP). A combination of rapid prototyping fused de-
position model (FDM) technology, a type of extrusion-based 3D
printing, and lyophilization was used to add multilevel porous mor-
phology. In vivo osteogenic potential of NSP-PCL scaffold was tested for
calvarial defects in pigs. Good osteoconductivity and osteointegration
of the FDM-PCL scaffold after implantation were observed [211]. Fur-
thermore, Temple et al. investigated PCL scaffolds with varying por-
osity in the shape of human mandibular and maxillary bones using a
custom-build extrusion-based 3D printing. The resultant scaffold was
tested in vitro and in vivo to induce human adipose-derived stem cells
(hASCs) for vascularized bone formation [212].

Inzana et al. used phosphoric acid (H3PO4) based binder solution in
combination with type I collagen to fabricate collagen-calcium phos-
phate (col-CaP) scaffolds via inkjet printing. These scaffolds were found
to be promising, biocompatible, and mechanically stable synthetic bone
graft substitutes [213]. Another study reported varying bone augmen-
tation in rabbits with monetite onlays (bioresorbable bioceramics)

designed with variable porosity (according to the metabolic activity of
bone) via 3D powder printing or laser-assisted sintering [214].

Byambaa et al. demonstrated the formation of 3D bone-like tissue
constructs (with separate osteogenic and vasculogenic niches) using
extrusion-based bioprinting to repair large bone defects (Fig. 4). Two
types of GelMa hydrogels bioinks were employed for printing. A central
vascular fiber construct was printed using fast degradable GelMA bioink
(5% VEGF-conjugated GelMA with low methacryloyl substitution
(GelMALOW-VEGF) containing HUVECs and hMSCs). Silicate nanopla-
telets loaded GelMA bioink (10% GelMAHIGH + VEGF in gradient
concentrations) were printed around the central fiber to induce osteo-
genesis. HUVECs and hMSCs, when co-cultured in bioprinted fibers,
retained viability and could undergo cell proliferation and vasculo-
genesis. In medium perfused bone construct −enhanced mineralized
bone-like ECM, osteoblastic maturation (strong OCN expression),
RUNX2 (transcription factor of bone formation), and CD31 (angiogenic-
gene) expression showed formation and maturation of bone tissue
construct facilitated by a central angiogenic vessel after 21 days of

Fig. 3. A Fabrication of 3D printed ‘half-heart’ structure. (A) Schematic of the printing process. The printing chamber is filled with the alginate-gelatin mixture containing
isolated feline cardiomyocytes. CaCl2 solution is ejected on demand from the ink-cartridge in droplet form to cross-link alginate at target sites in LbL to form a 3D ‘half-heart’
structure. (B) Photograph of the printed cardiac construct with connected ventricles and scanning electron microscopy (SEM) image of its cross-section. Scale bar=50 μm.
Adapted with permission from Ref. [200] CC by license. B. 3D printing of personalized thick and perfusable cardiac patch and heart constructs. (A) Concept schematic.
Omentum tissue extraction from patient, and its processing into a personalized thermoresponsive hydrogel. Re-programming of cells to become pluripotent and differ-
entiation into cardiomyocytes and endothelial cells. Bioink for generating cardiac patch and heart constructs comprise of this differentiated cell-laden hydrogel solution.
Finally, the engineered cardiac tissue can be transplanted back to the patient to repair/replace damaged tissue with low rejection risks. (B) 3D printing of personalized
cardiac patch. 3D model of patch (a) printed using distinct cellular bioinks (b) to form a vascularized cardiac patch (c). Cell viability in patch after printing (d). A printed
blood vessel, layered with GFP-expressing ECs (e), printed iPSCs cardiac patch with blood vessels (CD31: green) in-between cardiac tissue (actinin: pink) (f). Cross-section of
lumen depicting interactions between GFP-ECs and RFP-fibroblasts (g). Lumen of blood-vessel in-between the cardiac cells (h). Sarcomeric actinin (red) and nuclei (blue)
staining of sections from explanted patch between the two layers of rat omentum. White dashed line highlights the patch border (i). Magnified view of marked area in (i) is
shown in (j). Scale bars: (c)=1 cm, (e, g)=100 μm, (f)=500 μm, (i)=50 μm, (j)=25 μm. (C) Printing thick vascularized tissues in supporting medium. Scheme of the
3D printing concept is shown in (a). The personalized hydrogel is free-form printing in support medium followed by its cross-linking, safe-extraction by an enzymatic or
chemical degradation process of the support material and transfer into growth medium for culturing. Cell viability before and after printing and after extraction (b). Printing
of small-scaled, cellularized human heart (c–g). CAD model of a human heart (c), printed within the support bath (d,e). After extraction, the left-and right ventricles are
injected with red and blue dyes, respectively, to represent hollow chambers and septum in-between them (f). 3D confocal image of the printed heart (CMs in pink, ECs in
orange) (g). Scale bars: (f,g)=1mm, (e)=0.5 cm. GFP/RFP=green/red fluorescent protein. ECs=endothelial cells. iPSCs= induced pluripotent stem cells.
CMs=cardiomyocytes. Adapted with permission from Ref. [204] CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/legalcode), no modifications. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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culture [215]. This bone bioprinting approach can pave the road to
fabricate cell-laden structures that are able to accelerate large bone
defect healing.

Recently, Alba et al. developed a new method for periosteum tissue
engineering by printing periosteal derived cells (PDCs) in a precise
pattern onto collagen scaffolds. The bioink was prepared by mixing
PDCs with alginate and then printed on type I (COL 1) and type II (COL
2) collagen scaffolds, separately. Structural integrity was found to be
higher in COL 1 and COL 2 scaffolds than in bioink alone. Osteocalcin
and ALP gene expression were more significant in the COL1 group in-
dicating osteogenic differentiation of PDCs [216].

To develop modified bioinks with optimal biological and physico-
chemical properties, Ojansivu and colleagues used wood-based nano-
cellulose (CNF) and bioactive glass (BaG) to strengthen gelatin-alginate
bioinks for 3D bioprinting of bone cells using a commercially available
extrusion-based bioprinter, Bioplotter. The flow behavior of hydrogels
was modified by CNF, which improved its printability. The viability of
osteoblast-like cells (Saos-2) confirmed the good cytocompatibility of
the modified hydrogels. Saos-2 cells remained viable in BaG-free gels

but their viability and proliferation decreased in the presence of BaG
along with an increase in viscosity [217]. This study was a key step in
the field of bone 3D bioprinting as it developed a multi-component
bioink for bone regenerative engineering. Moreover, this study em-
phasized the importance of viscosity for extrusion-based bioprinting as
it can influence short- and long-term viability and proliferation of cells.

