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3D bioprinting is a pioneering technology that enables fabrication of biomimetic, multiscale, multi-cellular tis-
sues with highly complex tissue microenvironment, intricate cytoarchitecture, structure-function hierarchy,
and tissue-specific compositional and mechanical heterogeneity. Given the huge demand for organ transplanta-
tion, coupled with limited organ donors, bioprinting is a potential technology that could solve this crisis of organ
shortage by fabrication of fully-functional whole organs. Though organ bioprinting is a far-fetched goal, there has
been a considerable and commendable progress in the field of bioprinting that could be used as transplantable
tissues in regenerative medicine. This paper presents a first-time review of 3D bioprinting in regenerative med-
icine,where the current status and contemporary issues of 3D bioprinting pertaining to the eleven organ systems
of the human body including skeletal, muscular, nervous, lymphatic, endocrine, reproductive, integumentary, re-
spiratory, digestive, urinary, and circulatory systemswere critically reviewed. The implications of 3D bioprinting
in drug discovery, development, and delivery systems are also briefly discussed, in terms of in vitro drug testing
models, and personalized medicine. While there is a substantial progress in the field of bioprinting in the recent
past, there is still a long way to go to fully realize the translational potential of this technology. Computational
studies for study of tissue growth or tissue fusion post-printing, improving the scalability of this technology to
fabricate human-scale tissues, development of hybrid systems with integration of different bioprinting modali-
ties, formulation of new bioinkswith tuneablemechanical and rheological properties, mechanobiological studies
on cell-bioink interaction, 4D bioprinting with smart (stimuli-responsive) hydrogels, and addressing the ethical,
social, and regulatory issues concerning bioprinting are potential futuristic focus areas that would aid in success-
ful clinical translation of this technology.
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1. Introduction

3D bioprinting is a process of fabricating cell-laden bioinks into func-
tional tissue constructs and organs from 3D digital models [1]. 3D
bioprinting possesses several advantages over the classical tissue engi-
neering methods [2, 3]. The inability of classical tissue engineering
methods to fabricate complex biomimetic structures results in an
over-simplified tissue construct, thus rendering the engineered tissue
inaccurate with unrealistic cell microenvironments [4], whereas 3D
bioprinting has the potential to fabricate complex, sophisticated, biomi-
metic tissue constructs. Automation, high precision, geometrical
freedom and control (macro-morphology, pore size, porosity, intercon-
nectivity), customizability, printability of wide range of materials, abil-
ity to incorporate and precise spatiotemporal placement of proteins,
growth factors, drugs, DNA, and other biochemical cues along with the
cells [5], wide range of cell density and possibility of cell density gradi-
ent, reproducibility, and repeatability are some of the many advantages
of this technology. Given its potential to fabricate three-dimensional
biomimetic functional tissue constructs, 3D bioprinting has multi-fold
application in the healthcare sector, including disease modelling, drug
discovery and testing, high-throughput screening, and regenerative
medicine.

The difference between “3D printing” and “3D Bioprinting” has to be
understood clearly as both these terms are used interchangeably in the
scientific community [6]. Both the processes build a 3D object layer by
layer from a 3D model. However, 3D bioprinting involves the use of
cell-laden bioinks and other biologics to construct a living tissue while
3D printing technologies do not use cells or biologics. 3D printing of
porous polymeric scaffolds for cell seeding should not be confused
with bioprinting of cell-laden bioinks. 3D printing also has numerous
biomedical applications including medical devices, surgical instru-
ments, prostheses, customized implants (inertmaterials such asmetals,
ceramics, or polymers without cells), and anatomical models for surgi-
cal planning and training [7, 8]. This review exclusively focusses on
the bioprinting of tissues and organs for regenerative medicine applica-
tions, which involves the printing of cell-laden bioinks and hence, gen-
eral 3D printing technologies and applications do not fall within the
scope of this work.

The need for bioprinting technology justifies the rapid progress
made in the field in the past decade. Organ shortage continues to be
one of the major problems in healthcare. In the USA, there were
122,071 patients waiting for organ transplantation in 2016, with 48%
of them waiting for N2 years [9] (Fig. 1A). While the demand for organ
transplants has increased considerably, the supply is almost stagnant
for a decade (Fig. 1B). Bioprinting has a great potential to solve this
ever-increasing organ shortage crisis. Though bioprinting of fully func-
tional organs has a long way to go [10], considerable progress has
been made to realize the greater goal of organ printing. Bioprinted tis-
sues could be used as in vitro testing beds in place of animal testing
[1]. Given the ethical concerns surrounding animal testing and the
high cost involved, bioprinting is a viable alternate. In pharmaceutical
research, bioprinting could be used as in vitro models for testing of
drug efficacy, toxicity, chemotherapy or chemo-resistance to reduce
the high cost and shorten the time of drug discovery [11, 12].

Bioprinting related research has grown substantially over the last
decade. The number of publications related to 3D bioprinting has



Fig. 1. (A) Number of patients waiting for Organ transplantation (by Organ Type) in the USA in 2016 (Source: United Network for Organ Sharing – www.unos.org), (B) Yearly Organ
Shortage Statistics in the USA from 2003 to 2015 (Source: Organ Procurement and Transplantation Network – www.optn.transplant.hrsa.gov), and (C) Forecasted market share for
each of the primary bioprinting applications in 2027 (Source: SmarTech Publishing Reports - www.smartechpublishing.com).

298 S. Vijayavenkataraman et al. / Advanced Drug Delivery Reviews 132 (2018) 296–332
increased 3300% from2000 to 2015 (24 in 2000 to 792 in 2015), indicat-
ing the rapid pace atwhich thefield is growing [13]. The totalmarket for
Additive Manufacturing was valued at $5.1 billion in 2015, having
grown at a Compound Annual Growth Rate (CAGR) of 26.2% over
the last 27 years, with the medical and healthcare sector accounting
for nearly 16% of the total revenue [7]. Increasing demand for cus-
tomized, patient-specific medical products accounted for this surge
in the market value. The market potential of 3D bioprinting is ex-
pected to grow at a CAGR of 26.5%, from USD 411.4 million in 2016
to USD 1332.6 million by 2021 [14]. The major driving factors
outlined in the report are the rising demand for organ transplanta-
tion, growing R&D, increasing public and private investments in re-
search, and rising use of 3D bioprinting in drug discovery. Drug
discovery, cosmetics testing, tissue regeneration and medical de-
vices are the four primary bioprinting applications and their share
in the bioprinting market is shown in Fig. 1C.