In this section, we included some 3D printing for bone regenerative
engineering works in addition to bone bioprinting research since ad-
ditive manufacturing techniques have been used extensively for bone
tissue engineering due to the nature of bone itself, which is a load-
bearing tissue with lots of calcified and mineral areas along with cells.
These features of bone support the motivation to use harder polymers
such as thermoplastics and ceramics as biomaterial inks for 3D printing
research in the field of bone tissue engineering.

4.4. Cartilage

Joint injuries leading to osteoarthritis, traumatic rupture of carti-
lage, and limited effectiveness of conventional surgical procedures are a

Fig. 4. Fabrication of a 3D bone-mimetic construct with osteogenic and vasculogenic niches. (A) Schematic of an automated bioprinter demonstrating procedure
while printing the complex bone architecture (panel (A) in B) as cell-laden cylinders using the strategy shown in B. (B) A perfusable vascular lumen lined with
HUVECs could be fabricated within a pyramidal bioprinted construct by arranging individual rods of VEGF-functionalized GelMA bioinks with different mechanical
strengths. The hMSCs-laden three outer layers of cylinders were loaded with silicate nanoplatelets to induce osteogenic differentiation of hMSCs into bone tissue. The
VEGF (17.1, 34.2, and 68.5 ng/mL) was covalently conjugated into the three outer layers of the cylindrical hydrogels. (C) Cell growth analysis of hMSCs and HUVECs
in co-culture conditions. Cellular viability (A) and proliferation (B) estimated as dsDNA contents by PicoGreen staining of mono- and co-cultured cells at days 1, 3 and
7. Data represented as mean ± standard deviation (n = 8; *p < 0.05). (D) Osteogenic and vasculogenic examination of bioprinted bone construct. Schematic
depiction of cross-sectioned samples for ARS and immunostaining is shown in (A). Representative microscopic images of ARS stained (B) and fluorescence micro-
scopy of double-immunostained with OCN/CD31/DAPI and RUNX2/CD31/DAPI perfused and non-perfused samples (C, D) on days 12 and 21 of culture. Scale bar:
50 μm. Osteogenic markers: OCN/RUNX2; angiogenic marker: CD31. HUVECs=human umbilical vein endothelial cells. VEGF= vascular endothelial growth factor.
hMSCs=human mesenchymal stem cells. GelMA=gelatin methacrylate. ARS=Alizarin Red S. Adapted with permission from Ref. [215] CC by license. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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concerning reality. Cartilage tissue defects are difficult to repair. Its
limited self-repairing capacity is due to an insufficient supply of healthy
chondrocytes to the defective sites [218]. Therefore, the potential of
bioprinting to produce complex 3D scaffolds similar in architecture to
native tissues makes it well suited for cartilage tissue engineering.

Currently, the scaffolds for in vivo implantation of cartilage tissue
have dimensions suitable for small joints but not for large human hip
and knee joints. The efforts for a scale-up of bioengineered grafts to
match the native architecture is challenging due to the potential for
compromised diffusion of nutrients and metabolic products, which are
necessary for cell survival.

With these concerns in mind, using an extrusion-based bioprinter,
Lee et al. employed LbL printing to fabricate a composite of PCL and HA
to generate tissue formation and vascularization of anatomically shaped
human tibial condyles. The resultant PCL-HA scaffold measured
20×15×15mm3, was double in size to the scaffold reported earlier,
and had the potential for joint regeneration and arthritis treatment
[219].

Furthermore, they regenerated the entire articular surface of the
synovial joint of a rabbit without cell transplantation. Composite
polymers (PCL-HA) were used to fabricate bioscaffolds with surface
adsorbed transforming growth factor β3 (TGFβ3) and TGFβ3-free col-
lagen solution to replace humeral condyles of skeletally mature rabbits,
using the same extrusion-based bioprinter. TGFβ3-infused bioscaffolds
demonstrated full-tissue coverage, more uniform chondrocyte dis-
tribution, greater matrix density, and articular cartilage thickness than
TGFβ3-free group (Fig. 5). TGFβ3 served as a chemotactic cue to recruit
130% more cells in the regenerated cartilage than did spontaneous cell
migration without TGFβ3 [220].

Additionally, the development of functional articular cartilage
capable of bearing heavy loads is still challenging. A hybrid system was
developed using electrospinning and inkjet printing techniques to
produce scaffolds with enhanced mechanical and biological properties
for load-bearing cartilage tissue regeneration. PCL was fabricated al-
ternatively LbL with rabbit elastic chondrocytes in the fibrin-collagen
hydrogel. The 3D hybrid construct displayed> 80% chondrocyte via-
bility and was more mechanically robust than alginate or fibrin-col-
lagen gels, respectively [104]. This technique has the potential to be
refined for fabrication of functional complex cartilage tissue using or-
iented fibers to direct the incorporated chondrocytes and their growth.

O'Connell et al. developed a novel device named “Biopen”- a
handheld biofabrication tool that allowed the use of 3D printing and
manual control while depositing scaffold during the surgical process
with or without live cells [221]. Biopen is basically an extrusion-based
bioprinter. The group further tested Biopen to develop core/shell
GelMa/HAMa bioscaffolds that have mechanical strength of 200 KPa
and high cell viability for chondral repair [222]. This work showed the
great potential of multi-ink bioprinting, especially co-axial bioprinting
for in vivo applications even directly during the surgery. This handheld
Biopen was also used to study repair of full-thickness chondral defects
in a large animal ovine model which showed safety and potential
clinical efficacy [223]. This study was important as it was the first in situ
3D bioprinting, which can be a key step toward the clinical application
of bioprinting technology.

A pure-phase lithium calcium silicate (L2C4S4) scaffold was pre-
pared using an extrusion-based precision three-axis positioning printing
system by Chen et al. for regeneration of both cartilage and subchondral
bone tissues simultaneously as compared to pure β-TCP scaffolds. These
3D printed L2C4S4 scaffolds displayed controlled biodegradability and
good apatite-mineralization ability [224]. Although this study has not
utilized bioprinting, it showed a feasible strategy for osteochondral
reconstruction.

Recently, Rathan et al. designed the cartilage extracellular matrix
(cECM)-functionalized alginate bioinks for bioprinting of cartilaginous
tissues using an extrusion-based bioprinter. These bioinks could support
MSC post-printing viability and robust chondrogenesis in vitro. Bioinks

with the highest concentration of cECM showed the highest levels of
COL 2 and ACAN (Aggrecan) gene expression. Such bioinks, when
loaded with MSCs and TGF-β3, supported robust chondrogenesis,
making it suitable for direct “print-and-implant” cartilage repair stra-
tegies [225]. This study proposed a novel class of functionalized bioinks
that can be used for more general purposes in musculoskeletal re-
generative engineering.

4.5. Liver

There are established treatments for the management of severe liver
disorders, such as liver cirrhosis and hepatocellular carcinoma, but no
treatment is completely promising. Liver transplantation stands as the
practical solution for irreversible loss of liver function or liver failure.
However, the benefits of transplantation are limited in the setting of
surgical complications, health care expenses, donor scarcity, and risk of
rejection [226–228]. Nevertheless, producing an artificial liver is
challenging. This process is further complicated by the inability to
culture primary hepatocytes for many days [229].

Bioprinting was used to develop an in vitro 3D microfluidic micro-
analytic micro-organ device to study the effect of microgravity and
space environments on human response to administered drugs and their
toxic chemical exposures. The device was entrenched with a micro-
scale liver tissue construct (constructed via layered direct cell writing
bioprinting) for analyzing the effect of drugs on a printed model in
planetary environments [99].

Faulkner-Jones et al. employed valve-based inkjet bioprinting to
print human induced pluripotent stem cells (hiPSCs) and human em-
bryonic stem cells (hESCs) that could differentiate into hepatocyte-like
cells (HLCs) post-printing. Printed cells showed positive results for
nuclear factor 4 alpha (4α) and albumin secretion and were compatible
to generate mini livers as drug testing models [230]. This, for the first
time, showed that hiPSCs have the potential to be bioprinted without
negative effects on biological functions such as viability and plur-
ipotency.

Lee et al. bioprinted primary rat hepatocytes (HCs), HUVECs, and
human lung fibroblasts (HLFs) with multiple nozzle-based extrusion-
based bioprinting for liver tissue engineering. The 3D constructs were
produced by infusing collagen bioink containing cells into the canals of
the PCL framework (Fig. 6). The resulting co-culture 3D environment-
induced heterotypic interaction among cells, thereby enhancing the
survival and functionality of HCs (i.e., albumin secretion and urea
synthesis) in the printed liver construct [231]. This study was important
as it showed the great potential of 3D bioprinted constructs containing
the capillary-like network for functional liver tissue regeneration.

Multiple nozzle extrusion-based 3D bioprinters have also been used
by Lei and Wang with ADSCs and primary hepatocytes to fabricate
complex organ precursors with branching vascular systems. Based on
their findings, they demonstrated that the four-nozzle low-temperature
deposition manufacturing technique could be used to generate liver
organoids [232]. This combinatorial technique was useful for the fab-
rication of vascularized constructs with predefined internal channels.
Moreover, it has great potential to be used for other tissues as well as to
fabricate complex organs.

4.6. Lung

Many patients suffer worldwide from end-stage lung diseases, such
as asbestosis (lung tissue scarring and shortness of breath due to in-
halation of asbestos fibers), for which lung transplantation is a treat-
ment option for progressive forms of the disease. Unavailability of ex-
pert surgeons, donor scarcity, and risk of rejection are concerns
associated with lung transplants [233]. Several attempts to regenerate
lung tissue in vitro using a bioreactor have been made [234–236].
However, the fabrication of in vitro 3D alveolar model mimicking native
tissue remains unsuccessful.
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Horváth et al. presented an in vitro human air-blood tissue barrier
analog fabrication using a valve-based inkjet bioprinting approach
(Fig. 7). Alveolar epithelial type II cells (A549) and endothelial
(EA.hy926) cells separated by a thin basement membrane (BM) Ma-
trigel™ were deposited LbL. Morphological and structural differences in

both cell types occurred depending on the seeding approach followed,
i.e., manual vs printing. Manually seeded cells, grew in patches forming
multi-layered clusters and a thick ECM layer between the cells, re-
sulting in a lack of cell-cell communication. Contrarily, printed cells
could spread uniformly over the membrane surface forming thin mono-

Fig. 5. Design and fabrication of a bioscaffold for articular cartilage regeneration in skeletally mature rabbits. (A) Surface morphology of rabbit joint was re-
constructed (A) to replace the condylar head with anatomically correct bioscaffold with an intramedullary stem (B). A 200 μm thick shell was designed, along with
internal microchannels (200–400 μm diameter) for regeneration of cartilage (C) and bone (D). (B) India ink staining of un-implanted bioscaffold (A), TGFβ3-free (B)
and TGFβ3-infused (C) bioscaffolds after 4 months of implantation, and native cartilage (D). Number of chondrocytes present in TGFβ3-infused and TGFβ3-free
regenerated articular cartilage samples (n=8 per group) (E). Safranin O staining of TGFβ3-free (F, I) and TGFβ3-infused (G, J) articular cartilage. Matrix density (H)
and cartilage thickness (K) of TGFβ3-infused and TGFβ3-free samples (n= 8 per group for both comparisons). TGFβ3= transforming growth factor β3. Adapted with
permission from Ref. [220] CC by license.

Fig. 6. 3D cell-printed scaffold for the engineering of functional liver tissue. The fabrication process involved to build the liver cell scaffold is depicted in (a). The low
and high magnification optical images of the printed scaffold are shown in (b and c), respectively. Low-resolution (d) and high-resolution (e) SEM images of freeze-
dried 3D printed scaffold demonstrating infused collagen hydrogels and empty pores within the PCL framework. The functionality of the 3D printed liver construct
for albumin secretion (f) and urea synthesis (g) from different cell groups cultured at days 1,4,7 and 10. Confocal microscopy images of stained albumins secreted
from hepatocytes in hybrid 3D printed scaffold. Only hepatocytes contained in collagen hydrogel (a–d). Highest albumin intensity on day 1 with subsequent decrease
with time. Hepatocyte + HLFs in collagen hydrogel (e–h). Albumin concentration increased to ~ day 4 and then decreased with time.
Hepatocytes + HLFs + HUVECs cultivated together in collagen hydrogel. Increase in albumin concentration until day 10. Green: stained albumins; blue: nuclei; dot
line (red): hydrogel area. SEM: scanning electron microscopy; PCL: poly(ε-caprolactone). Adapted with permission from Ref. [231] CC by license. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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layers with a higher resemblance to the air-blood barrier in vivo. No-
tably, the viability of A549 and EA.hy926 mono-cultures or co-cultures
were similar with both approaches. Printed cell mono-cultures showed
higher tightness and hence, better barrier quality than corresponding
manual samples. Nevertheless, printed epithelial cells displayed higher
cell viability and barrier quality than printed endothelial cells [158].
The generation of 3D alveolar tissue in this work was the first step in
validation of bioprinted lung tissue. This approach can be helpful in
fabrication of realistic in vitro models for assessments in toxicology and
drug screening.