In this review, we discuss in detail the applications of 3D bioprinting
in regenerative medicine. First, the steps involved in bioprinting are
briefly explained. The pre-processing steps in bioprinting, which in-
cludes imaging and 3D modelling are touched upon briefly. Other nu-
merical simulation and mathematical modelling possibilities for better
design and optimization of the bioprinting process is also included in
the same section. The different types of bioprinting processes, namely
laser-based, droplet-based (inkjet, EHD-jet, acoustic, microvalve-based
bioprinting), extrusion-based and stereolithography bioprinting are
discussed in detail, along with the pros and cons of each method.
There has been a commendable progress in the bioprinting field, with
various types of tissues being printed and tested. The applications of
bioprinting in regenerative medicine are then discussed in great detail
pertaining to different organ systems present in the human body.
Bioprinting of tissues and organs in eleven important organ systems
including skeletal, muscular, nervous, lymphatic, endocrine, reproduc-
tive, integumentary, respiratory, digestive, urinary, and circulatory
systems are critically reviewed, with the challenges and future perspec-
tives of bioprinting under each organ system. To the best of our knowl-
edge, our work is the first to review the applications of bioprinting
pertaining to different organ systems in great detail. Finally, the impli-
cations of 3D bioprinting in drug discovery, development, and delivery
systems are briefly discussed.
2. Steps in 3D bioprinting

A typical bioprinting process consists of three major steps namely
pre-processing, processing and post-processing (Fig. 2). Pre-
processing involves imaging of the tissue or organ using computed
tomography (CT), magnetic resonance imaging (MRI), and ultrasound
imaging techniques and reconstruction of 3Dmodels from the imaging.
The generated 3Dmodels are then converted into STL file format, which
is a commonly accepted file format by most of the commercially avail-
able bioprinters. The processing step starts with harvesting primary
cells from patients, culturing and expanding it ex vivo for the
bioprinting process. Though cancer cell lines and other non-human
cells are being used, the ideal condition for fabricating transplantable
living tissues would be to use the patient's own cells. Suitable bioinks
with properties mimicking the intended tissue to be printed are
selected and the cells are suspended in these bioinks. The cell-laden
bioinks are then fabricated into required 3D living tissue/organ accord-
ing to the 3D model using a bioprinter. Post-processing involves
maintaining the bioprinted tissue/organ in a bioprinter for tissue matu-
ration before being transplanted into patients or used as in vitromodels
for disease modelling, or drug testing.

Image of Fig. 1
http://www.unos.org
http://www.optn.transplant.hrsa.gov
http://www.smartechpublishing.com


Fig. 2. A typical bioprinting process flow consisting of three steps namely pre-processing (Medical imaging using X-ray, MRI, CT or Ultrasound, 3D modelling, and slicing; preparation of
cell-laden bioink) (Image courtesy: www.southernstatesimaging.com, www.istockphoto.com, www3.gehealthcare.com), processing (actual bioprinting process), and post-processing
(tissue maturation in a bioreactor) (Image courtesy: www.broadleyjames.com).
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3. Pre-processing

The pre-processing steps in bioprinting a tissue or organ predomi-
nantly consists of two steps, namely (i) acquisition of imaging data,
and (ii) reconstruction of 3D tissue models. Medical imaging tools
with proper software are utilized to acquire anatomic data first. Subse-
quently, these data are processed by various modelling approaches to
creating the 3D models which are used to guide the printing process
based on the designed printing path plan.

3.1. Imaging

Prior to actual bioprinting, it is crucial to understand the internal and
external structure of the targeted tissue/organ for the printing to be bio-
mimetic [6]. Computed tomography (CT), magnetic resonance imaging
(MRI), ultrasound imaging techniques and optical microscopy are the
most common imaging modalities used for obtaining patient-specific
information.

3.1.1. Computed tomography
CT utilizes ionizing radiation (X-ray) to scan the samples and create

consecutive 2D images by detecting the absorption of radiation. A 3D
view is then generated by stacking the obtained 2D images via tomo-
graphic reconstruction algorithms [15]. CT displays better performance
in imaging hard tissues such as bone and tumor, and the boundaries be-
tween bone tissue and soft tissue can be well differentiated via CT [6,
16]. Reasonably high-resolution images (0.24–0.3 mm) can be obtained
with relatively short scan time. However, the utilization of ionizing radi-
ation possesses a potential risk to patients [17] and only a limited dose
at controlled frequencies can be applied to patients. In addition to CT,
Micro-CT (with high resolution from 1 to 200 μm) being able to charac-
terize the mechanical properties of scaffolds and the microstructures
[18–20] has been used in imaging the bone density changes and tissue
regeneration in small animals [21]. For the imaging of the soft tissue
components using CT, contrast agent may be used to enhance the
image quality.

3.1.2. Magnetic resonance imaging
MRI utilizes pulsed radio frequency electromagnetic waves to scan

the samples, instead of using ionizing radiation as with CT. By detecting
the excited radio-frequency signal from hydrogen atoms in the samples
via amagnetic resonance coil, images can be generated after being proc-
essed through computer software. A number of 3D images are stacked
and segmented to create MRI images. Although both hard and soft tis-
sues can be imaged by MRI, it is highly preferred for imaging of soft tis-
sues [16]. MRI has been extensively used in the imaging of soft tissue
components in the human body as there is no ionizing radiation
involved. However, the resolution is relatively low, which is only
250 mm × 250 mm × 0.5 mm at a scan time of 5–40 min [17].