4.7. Neural

Presently, the domain of 3D bioprinting is important to model
neurological diseases in vitro, in particular, which lack precise animal
models. While the long-term vision of a 3D bioprinter is to engineer and
repair neural tissues involved in traumatic brain injuries (TBI) and
neurodegenerative diseases.

In the initial studies, Lee et al. demonstrated an artificial neural
tissue 3D model by inkjet bioprinting of multiple hydrogel types i.e.
collagen hydrogel scaffold with murine neural stem cells (NSCs, C17.2)
and embedded vascular endothelial growth factor (VEGF)-releasing fi-
brin gel. C17.2 cells showed high cell viability of ~92% post-printing.
When printed within VEGF-fibrin gel, C17.2 cells showed prominent

morphological changes, migration, and proliferation in comparison to
cells in the control sample (fibrin without VEGF or VEGF directly
printed in collagen) [237]. This method has the potential to be used for
the evaluation of cellular behavior and application in neural tissue re-
generation.

Similarly, Owens et al. reported bioprinting of nerve graft and its
successful implantation into the Sprague Dawley rats suffering from
sciatic nerve injury. Mouse BMSCs and Schwann cells (SC) were used to
fabricate the biocompatible conduit LbL [124]. The cellular cylinders
comprised of 90% BMSCs and 10% SCs. This work was the first attempt
in bioprinting of a fully cellular nerve graft and developed a proof-of-
concept for a novel nerve graft system and its function.

Lozano et al. developed a handheld reactive bathless printing
technique (a type of extrusion printing) to 3D print multi-layered brain-
like structures (Fig. 8A). The bioink composed of RGD peptide modified
gellan gum (RGD-GG) hydrogels encapsulating primary cortical neu-
ronal cells representing cortical tissue. The developed bioink could
support cell viability (> 70%) regardless of the cross-linker used (i.e.
DMEM or CaCl2) along with network formation of cells. Cortical neuron
cells were found to respond better to RGD-GG hydrogels than to the
purified GG hydrogels. This study significantly contributed to fabricate
discrete cell-containing layers to develop into a complex, 3D in vitro
model to investigate neural circuit formation, understanding of TBI and
other neural-related applications [149].

Fig. 7. Biofabrication of the 3D in vitro air-blood tissue barrier and examination of functional-structural relation of the bioprinted constructs. (A) Main process unit of
bioprinter- BioFactory®, tool changer (1) with multiple print heads and a building platform (2). (B) Schematic for the bioprinting of two-cell layer barrier system at
predefined times. For the manual co-culture assembly, a similar timeline is followed, however made manually, i.e. by manually pipetting the ECM/cell layers. (C)
Microscopic characterization of manually seeded and bioprinted co-cultures. F-actin (red) and nuclei (white) cell staining of manually and bioprinted two-cell layers (a,
b) after 3 days; visualized by laser scanning microscopy (LSM). A549 cells are represented in green, endothelial cells are viewed in pink after labeling with VE-cadherin.
Yellow arrows point to the formation of multilayers and thick Matrigel™ layers with magnified side views. Masson-Goldner trichrome stained manually (c) and
bioprinted (d) paraffin-embedded histological cross-sections. Cytoplasm (red), collagen fibers of ECM Matrigel™ (green), nuclei (brown). Scale bars are (a–b)=50 μm,
(a-b close-up)=10 μm and (c–d)=100 μm. (D) Phase-contrast micrographs and merged phase-contrast and fluorescence micrographs of EA.hy926 (a, b), A549 (c, d)
mono-cultures and co-cultures (e, f). (E) Extracellular lactate dehydrogenase (LDH) release (percent increase, measure of cell integrity) relative to positive control; Triton
X-100, 24 h (dashed line) 3 days post-printing or manual seeding of cells on Matrigel™. (F) Translocation of blue dextran (estimate of barrier quality, i.e. tightness) on
3rd day of mono- and co-culture assembly on printed and manually seeded cultures. Negative control: insert only, w/o cells. All results are expressed as the
mean ± standard deviation of n = 3 independent experiments (*p < 0.05). Adapted with permission from Ref. [158] CC BY-NC-ND 4.0 (https://creativecommons.
org/licenses/by-nc-nd/4.0/). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Furthermore, Hsieh et al. monitored the implantation of NSCs em-
bedded into polyurethane (PU) hydrogel in zebrafish suffering from
traumatic brain injury. They used an extrusion-based bioprinter to
fabricate a thermo-responsive PU hydrogel-based scaffold with appro-
priate stiffness, excellent proliferation, and differentiation. These 3D
bioprinted hydrogel constructs could effectively cure the damaged
central nervous system (CNS) in zebrafish embryos post-injection
[238]. The results of this work showed the potential of this method to
save the function of the impaired nervous system in neurodegenerative
disease.

Gu et al. reported the formation of novel 3D neural mini-tissue
construct by micro-extrusion bioprinting of frontal cortical NSCs sup-
ported in a polysaccharide hydrogel of alginate, carboxymethyl chit-
osan, and agarose. Cells were viable in the construct and could differ-
entiate in situ into functional neurons. Such differentiated neurons
could form synaptic contacts, networks, and showed a bicuculline-in-
duced increased calcium response [239].

Very recently, Zhang and group developed a conductive hydrogel
for biological signal recording and stimulation of living tissues to di-
rectly treat patients with various neurological disorders using a laser-
assisted bioprinting system. A conductive solution of poly (3,4-ethyle-
nedioxythiophene) (PEDOT): polystyrene sulfonate (PSS) was used to
print patterned conductive hydrogel to enhance its electrical con-
ductivity [240]. This work developed a 3D conductive hydrogel struc-
ture that has the potential to be used for interfacial bioelectronics with
biological stimulation to regulate and induce cell behavior, which is an
important aspect in the field of neural tissue regeneration.

A novel filler-free bioink has been designed for micro-extrusion
bioprinting of soft neural tissues. In vitro studies conducted using 3D
printed soft neural tissue revealed HA and Pluronic F-127 bioink as
biocompatible bioinks relative to the control alginate hydrogels [241].

These bioinks, developed by Haring et al. can enable 3D bioprinting of
soft, free-standing neural tissues for application in disease modeling
and also regenerative engineering.

Recently, Ning et al. demonstrated the fabrication of 3D bioprinted
Schwann cell (SC)-laden scaffolds from low-viscosity custom-tailored
hydrogels of RGD modified alginate, HA and fibrin together with the
submerged cross-linking method (Fig. 8B). The hydrogel composition
and printing process were optimized to maintain the high viability of
SCs (> 90%) after printing. Also, the morphologies of SCs and neurite
outgrowth could be altered by varying the printing speeds. The results
of the work established the feasibility of 3D printing scaffolds with low-
viscosity bioinks and favorable for migration of the cells within the
scaffolds to support peripheral nerve tissue repair [242].

4.8. Pancreas

The ever-increasing number of diabetic patients and the incidence
of aggressive diseases such as pancreatic cancer have increased the
need for disease-specific treatments such as insulin injections for dia-
betes and chemotherapy for cancer. Research efforts to differentiate
human pluripotent stem cells (hPSCs) to β cells for in vivo transplan-
tation therapy for diabetes treatment are ongoing. Millions of glucose-
responsive β cells were generated from hPSCs in vitro and transplanted
into diabetic mice. Shortly after implantation, the cells started secreting
insulin in a glucose-regulated manner in mice serum and improved
hyperglycemia in diabetic mice [243].

Akkouch et al. investigated the scale-up fabrication of scaffold-free
tissue strands by extrusion-based bioprinting with minimum damage to
the alginate encapsulating rat dermal fibroblasts (RDFs) and mouse
insulinoma beta TC3 (βTC-3) cells. These heterocellular tissue strands
demonstrated the potential for pancreatic tissue regeneration after

Fig. 8. A Bioprinting of multi-layered brain-like structures. (A) Brain architecture found in the human cortex, (B) the proposed design for ideal free-formed artificial
brain-like structures, by (C) handheld-reactive bathless 3D printing process. Grey dotted lines represent schematic of the extrusion tip. (D) Printing process to create a
layered construct; each color represents a layer. (E) Viability of cortical neurons encapsulated in 0.5% RGD-GG gels using different cross-linkers. Labeling of cells
with Calcein AM (green, live cells) and PI (red, dead cells) 2 h, 3 days and 5 days after the printing process. Scale bars= 100 μm. Quantification of cell viability in (F)
5 X DMEM and (G) 1M CaCl2 cross-linked gels. (H) Confocal microscopy images of neurons in different layers after 5 days of culture. Scale bars= 100 μm. Adapted
with permission from Ref. [149] CC by license. (B) Bioprinting of Schwann cell-laden 3D scaffolds. (A) Schematic representing cell derivation and bioink preparation
for scaffold bioprinting. (B) Effect of process parameters-bioprinter speed and calcium ion concentration on the stability of scaffold structures. (C) Live/dead
estimation of Schwann cells within scaffolds (A-D) at days 1, 4, and 10, respectively. Scale bars= 100 μm. Adapted with permission from Ref. [242] CC by license.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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hybrid fabrication. The fabricated tissue strands exhibited negligible
contractibility in the longitudinal axis, rapid fusion capability, high
viability, and cylindricity, and expressed cell-specific functional mar-
kers [244].

Furthermore, Yi et al. used extrusion-based 3D printed biodegrad-
able patches of PLGA and PCL to test the controlled release of antic-
ancer drug, Fluorouracil (5-FU), against pancreatic cancer. They were
able to suppress pancreatic cancer growth with minimal side effects
for> 4 weeks following implantation into athymic mice [245]. The
result of this work shows the potential of 3D printing techniques for
effective and local delivery of drugs with ideal pharmacokinetics.

Very recently, Kim et al. utilized the decellularization process to
develop pancreatic tissue-derived ECM (pdECM) bioink from fresh
porcine pancreatic tissue (Fig. 9). The objective was to provide a tissue-
specific microenvironment for islet cells in the 3D constructs fabricated
via micro-extrusion based printing. When quantified, 97.60% of re-
sidual DNA was removed from pdECM bioink (significant to evade
immune rejection response after transplantation). Other ECM compo-
nents including collagen and GAGs were estimated to be 565% and
86%. Human islets cultured for 5 days in 3D alginate, collagen, pdECM
bioinks showed over 60% viability. Secreted insulin levels by islet-laden
pdECM bioink were found higher when cultured in the high glucose-
containing medium than low glucose medium. Printable bioink com-
posed of pdECM, islets and HUVECs could form 3D constructs using
micro extrusion-based printing. The viability of cells in both 3D gels
and printed construct was quite similar when cultured post-printing.
The construct could enhance pancreatic functions such as elevated
regulation of insulin secretion and maturation of insulin-producing cells
derived from hiPSCs [246].

5. Other application areas of bioprinting

5.1. Cancer research

The ability of bioprinting to mimic the human microenvironment in
vitro makes it a suitable technology for various applications, such as
drug screening and high-throughput assays [247], transplantation and
clinical application [9], tissue engineering and regenerative medicine
[248] and cancer research [93]. The limitations of conventional 2D

tumor models to mimic the actual physiological environment have
encouraged the fabrication of 3D cancer models via bioprinting. 3D
printed models are beneficial to improve the understanding cancer
pathophysiology and metastasis to support the development of ad-
vanced cancer therapies [93,249].

Demirci and group reported the use bioprinting for in vitromodeling
of tumor tissue for cancer research and HTS. Inkjet bioprinting was used
to print human ovarian cancer (OVCAR-5) and MRC-5 (normal human
fibroblasts cell line) cells on Matrigel™ to form multicellular acini. This
advancement in technology aids in the understanding of various un-
known regulatory feedback mechanisms between tumor and stromal
cells [250]. This approach enables fabrications of physiologically re-
levant ovarian cancer co-culture models used for better investigation of
ovarian cancer biology and clinical therapies. It can also be used for
high-throughput screening of drug and treatment responses for reduc-
tion of testing cost and provide an alternative for animal testing.

Zhao et al. compared 3D cervical tumor models (fabricated by self-
developed extrusion-based 3D printer employing HeLa cells and ge-
latin/fibrinogen/alginate hydrogels) with the conventional 2D planar
culture models. HeLa cells showed higher proliferation, matrix me-
talloproteinase (MMP) protein expression, and chemo-resistance in 3D
microenvironment contrary to 2D culture. The cell viability achieved
was ~90% [251]. This novel 3D bioprinting approach resulted in 3D
biological characteristics in the bioprinted tumor models in vitro that
renders it an important tool for studying 3D tumor biology.