Micro-MRI can achieve higher resolution with an extremely high
magnetic field strength (7–9 T) [22], however, such high magnetic
field levels are intolerable to patients [23]. Instead, contrast agents
such as magnetic nanoparticles may be used to improve the imaging
quality [24].

3.1.3. Ultrasound imaging
Ultrasound technology utilizes sound energy to scan the sample by

emitting sound waves. The reflected waves are detected by a receiver
and are further processed to generate computer images. It has a limited
resolution (1 mm × 1.5 mm × 0.2 mm) [25], compared to MRI or CT.
However, since there is no exposure to radiation, ultrasound imaging
is a safe and easyway to differentiate the structure of targeted tissue/or-
gans. With the application of ultrasound elastography, the mechanical
properties of tissues can also be measured quantitatively [26].

3.1.4. Optical microscopy
By stacking a large number of 2D images taken from optical micro-

scope, images of 3D tissue models can be obtained. This requires the
modelling software to reassemble thedissected histology slices and pre-
cisely align them in correct position [16]. By the optical microscopic
methods, an individual cell is able to differentiate via staining. Thus,
each tissue type in an organ can be differentiated.

3.1.5. Other tools and software
Other imaging tools that are used to visualize the targeted tissue/

organ includes positron emission tomography (PET) and single photon
emission computed tomography (SPECT) [27]. To fulfil the criteria of de-
sign for bioprinting, hybrid imagingmodalities have also been used. For
instance, 3D models obtained from CT and MRI were combined to rep-
resent a heterogeneous soft tissue [28], and CT/PET was used to pre-
cisely locate cancer [29].

Image of Fig. 2
http://www.southernstatesimaging.com
http://www.istockphoto.com
http://www3.gehealthcare.com
http://www.broadleyjames.com
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Many image processing software is used to process the acquired im-
ages from the imaging techniques discussed above. ITK-Snap (Open
source) [30], Amira, Materialize Mimics, and Avizo 3D [6] are the com-
mon software/programs used for image segmentation. By determining
the threshold value of the region of interest, the tissue anatomy can
be captured. Subsequently, region growing techniques are used to
merge all pixel values within the region to form a color mask. This ap-
proach is themost commonly used segmentation method in processing
the images, which is suitable for capturing information from a tissue
with large volume and heterogeneity. Sun et al. [31] proposed a homog-
enization approach to solving the problem by using different threshold
values for a number of sub-regions.

3.2. 3D modelling

After the acquisition of images of the targeted tissues/organs by
imaging techniques, the internal architectures have to be designed to
complete the 3D model creation, such as internal channels and pores
which enable cell attachment, proliferation, nutrient flow and tissue
maturation [32]. The regenerated 3D model from image segmentation
is usually presented in stereolithography (STL) format, which is an
acceptable format with the majority of recent 3D bioprinters. This 3D
image with a continuum of image and surface intensity data [33] is
reconstructed via a volumetric representation of segmentation, involv-
ing volume rendering [34]. The appearance of 3D surfaces generated
via volumetric techniques consists of tiny picture elements (basic
units of volumetric representation: voxels) [35]. Upon generation of
targeted tissues/organs models in a digital form, the 3D surface model
is then processed to design the internal architecture to mimic the anat-
omy of tissues/organs.

CAD-based design, image-based design, freeform design, implicit
surfaces, and space-filling curves are the main approaches used in de-
signing the internal structures of the tissue constructs (Fig. 3). In the
CAD-based system, constructive solid geometry (CSG), boundary repre-
sentation (B-Rep) and spatial occupancy enumeration (SOE) are
employed as modelling approaches to design the tissue architectures
[36]. CSG modelling generates design models based on solid primitives
and Boolean operations. B-Rep, however, uses boundary elements to
define the geometry. SOE represents solid objects using cubic unit ele-
ments. CSG and SOE can be used in constructing complex objects
while they are computationally costly and require huge data storage
as compared to B-Rep approach. Commercial CAD software such as
SOLIDWORKS, NX, MIMICS, PTC Creo, and CATIA are often employed
to design the tissue structures.

To design a construct with controlled porosity, Cheah et al. [37] pro-
posed algorithms enabling subtraction of the negative geometry from a
CAD model to generate 3D bone structures. In an image-based system
proposed by Hollister et al. [38], the defected regions in medical images
were filled with binary unit cells. With this method, the tissue models
were reconstructed with irregular pores. Smith et al. [39] first applied
this approach in reconstructing the mandibular bone tissue model
(Fig. 3B) and subsequently printed the 3D model by a laser sintering
process. Freeform design approach enables the construction of tissues/
organs with controlled architecture as well as material composition.
Ozbolat et al. [32] used this approach to generate severalwound devices
(Fig. 3C). Implicit surfaces design is another approach that can design
complex tissue scaffolds with periodic minimal surfaces [40]. Space-
filling curves design can serve as an alternative approach to fulfil the re-
quirement of extrusion-based bioprinting where the above-mentioned
approaches (CAD- or image-based systems) cannot be applied. Due to
the difference of compatibility between difference bioprinters,
bioprinter-specific software should be used for successful completion
of bioprinting. Currently, themajority of softwarewhich enables the de-
sign of internal architecture still have limited design flexibilities, such as
poor distance control between the material footprint dimensions and
printed material [6].
3.3. Other numerical methods/mathematical modelling in bioprinting

In addition to the imaging and 3D modelling steps, there are other
numerical methods, mathematical modelling and simulation that
could facilitate better design and optimization of the bioprinting pro-
cess. For example, finite element analysis (FEA) could be used to deter-
mine the mechanical, fluid flow properties, and diffusivity [43] and
computational fluid dynamics (CFD) can be employed to study the per-
meability of the designed 3D tissuemodel. FEA could be combined with
empirical studies to investigate the impact of matrix degradation [44,
45]. CFD could be used to design and optimize the scaffold/tissuemicro-
structures in terms of shear stress [46–48], mass transfer [49], and influ-
ence of micro-architectural parameters [50, 51].