Scaffold-free cellular spheroids are important for tissue engineering,
drug screening, and studying tissue pathology; it also bypasses the
biocompatibility concerns with scaffold-based models and monolayer
cultures. They also mimic the in vivo microenvironment of cancer cells
well, and thus making them a superior and sought after model system
[252]. Ling et al. used a custom-built pressure-assisted value-based
inkjet bioprinting system for in situ cell seeding to develop cellular
spheroids. The spheroids were generated by fabricating concave wells
with cell loaded hydrogel arrays. Human breast cancer cells (MCF-7)
were seeded in situ on gelatin arrays to form cellular spheroids on a
chip. The seeded cells displayed high cell viability and were uniformly
distributed by the controlled bioprinting system [253].

Breast cancer patients suffer high risk to develop metastatic disease,
in which cancer spreads to other organs, and bone may be affected. To

Fig. 9. Construction of 3D pancreatic tissue construct from islet-laden decellularized porcine bioink. (A) Decellularization process of porcine pancreas and formation of
pancreatic tissue-derived ECM (pdECM) bioink. (B) Biochemical analysis of the pdECM bioink. (C-D) Viability of islet cells in each 3D bioink condition after 5 days of
culture. Scale bar= 100 μm. (E) Effect of pdECM bioink on the islet function-insulin secretion as a function of glucose concentration. (F) Schematic of 3D pancreatic
tissue construct, (G) islet-laden 3D printed construct and (H) it's cell viability over 5 days in culture (green: live; red: dead). Scale bar= 100 μm. Adapted with
permission from Ref. [246] CC by license. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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study this process in vitro, Zhou et al. used a tabletop SLA 3D bioprinter
to construct a 3D model of a bone matrix mimetic to analyze the in-
teractions between breast cancer (BrCa) cells and bone stromal cells
(fetal osteoblasts, and hBMSCs) (Fig. 10). A series of bone matrices
comprising of osteoblasts or MSCs encapsulated in GelMa with nano-
crystalline hydroxyapatite (nHA) were developed. When BrCa cells
were introduced and co-cultured in osteoblasts and MSCs laden 3D
bioprinted matrices (Fig. 10A and B) for 1, 3 and 5 days, their growth
was enhanced compared to their mono-cultures. While the proliferation
of osteoblasts and MSCs in co-cultures were inhibited by the BrCa cells.
In co-culture conditions, BrCa cells presented increased VEGF secretion
compared to mono-cultured BrCa cells (Fig. 10 C). Moreover, the ALP
activity of osteoblasts and MSCs declined substantially in the presence
of BrCa cells (Fig. 10 D) [254]. The results of this work showed that 3D
bioprinting of cell-laden bone matrices can lead to fabrication of con-
structs that provide an appropriate microenvironment for the cross-talk
of multiple cells and therefore a valuable tool for evaluation of breast
cancer bone invasion and metastasis.

In addition, Vinson and team studied epithelial and adipose cell
interactions in breast cancer by fabricating cell-laden hydrogel mi-
crobeads into the matrix of differentiated hASCs using LAB. The fabri-
cated 3D construct indeed provided a better understanding of breast
cancer invasion into adipose tissue [255]. This platform provided a
model that helps to understand the contribution of obesity on MCF-7
and MDA-MB-231 cancer cell invasion at the cellular and tissue level.
Also, mammary duct-like structures were fabricated in vitro employing
sacrificial bioprinting using mammary ductal carcinoma cells in GelMa
hydrogel matrix. Such 3D printed structures can additionally be applied
to other cancers involving duct-like structures [256].

To demonstrate oral cancer progression, Almela et al. used extru-
sion-based 3D bioprinting to construct a human alveolar bone mucosal
model (ABMM) and the cancerous bone oral mucosal model (CBMM).
The 3D scaffold was laden with oral squamous cell carcinoma (OSCC)
cell line spheroids to study several stages of oral cancer. It is expected
that this strategy will aid in the development of new therapeutic ap-
proaches to control OSCC [257].

Ma et al. designed a novel and mechanically robust composite
scaffold (Fe–CaSiO3 named as 30CS) exhibiting synergistic effects of
photothermal and reactive oxygen species (ROS) tumor therapy. 3D
printed 30CS displayed better degradation and in vivo bone regenera-
tion capability. Hence, such composite scaffolds are valuable for
treating cortical bone cancer and regeneration of cortical bone defects
resulting from surgery [258].

5.2. Drug testing, HTS, and organ-on-A-chip

The complexity and ethical concerns allied with the testing of drugs
on animal and human models have raised demand for the development
of specific tissue 3D models (“on-a-chip”) in vitro or organ-on-a-chip
devices. These microfabricated devices can recapitulate the dynamic
interactions and aspects of the typical biomechanical and biochemical
functions of in vivo microenvironments, tissues, and organs within an in
vitro system. Such systems can be excellent in vitro platforms for the
evaluation of drug potency and their effects on tissues, delivery testing,
and tissue engineering [259].

3D printing applications are being explored to test whether a drug is
toxic or effective in complex human organs, such as the liver and heart.
The goal is to develop microtissue with the ability to produce the same
physiologic responses on a small scale that would be observed in an
entire organ, thus eliminating the complex step of animal testing. Also,
3D models would undoubtedly contribute to a better understanding of
the mechanisms involved in disease progression and drug screening
[260]. The highly precise control over the microfeatures of the 3D
printed constructs, especially in combination with microfabrication
technologies, make this technology a perfect tool for creating 3D organ-
on-a-chip devices. Additionally, the 3D bioprinting technology enables

researchers to incorporate bioinks and celling into these devices to
make microchips that can mimic the in vivo function and interactions
more precisely. It can also be used for better cell culture and more
accurate drug screening in vitro [99].

Likewise, 3D cancer spheroids have been printed within a tissue-like
matrix using an inkjet DOD bioprinter for drug development. Atapattu
et al. printed cancer spheroids for glioblastoma, neuroblastoma, and
lung cancer with cell viability> 95%. The HT drug screening of these
spheroids was tested using doxorubicin [261]. A co-culture spheroid
model employing non-small cell lung cancer (NSCLC) cells, PDX and
lung cancer-associated fibroblasts (CAFs) have also been developed via
an extrusion-based 3D bioprinting in sodium alginate/gelatin scaffold
for HT drug screening [262]. This model has the potential to be used as
a platform for high throughput drug screening. Furthermore, the use of
human liver ECM bioink to print hepatic tissue to gain insight into the
biology of liver diseases and drug screening is under investigation. Such
cell-instructive bioinks are prospective for making artificial liver
transplants [263].

Highlighting the importance of 3D printing in pharmaceutics, Sun
et al. developed a template for fabricating customizable tablets with a
desirable drug release profile [264]. However, this process is limited by
its complexity, unavailability of material, and time constraints. To
overcome this, Xu and colleagues employed extrusion-based 3D
printing (FDM) to fabricate a shell with an external round shape and
internal tetrahedron shape for designing a tablet with a convex drug
release profile. The medicine encapsulated in the tetrahedron cavity
inside the shell is gradually exposed to a buffer solution after the dis-
solution of the shell. The convex drug release profile serves a special
purpose, such as for patients with hypertension whose peak blood
pressures occur in the early morning hours. This drug release profile
would allow patients to take their medications at night and the blood
concentration would reach its maximum in the morning [265].

Chang et al. developed an automated syringe-based, multi-nozzle,
direct cell writing process which is a specific type of extrusion-based
bioprinting for biofabrication of 3D liver-cells contained constructs
[60,87,99,247]. They combined this process with micro-patterning
techniques to create a liver-on-a-chip device containing bioprinted liver
cells that are encapsulated in a hydrogel, as mentioned in section 4.5,
liver bioprinting. Briefly, they fabricated a PDMS substrate containing a
tissue chamber, using microfabrication methods such as photo-
lithography and soft-lithography. Then they bioprinted the HepG2 liver
cells encapsulated alginate hydrogels within the tissue chamber. Lastly,
cover glass with required perfusion channels was applied to the device
to enclose the cells [99]. This model was used for drug metabolism
studies and provided the foundation for similar strategies in 3D bio-
printing technology for direct fabrication of organ-on-a-chip devices,
and living cells and tissues for screening the efficacy and toxicity of
agents of interests in vitro.

Bhise et al. also developed a liver-on-a-chip platform using hepatic
spheroids bioprinted with direct cell writing into a microfluidic bior-
eactor chip. Briefly, small spheroids were made out of HepG2/C3A
human hepatocarcinoma cells using the microwell technique. Then the
spheroids were encapsulated in GelMA and bioprinted with a modified
version of commercially available NovoGen Bioprinter (Organovo,
USA) [266]. This platform is an important step in the organ-on-a-chip
field that facilitates the fabrication of in vitro testing devices for the
evaluation of multiple drugs and cells efficiently and can be beneficial
in the detection of some drug-induced liver injuries that are difficult to
predict.

Homan et al. reported a bioprinting process for the fabrication of a
kidney-on-a-chip device that mimics human renal proximal tubules in
vitro. They combined bioprinting, 3D cell culture, and organ-on-a-chip
methods to make a platform for the fabrication of 3D proximal tubules
on a chip with a convoluted shape and capable of being perfused. The
3D proximal tubules constructs were fabricated using a custom-de-
signed extrusion-based four-head 3D bioprinter. Briefly, ECM solution,
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composed of fibrinogen and gelatin was created and then mixed with
thrombin and immediately casted on base of the chip and then allowed
to dry and make a flat surface. In the next step the sacrificial ink was
printed on the ECM surface according to the convoluted shape of the
tubule, while its ends were connected to the inlet and outlet metal
hollow perfusion pins. Then the top layer of ECM formed a cast similar
to the surface and next the chip was covered with a glass slide. Finally,
the sacrificial ink was flushed out of the chip resulted in an open tube
that mimics proximal tubules [267]. This kidney-on-a-chip model can
test and explain the mechanism of drug-induced tubule damages and is
a new approach for fabrication of organ-on-a-chip devices with more
accurate recapitulation of in vivo microenvironments in vitro.

Moreover, Zhang et al. developed a 3D bioprinting based hybrid
technology to produce endothelialized human myocardium as part of a
heart-on-a-chip device with potential for drug screening, regenerative
medicine, and disease modeling. Briefly, they used a modified extru-
sion-based bioprinter for 3D bioprinting of HUVEC encapsulated algi-
nate-GelMA hydrogel as the bioink. HUVEC on microfabricated algi-
nate-GelMA hydrogel and the formation of aligned myocardium seeded
with CMs in a 3D endothelial bed and microfluidic perfusion bioreactor
for cardiovascular toxicity evaluation [199]. This endothelialized-
myocardium-on-a-chip model, in combination with a microfluidic per-
fusion bioreactor, can act as a platform for cardiovascular drug
screening. This work showed that a combination of 3D bioprinting,
microfluidics and stem cells for fabrication of organ-on-a-chip devices
can provide innovative technology for the development of a new

generation of in vitro human organ models for use in drug screening.
One of the other techniques that are used for the fabrication of

organ-on-a-chip platforms is microcontact printing [259]. Although
microcontact printing cannot be categorized in any of conventional
bioprinting technologies, as it is more similar to 2D patterning rather
than 3D printing, it can be considered a bioprinter despite printing only
one layer (patterning). It can print/pattern bioactive contained inks and
consequently pattern cells on a substrate to be used in organ-on-a-chip
devices. Basically, microcontact printing is an expansion of replica
molding, one of the soft-lithography techniques. Once the PDMS
membrane is fabricated by replica molding, an elastomeric PDMS stamp
will be created using that membrane and then coated with one layer of
proteins. Then a substrate will be stamped with this protein-coated
stamp resulting in areas of interest covered with proteins. These areas
of protein can be patterned and controlled by changing the design of the
PDMS stamp and therefore changing the pattern of cells on the sub-
strate since the cells grow only in the areas containing the proteins
[268].