3.3.1. Macroscopic models of tissue growth
The understanding of macroscopic models of tissue growth [52–54]

which describe the tissue growth process in terms of macroscopic pa-
rameters would help in the biomimetic design of the 3D model, selec-
tion of suitable bioinks and determination of the bioprinting process.
Biological and biochemical mechanisms, being crucial for explaining
the reason for tissue growth, have not been thoroughly understood
yet. Continuous efforts on developing more comprehensive models
are still required.

Modelling of living tissues can be categorized into two types:
(i) Discrete cell model where tissue is considered as a set of discrete
cells; (ii) continuum cell model where tissue is considered as contin-
uum cells. In addition, tissue fusion after bioprinting is another key
issue that requires computational simulations [55].

3.3.1.1. Discrete cell model. Steinberg [Steinberg 1963] proposed differ-
ential adhesion hypothesis (DAH) which states that (i) cell adhesion
in multi-cellular systems relies on energy differences between the cell
types, and (ii) cell aggregates are active enough to reach lowest energy
status. The majority of discrete cell models are proposed based on DAH.
Monte Carlo simulations of the large-N Poots model are the typical ex-
ample where a lattice is used to represent the tissue [56]. DAH based
models could be used to predict the formation of bioprinted tissue,
with co-culture and multi-culture systems. Glazier et al. [57] used Me-
tropolis algorithm to model cell migration and changes of shape in sys-
tems with several thousand cells, suggesting that temperature may be
one of the parameters affecting cell motility. In addition to DAH, several
othermodelswere also developed to simulate the tissue growth, such as
cell differentiation, chemical signalling and ECM production [58, 59].
Palsson et al. [58] have combined Glazier-Granermodel with partial dif-
ferential equations to describe cAMP signalling, by which morphoge-
netic influence of genes can be potentially characterized.

3.3.1.2. Continuum cell model.Murray et al. [60] proposed the continuum
approach where continuummechanics methods were applied, consid-
ering the modelling of tissues with realistic cell numbers. In this study,
the cell distributions of various cell types are described by cell density
in thewhole tissue. Fluxes are used to describe themorphogenetic rear-
rangements. Semple et al. [61] had investigated morphogenesis, scar
formation, and dermal wound healing, vasculogenesis and contraction
based on continuum cell modelling. It is known that understanding
the vasculogenesis mechanisms is important for generating tissue con-
structs that can be perfused, especially in large organ replacements.

3.3.1.3. Tissue fusion. The success of bioprinting 3D tissue or organ re-
quires the stacking of cell-laden bioinks layer by layer and in a manner
mimicking the native tissue architecture. Hence, a fusion of droplets of
bioink or subsequent layers of bioink to form the tissue or organ
needs attention. Cell-laden bioinks, cell aggregates or multicellular
spheroids are similar to liquids in terms of flow behaviour, tending to
minimise their surfaces and fuse when they are in contact with each
other [62, 63], and also have similar viscous, elastic and plastic



Fig. 3. (A) Computer-aided design based systems constructed from different primitives. Reprinted with permission from [31]. (B1–B4) Image-based design of mandibular condyle
scaffolds. Reprinted with permission from [39]. (C1–C3) Freeform design of a wound device. Reprinted with permission from [32]. (D1–D3) Triply periodic minimal implicit surfaces.
Reprinted with permission from [41]. (E1–E3) Space-filling curves. Reprinted with permission from [42].
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properties [64]. Several modelling approaches have been developed to
describe the fusion of cell aggregates, which is important to adequately
optimize and control the bioprinting process.
A basic model to mimic a system with living cells in bioink, ECM or
cell culture medium is 2D lattice model, which can simulate the evolu-
tion of cell aggregates by Monte Carlo algorithm. The Monte Carlo

Image of Fig. 3
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simulation can be classed into two categories: (i) Metropolis Monte
Carlo and (ii) Kinetic Monte Carlo. Metropolis Monte Carlo creates and
constructs the initial state based on the shape and the compositions of
the targeted system. The conformational changes are made via the in-
terfacial cells. Kinetic Monte Carlo method is an alternate method [65],
in which the transition rate is calculated for the changes in each step
and then the new configurationwith a probability is selected. The corre-
sponding time evolution of the system could then be expressed via the
transition rates. Use of KineticMonte Carlomethod to simulate the evo-
lution of a multicellular system had higher precision [66] compared to
the Metropolis Monte Carlo method. To further understand this con-
cept, Sun et al. [67] used Kinetic Monte Carlo simulation to describe
the fusion of six vascular cell aggregates. Each cell aggregate has a radius
of about 7 cell diameters, containing 982 cells (680muscle cells at outer
layer (in red) and 302 endothelial cells inside (in green) shown in
Fig. 4). As shown in Fig. 4, partial fusion occurs for the muscle cells
Fig. 4. Fusion of six uniluminal vascular spheroids p
Reprinted with permission from [67].
once the aggregates contact with each other. After 2.5 × 106 time
steps, the inner layer fused to form a tube.

Another simulation method which is based on phase field approach
was proposed to study the fusion of cell aggregates and morphological
development after bioprinting [68–70]. Multiphase fluids were used to
simulate the multicellular aggregates. The interphase force interactions
were employed to describe the phase mixing/separation. In addition to
the above-mentioned simulation techniques, cellular particle dynamics
are another extensively used simulation method, which treats cells as a
set of particles. Using cellular particle dynamics, themorphological evo-
lution of the 3D multicellular system can be predicted instantaneously
during passive relaxation of biomaterials [66].

Application of such mathematical models and numerical simulation
to understand the cell biomechanics and predict the tissue formation
post-printing is an interesting area of future research. Such studies
would help in the selection of suitable bioinks, optimal cell
redicted via a Kinetic Monte Carlo simulation.

Image of Fig. 4
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concentration, type of bioprinting process, and optimization and control
of the bioprinting process.

4. Bioprinting processes

Bioprinting is an umbrella term that encompasses several different
processes. Bioprinting processes can be broadly classified under four
main categories (Table 1) namely, (i) Laser-based bioprinting, (ii)
Droplet-based bioprinting, (iii) Extrusion-based bioprinting, and (iv)
Stereolithography-based bioprinting. Laser-based bioprinting encom-
passes Laser-induced Forward Transfer (LIFT), Absorbing Film-assisted
Laser-induced Forward Transfer (AFA-LIFT), Biological Laser Processing
(BioLP), Matrix-assisted Pulsed Laser Evaporation Direct Writing
(MAPLE DW), Laser-guided Direct Write (LG DW), and LG DW with
an optical fibre guidance. Droplet-based bioprinting processes can fur-
ther be divided into Inkjet bioprinting, electro-hydrodynamic jetting
(EHD-jetting), acoustic bioprinting and microvalve-based bioprinting.
Inkjet bioprinting is classified into continuous inkjet bioprinting (CIJ),
and drop-on-demand inkjet bioprinting (Thermal, Piezoelectric and
electrostatic DOD). Extrusion-based bioprinting could be pneumatic,
piston or screw-based. Stereolithography bioprinting could be divided
into two based on the use or non-use of patterns. The schematics of all
the bioprinting processes are shown in Fig. 5.

4.1. Laser-based bioprinting

Laser-based bioprinting processes utilise laser energy to pattern cell-
laden bioinks in a three-dimensional spatial arrangement with the aid
of Computer-aided Design and Manufacturing (CAD/CAM). Laser radia-
tion, being highly monochromatic, coherent, and highly focussed, was
used for precise patterning ofmetals like Ag, BaTiO3, andNiCr into active
and passive mesoscopic circuit elements including conductors, capaci-
tors and resistors, with a high spatial resolution of 1–3 μm [71]. High
resolution and reproducibility of this process made it a viable option
for use in biomedical applications such as cell printing [72]. The main
components of a laser-bioprinting setup are a laser source (pulsed or
continuous), laser transparent print ribbon (with or without a laser
Table 1
Classification of 3D bioprinting processes.
energy absorbing layer) coated with a layer of cell-laden bioink and a
substrate or collector slide placed on a motorized stage. Based on the
type of laser source and laser transparent print ribbon, the processes
have slight variations and they include LIFT, AFA-LIFT, BioLP, MAPLE
DW, and LG DW (with or without optical fibre guidance).

Laser-induced Forward Transfer (LIFT) (Fig. 5A) is a common laser-
bioprinting method used for cell patterning and bioprinting of tissue
constructs [73–75].When the laser is irradiated on the laser transparent
print ribbon, the laser energy is absorbed by the laser energy absorbing
layer (which is a thin layer of metal such as gold), thereby creating a
high gas pressure and thus, propelling a droplet of cell-laden bioink to-
wards the substrate.When a thick (~100 nm) sacrificialmetal layer (ab-
sorbing film) is coated on the laser transparent print ribbon to facilitate
laser interaction, the process is called Absorbing Film-assisted Laser-
induced Forward Transfer (AFA-LIFT) (Fig. 5B) [76, 77]. BioLP is a
slightly modified version of AFA-LIFT, with use of a CCD camera to
focus the laser radiation [78, 79]. AFA-LIFT and BioLP reduce the expo-
sure of laser on the cell-laden bioink due to the presence of thick sacri-
ficial layer thus reducing the risk of cell damage [78]. MAPLE DW
(Fig. 5C) is similar to AFA-LIFT. While high power laser pulses are used
in LIFT, AFA-LIFT, and BioLP, low power laser pulses operating in the
UV or near-UV wavelength are used in MAPLE DW that prevents the
penetration of laser into the bioink layer [72, 80]. In addition to the
low powered laser pulses, the sacrificial energy absorbing layer is
made of a biopolymer instead ofmetals that also facilitates initial cell at-
tachment [81]. LG DW (Fig. 5D) is another technique that uses a weakly
focused ~800 nm laser beam to move the cells in a liquid suspension
(usually in cell media) using the laser force on to a moving substrate
[82, 83]. LG DW with optical fibre guidance (Fig. 5E) is a modification
of LG DW process, where the laser beam is coupled with hollow optical
fibers to increase theworking distance of LGDW from300 μmto several
millimetres or centimetres [72].

Laser-based bioprinting possesses many unique advantages. It is a
non-contact process and hence, result in high post-printing cell viabil-
ities (N95%) [77]. Being a nozzle-free approach, the problem of clogging
is eliminated. High resolution, with the ability to print single cell per
droplet, the capability of printing high cell densities (up to 108 cells

Unlabelled image
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per ml) and low viscosity cell suspensions (1–300 mPa s) [77, 84] are
some of the other advantages.

There were several successful attempts of using laser-based
bioprinting to print cells in a 3D spatial arrangement reported in the
literature including NIH3T3 fibroblasts and HaCaT keratinocytes [85],
human dermal fibroblasts [86], human mesenchymal stem cells
(hMSCs) [85], rat Schwann cells and astroglial cells [77], Human
umbilical-vein endothelial cells (HUVEC) and Human umbilical-vein
smooth muscle cells (HUVSMC) [87], and Multipotent adult progenitor
cells (MAPC) [88]. Not only living cells but also peptides [89] and DNA
[90] are patterned using Laser-based bioprinting processes. In addition
to the cell patterning, fabrication of multi-layered tissue constructs
such as skin tissue [75, 91], were also attempted using Laser-based
bioprinting processes.

In spite of the several advantages that Laser-based bioprinting holds
over the other bioprinting methods, there are also many challenges. De-
spite the attempts to mitigate the effect of laser radiation on the cells by
using a low-powered laser and/or coating a thick sacrificial layer, the risk
of laser exposure still could not be completely eliminated. Hence, there is
always a risk of photonic cell damage [72]. The use of metals as a laser-
energy absorbing layer in processes such as LIFT and AFA-LIFT poses
the problemofmetallic nanoparticles induced cytotoxicity [92]. Scalabil-
ity of the process is another limitation [1]. Fabrication of the laser print
ribbon, the high cost of laser systems and complexity of controlling the
laser pulses adds to the list of disadvantages of this method.