6. Clinical translation in 3D bioprinting

3D bioprinting technology has made progressive strides towards
clinical translation; despite this, numerous challenges must be over-
come before clinical application. Several works foreshadow promising
technologies, but few are optimized for human use. Accordingly, the
previously mentioned work of Albanna and colleagues in establishing a

Fig. 10. 3D bioprinted cell-laden bone matrix as a biomimetic model for breast cancer metastasis study. (A) Examination of co-cultured osteoblasts and BrCa cells on 3D
matrices. (A) Schematic of cells mono- and co-cultured in 3D the bioprinted matrix. Proliferation of (B) osteoblasts and (D) BrCa cells in the 3D bioprinted matrix at 1, 3
and 5 days of culture. (C, E) Representative confocal micrographs of co-cultured cells in the 3D bioprinted matrix. (Middle columns: cross-sectional views) (Osteoblasts
(green): stained with Cell Tracker Green CMFDA dye; BrCa cells (red): stained with Orange CMTMR dye). (B) Examination of co-cultured MSCs and BrCa cells on 3D
matrices. (A) Schematic of cells mono- and co-cultured in 3D the bioprinted matrix. Proliferation of (B) MSCs and (D) BrCa cells in the 3D bioprinted matrix at 1, 3 and 5
days of culture. (Middle columns: cross-sectional views) (MSCs (green): stained with Cell Tracker Green CMFDA dye; BrCa cells (red): stained with Orange CMTMR dye).
(C) Quantification of vascular endothelial growth factor (VEGF) levels. VEGF levels of BrCa cells mono- and co-cultured with (A) osteoblasts and (B) MSCs in the 3D
bioprinted matrix after 2 weeks. (D) Evaluation of alkaline phosphatase activity (ALP). ALP activity of (A) osteoblasts and (B) MSCs mono- and co-cultured with BrCa
cells in the 3D bioprinted matrix after 2 weeks (*p < 0.05; **p < 0.01). ref. Reprinted (adapted) with permission from ref [254]. Copyright (2016) American Chemical
Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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proof-of-concept skin bioprinter and Dvir and associates' work in bio-
printing cardiac patches derived from patients’ cells are notable ad-
vancements not quite ready for clinical utilization. Furthermore, Kang
and colleagues demonstrated the fabrication of human-sized mandible
bone, ear-shaped cartilage, and skeletal muscle using an integrated
tissue-organ printer (ITOP), the results are encouraging for future
clinical application. They conclude that ITOP has the potential to fab-
ricate various types of vascularized tissues [269]. Such progress is en-
couraging considering that an essential challenge in clinical translation
is the fabrication of vascularized tissues and organs. With the estab-
lishment of the in situ 3D bioprinting technology, BioPen, there is an
indication that the field is making headway. Nevertheless, there is no
large-scale clinical translation for 3D bioprinting. Furthermore, bio-
printing of solid human organs for transplant is not yet feasible as
current progress is limited to pre-clinical research [270].

There are currently no clinical trials using bioprinted cell-laden
bone or cartilage constructs [271]. There are, however, cases where
cell-free 3D printed technologies are utilized, with the majority of
clinical trials within the fields of orthopedic surgery, maxillofacial
surgery, and dentistry. Such fields have established clinical trials to
assess the safety and efficacy of fabricated surgical templates, orthotic
devices, implants for bone defects, and dentures [272]. Some ad-
vantages of 3D printed constructs in surgery include improved antici-
pation of anatomic variations, accurate guides and templates, increased
time efficiency during surgical procedures, and improved aesthetic re-
sults.

Acellular 3D printed constructs have been implanted into patients.
Zopf and associates reported the fabrication of a bioresorbable tracheal
splint obtained via laser-based 3D printing to treat the life-threatening
condition of tracheomalacia in an infant, a condition that causes an
excessive collapse of the airway during breathing. The Food and Drug
Administration (FDA) approved the intervention for an emergency-use
exemption, exemplifying the dire need for the intervention. The infant
experienced a significant improvement in respiratory symptoms, and
subsequent imaging demonstrated an open airway [273].

Furthermore, 3D printing is useful for anatomical visualization
during preoperative planning, especially in the case of complex
anatomy. More specifically, Zein and associates printed 3D synthetic
liver models with complex networks of vascular and biliary structures
similar to the native livers of six patients, including donors and re-
cipients involved in living donor liver transplantation (LDLT). The
study aimed to generate highly accurate models to facilitate surgical
planning by preoperatively identifying the vascular and biliary
anatomy to minimize operative complications [274]. Overall, the field
still requires ongoing research before 3D printed devices can be used as
therapeutic devices in standard clinical practice [275]. In addition, the
field must overcome numerous challenges before the implementation of
large-scale 3D bioprinting technologies.

6.1. Challenges and limitations in clinical translation

There are unique challenges ahead in the use of 3D bioprinting
technologies for clinical translation. Specifically, there are limitations
of bioinks as they must possess unique characteristics for optimization
in clinical use. Such properties include insolubility in vivo and in cul-
ture, structural stability, a degradation rate congruent with the re-
generation of tissue, promotion of cell growth, and nontoxic properties.
Bioinks must also integrate with cells and permit vascularization [270].
As previously addressed, bioinks are also affected by the bioprinting
modality used, as the process may impact cell viability. Currently,
bioinks are limited in meeting all of these requirements and an ideal
bioink has not been established.

There are even further limitations in realizing the ambitious goal of
in situ bioprinting [276] in which living tissues are directly printed into
the defect site in the operating room. Challenges include maintaining a
sterile surgical field while incorporating a printer that integrates well

with the operative process. In addition, there are ethical considerations
as the process requires a multi-disciplinary approach that discloses
sensitive medical information to the practitioner, engineer, and others.
Furthermore, this process must also meet regulatory standards for
clinical use and should be affordable [270].

7. Future perspective and concluding remarks

The innovation of bioprinting technology has the potential to re-
volutionize the medical sciences arena to create scaffolds for tissue and
organ transplantation, drug screening, and regenerative medicine. The
field has even moved forward with the commercialization of bio-
printing technologies [277]. Despite great advancement, designing
suitable bioinks and complex tissue fabrication remains challenging.
Maintaining the viability of cells encapsulated in bioinks and ensuring
their protection from damage encountered during the printing process
calls for novel bioink formulations, new cell sources, and advanced
printing technologies. Therefore, standardization and quality-control
methods will need to be established.

This review provides an overview of current progress in 3D bio-
printing technology for tissue/organ engineering, in addition to the
printing process parameters and recommended bioinks. We placed
special emphasis on the application of 3D bioprinting for cancer re-
search, drug testing, high throughput screening, and fabrication of
organ-on-a-chip devices.

Bioprinting is moving beyond 3D towards the emergence of 4D.
Conceptually, 4D printing employs ‘smart’ 3D constructs which can be
programmed to alter their shape and function in response to external
stimuli such as heat, ultraviolet light, current, pressure, and other en-
ergy sources [278,279]. Interestingly, support-free bioprinting for the
fabrication of functional tissue has recently garnered attention. Re-
searchers have used freshly printed human placenta to study the nu-
trient transport from mother to fetus. This method enables the study of
various life-threatening conditions that can potentially arise in either
mother or child during pregnancy and delivery. Despite the current
success, considerable research is still required for the fabrication of
compatible tissue grafts and full organ transplantation. Overall, we
believe that in the near future 3D bioprinting will achieve new heights
by patient-driven precision medicine and complex-tissue fabrication.
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