The disadvantages of laser-based bioprinting outweigh its advan-
tages. The nature of the method makes it unsuitable for fabrication of
full-scale tissue constructs that are suitable for regenerative medicine.
But, the process can be used for high-resolution cell level patterning of
multi-cellular microenvironments such as tumor microenvironment
(TME) for disease modelling or drug testing [93]. Since laser-based
bioprinting is based on optical principles and forces, optically selective
cell targeting and transfer could be possible in the future [72]. However,
a detailed study on process-induced photonic cell damage has to be
done before translational use. Complete elimination of laser exposure
of the cells during the process, simplification of the print ribbon fabrica-
tion, and eliminating the use of metals or other non-biological materials
as the laser energy absorbing layer are some of the areas of process im-
provement that could be worked on. Despite all the improvements, the
scalability of the process and complexity of handling the whole system
hinders laser-based bioprinting from becoming translational.

4.2. Droplet-based bioprinting

Droplet-based bioprinting processes eject cell-laden bioinks out of
the nozzle onto a substrate in the formof droplets. They can be classified
further into Inkjet bioprinting (CIJ and DOD - Thermal, Piezoelectric and
electrostatic), electro-hydrodynamic jetting (EHD-jetting), acoustic
bioprinting and microvalve-based bioprinting.

4.2.1. Inkjet bioprinting
Inkjet bioprinting is adapted from the inkjet printing technology,

with the printing ink cartridges replaced by cell-laden bioink cartridges.
Inkjet bioprinting can be broadly classified under two headings, namely
continuous inkjet (CIJ) and drop-on-demand (DOD) inkjet printing. CIJ
(Fig. 5F) bioprinting ejects a stream of cell-laden bioink droplets by
the formation of Rayleigh-Plateau instability when pressurized through
a nozzle [94]. Due to the nature of the process, the droplet could not be
precisely controlled in CIJ and hence, DOD is the preferred method for
bioprinting [95]. DOD inkjet bioprinting techniques eject droplets on
demand or onlywhen a trigger is given, aiding in precise control andpo-
sitioning of droplets. Based on the type of trigger, the DOD inkjet
Fig. 5. Types of 3D bioprinting Processes (A–E) Laser-based bioprinting methods, (F–I) Inkje
bioprinting, (L) Microvalve-based bioprinting, (M) Micro-extrusion bioprinting, (N) Stereolith
Projection Printing (DMD-PP).
bioprinting could be thermal, piezo-electric, or electrostatic DOD sys-
tems. In thermal DOD inkjet bioprinting (Fig. 5G), a voltage pulse is ap-
plied to a thermal actuator to locally heat the bioink. The localized
heating creates a vapour bubble, which rapidly expands and explodes,
thereby overcoming the surface tension force of the bioink at the nozzle
tip and forcing the bioink droplet out of the nozzle. Piezoelectric DOD
inkjet bioprinting (Fig. 5H) employs a piezoelectric actuator which ex-
pands or contracts when a voltage pulse is applied. This expansion or
contraction upon application of a voltage pulse is used to deform the
bioink chamber, causing a pressure wave inside the chamber and a
droplet of bioink is ejected out from the nozzle. Electrostatic DOD inkjet
bioprinting (Fig. 5I) utilizes a high voltage deflection plate, which
changes the volume of the bioink chamber when a high voltage is ap-
plied between the plate and charge electrode, thus ejecting droplets of
bioink out of the nozzle. Cell-laden bioinks were bioprinted using ther-
mal DOD [96, 97], piezoelectric DOD [98, 99], and electrostatic DOD
[100] inkjet bioprinting methods with a post-printing cell viability of
N80% [5, 101]. Inkjet bioprinting had been used for printing cells and tis-
sue constructs of bone [102, 103], cartilage [104, 105], skin [106],
cardiac [107], and nervous tissue [108].

The advantages of inkjet bioprinting are high resolution (~50 μm),
high printing speed (up to 10,000 droplets per second), affordability,
and the ability to introduce cell concentration gradients [84, 101]. How-
ever, there are several limitations. Only low-viscosity bioinks
(~3–12 mPa s) can be printed, which requires an additional cross-
linking step to render the construct structural stability. Nozzle clogging
is another challenge with the inkjet bioprinting systems, which limits
the cell concentration in the bioink to be b106 cells per millilitre [84].

4.2.2. Electro-hydrodynamic jetting (EHD-jetting)-based bioprinting
In EHD-jetting-based bioprinting (Fig. 5J), a high voltage (0.5–20 kV)

is applied between the nozzle and the substrate as a back-pressure sup-
ply delivers the bioink to the nozzle tip [109, 110]. When the applied
electric field force overcomes the viscoelastic force of the bioink and
surface tension force at the nozzle tip, droplets of bioink are ejected
out of the nozzle by the formation of a Taylor cone [110–112]. EHD-
jetting, based on the applied voltage and the nozzle-to-substrate dis-
tance, can be operated in different modes, namely dripping, spindle, os-
cillating jet and cone-jet mode [113]. Living cells such as Jurkat cells
[114], mouse neuronal cells (CAD) [115], human embryonic kidney
cells (HEK 293 T) [116], and 3 T3 mouse fibroblasts [117] were pat-
terned using EHD-based bioprinting, demonstrating that the cells can
survive the high electric fields and forces associated with the jetting
process [109]. The process had been successfully used for printing pat-
terned protein arrays [118] and DNA Oligonucleotides [119].

The greatest advantage of EHD-jetting-based bioprinting is the high
resolution it offers compared to the other bioprintingmethods. A nano-
scale resolution of ~100 nmhad been achieved using this method [119].
Bioprinting of very high viscosity bioinks (up to 20% w/v) [114] is pos-
sible with this technique, which is another unique advantage of EHD-
jetting-based bioprinting. There are two main limitations of this tech-
nology. Although the cell viability immediately after printing or a few
hours or days after printing might be high, application of high voltage
and subjecting the cells through high electric fields might affect the
long-term post-printing cell viability [120]. Secondly, the process cre-
ates a continuous stream of droplets or jet rather than droplets on de-
mand and hence, precise spatial placement of cells is onerous, if not
impossible [95].

4.2.3. Acoustic bioprinting
Acoustic bioprinting (Fig. 5K) is relatively a new method of

bioprinting that can eject droplets of cell-laden bioinks on demand.
t-based bioprinting methods, (J) Electrohydrodynamic jetting bioprinting, (K) Acoustic
ography bioprinting, and (O) Stereolithography bioprinting – Digital Micromirror Device-
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Cell-laden bioink is held in anopenpool,with an acoustic actuator at the
centre, as shown in Fig. 3k. Surface tension force keeps the bioink static
at the small nozzle tip. When the acoustic actuator, containing a piezo-
electric substrate and interdigitated gold rings, is actuated, circular
acoustic waves are generated with its focal point at the air-bioink inter-
face at the nozzle tip, overcoming the surface tension force and thereby
ejecting droplets of bioink onto the substrate [121]. Several cell types in-
cluding mouse embryonic stem cells, fibroblasts, AML-12 hepatocytes,
human Raji cells, and HL-1 cardiomyocytes were printed using this
technique [121], with post-printing cell viabilities of N90%.

The advantage of this method over other DOD techniques is that the
bioink is an open pool rather than in a nozzle, thus eliminating the ex-
posure of cells to detrimental stressors such as heat, high pressure,
and high voltage [95]. High resolution (~37 μm) and high printing
speed (up to 10,000 droplets per second) are other advantages. With
high viscosity bioinks or bioinkswith high cell concentration, the acous-
tic force required to eject a dropletwill also considerably increase, caus-
ing a detrimental effect on cells. There are only a few studies published
on acoustic bioprinting and further detailed studies are required for ob-
jective evaluation of this technology.

4.2.4. Microvalve bioprinting
Electromechanical or solenoid valves are used to control the ejection

of droplets of cell-laden bioink in a microvalve bioprinting system
(Fig. 5L). The bioink is delivered to the nozzle tip bypneumatic pressure.
Application of voltage pulse to the valve causes the valve to open due to
solenoid action andwhen the pneumatic pressure overcomes the visco-
elastic force of the bioink and surface tension force at the nozzle tip, a
droplet of bioink is ejected out of the nozzle [122]. This is also a drop-
on-demand system and the droplets are ejected only when a voltage
pulse is applied to the valve. Microvalve bioprinting had been used to
print several types of cells including HFF-1 fibroblasts and HaCaT
keratinocytes [91], primary bladder smooth muscle cells (SMCs) [123,
124], and human alveolar epithelial type II cell line A54956 and the
EA.hy926hybrid human cell line [125], with a post-printing cell viability
of N80% [125]. The method was also used to print 3D tissue constructs
like multi-layered skin tissue [91], and lung tissue analogue [125].

Microvalve bioprinting, if used with multiple print heads, has the
greatest advantage of synchronized ejection from different print heads
[122], aiding in the printing of co-culture, and multi-culture tissue con-
structs. The range of pneumatic pressure used inmicrovalve bioprinting
is lesser than that used in inkjet bioprinting and hence, the cells are less
prone to damage or injury [95]. It has moderate printing speeds of up to
1000 droplets per second [91],which is far lesser than inkjet bioprinting
and a low resolution compared to other droplet-based bioprinting sys-
tems. Clogging of the nozzle is a challenge with microvalve bioprinting,
limiting the bioink viscosity to 1–200 mPa s and a cell concentration of
fewer than 106 cells permillilitre. A candid evaluation of this bioprinting
technique is not possible now, with only a very few published studies
available [95].

4.3. Extrusion-based bioprinting

Extrusion-based bioprinting is the most widely used of all
bioprinting modalities. The bioink is extruded out of the nozzle using
pneumatic pressure or mechanical force by means of a piston or screw
(Fig. 5M). Extrusion-based bioprinting had been used to bioprint cells,
tissues, organ modules, and organ-on-a-chip devices, for tissue engi-
neering, cancer research, drug testing, and transplantation [6]. Several
tissue types including but not limited to bone [126, 127], cartilage
[128], skeletal muscle [129], skin [1, 130], cardiac tissue [131], nervous
tissue [132], and liver [133].

Extrusion-based bioprinting has many advantages. The first and
foremost advantage of this method is the scalability i.e. the ability to
print human-scale tissue, which is impossible with any of the other
bioprinting methods. The continuous flow of bioink and large
deposition ratemakes thismethod scalable. Printability of high viscosity
bioinks (~600 kPa s) and high cell concentration commensurate with
natural tissues [134] is another advantage. Though scalability is the
greatest asset that this technology possesses, it comes at the cost of res-
olution. Extrusion-based bioprinting has the lowest resolution (~100
μm) of all the bioprinting systems [135]. The resolution of the system
could be improved by reducing the nozzle diameter but the increased
shearing force might result in cell damage and injury [136]. Post-
printing cell viability could be 40% to 95% [84], depending on the bioink
viscosity, cell concentration and nozzle size. Nozzle-clogging is an in-
herent problem with extrusion-based bioprinting. Another limitation
posed by this process is the requirement of bioinks with shear-
thinning property for successful printing, which limits the versatility
of the bioinks that could be used.
4.4. Stereolithography bioprinting

Stereolithography, though developed in 1996 by 3D Systems, is still
a fledgling technology in the bioprinting space. Theworking principle of
stereolithography is discussed elsewhere [137]. Briefly, a layer of photo-
polymer resin is cured (or polymerized) by light (usually UV) irradia-
tion, the light movement controlled by a computer code/images/CAD
files, forming a 3D structure as the build stage is translated vertically
building the object layer by layer. There are two modalities of
stereolithography. In the first one (Fig. 5N), the light source is computer
controlled and moves per the structure required in each layer of the 3D
object. The secondmodality (Fig. 5O) employs an array of several thou-
sand micro-mirrors called a Digital Micromirror Device (DMD), each of
the micromirror could be controlled to reflect light in a spatial pattern
(coding/image/CAD/STL file), thus polymerizing a whole layer at once
[138]. StereolithographyusingDMD is referred to asDigitalMicromirror
Device-Projection Printing (DMD-PP). DMD-PP thus significantly re-
duces the print time as the whole layer is polymerized at once rather
than the light source travelling according to the pattern in each layer.
Stereolithography bioprinting is still not explored in detail and hence,
only a very few studies were reported till date. These include
bioprinting of NIH-3T3 murine embryonic fibroblasts and C3H/10T1/2
murine mesenchymal progenitor cells [138], human dermal fibroblasts
(HDFs) [139], and embryonic dorsal root ganglia (DRG) [140].

Stereolithography bioprinting offers the highest resolution (~6 μm)of
all the bioprinting methods [138]. With the advent of two-photon poly-
merization based stereolithography [141], very high resolution in
nanometre scale (~200 nm) could be obtained. With DMD-PP, reduced
printing time is an advantage. Since it is a nozzle-free process, the prob-
lem of nozzle clogging is eliminated and bioinks with high cell concen-
trations (N106 cells per millilitre) can be used. Despite the highest
resolution offered by this process, it suffers from serious limitations
that hinder its use in bioprinting of cells and tissues. Firstly, only
photopolymerizable bioinks or bioinks containing a UV-activated photo
initiator (Irgacure 2959 (2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-
methyl-1-propanone is commonly used) can be used. Though there are
a few works on development of biodegradable photopolymerizable
bioinks including Poly(ethylene glycol) dimethacrylate (PEGDMA),
poly(propylene fumarate) (PPF), trimethylene carbonate (TMC), and ε-
caprolactone (CL) [139, 142, 143], the photoinitiator (Irgacure 2959,
which is least cytotoxic among the photoinitiators) is cytotoxic and the
post-printing cell viability after 24 h is as low as 25% [139]. Secondly,
the cells are exposed to UV radiation and are prone to cell lysis and
DNA damage [84]. The UV radiation could also damage the DMD system
[144]. To overcome this problem, a visible-light DMD-PP is reported,
which uses visible-light activated eosin-Y-based photoinitiator [144].
Post-printing cell viability (NIH-3 T3 fibroblasts) was over 85% after
five days. Further studies are required to evaluate the long-term effects
of the photoinitiator and photo-initiated cell damage. Only low viscosity
(~5 Pa s) bioinks could be used with stereolithography bioprinting.
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Each of the bioprinting methods has its own pros and cons as de-
tailed in this section (refer Table 2 for comparison of different
bioprinting methods). No one method could be used singly to realize
the goal of fully functional tissue or organ printing. Laser-based
bioprinting and stereolithography bioprinting has the highest resolu-
tion but lacks scalability and cannot be used to print human scale tissues
and organs. Though there were several studies reporting high post-
printing cell viabilities, further detailed studies on photo-initiated cell
damage and the long-term effects of laser/UV radiation on the cells
are required. Droplet-based bioprinting, particularly DOD, can be used
to precisely pattern the cells in a co-culture or multi-culture platforms
but bioprinting human scale tissues is still an onerous task with DOD
bioprinting. Extrusion-based bioprinting has the least resolution of all
the bioprinting systems but has the highest potential to bioprint
human scale tissues and organs. Hence, it is important to develop hybrid
bioprinting systems, combining the advantages of several bioprinting
methods to bioprint physiologically relevant functional tissues. There
are a few works reporting this trend. Kim et al. [145] reported a hybrid
bioprinting system that could simultaneously print using extrusion-
based and inkjet-based dispensing methods. They demonstrated a
single-step bioprinting of 3D human skin model using this hybrid sys-
tem, consisting of three printing methods – melt extrusion was used
to print PCL mesh, which serves as the scaffold or support structure,
extrusion-based bioprinting for the dermal layer of the skin, and inkjet
DOD bioprinting for patterning of the keratinocytes over the dermal
layer which forms the epidermal layer. The future of bioprinting lies in
building such hybrid bioprinting systems, with the ability to simulta-
neously use different bioprintingmodalities, taking advantage of differ-
ent methods and thus trading off with the limitations, to bioprint fully
functional, physiologically relevant tissues and organs with complex
multi-layer, multi-cellular architecture.

5. 3D bioprinted tissues and organs

There has been a considerable progress in the bioprinting domain,
with various types of tissues being printed and tested. The human
body consists of several organ systems that work together to maintain
homeostasis and normal body functioning. An organ system, in turn,
consists of several organs, tissues and anatomical structures that work
together to perform a defined function. There are eleven organ systems
in the body namely skeletal, muscular, nervous, lymphatic, endocrine,
reproductive, integumentary, respiratory, digestive, urinary, and circu-
latory systems. This section reviews in detail the status of application
of bioprinting in all these organ systems (Fig. 6).

5.1. Skeletal system

The skeletal system consists primarily of bones and cartilages, along
with bands of fibrous connective tissues namely tendons and ligaments.
This system serves as the structural framework of the human body,
Table 2
Comparison of various bioprinting methods.

Properties Laser-based
bioprinting

Inkjet bioprinting EHD-jetting
based
bioprinting

Acous

Bioink viscosity 1–300 mPa·s 3–12 mPa·s 1–1000 mPa·s –
Cell density 108 cells/ml 106 cells/ml 106 cells/ml 106 ce
Speed 200–1600

mm/s
10,000 droplets per
second

10–500 mm/s 10,00
secon

Resolution 50 μm 50 μm 100 nm 37 μm
Accuracy High Medium Low Mediu
Cell viability N95% N80% N80% N90%
Structural
integrity

Low Low High Low

Scalability Low High High Mediu
Cost High Low High Mediu
giving support and shape to the body. The loss or damage to the skeletal
tissue is caused by a variety of factors which include trauma, disease, in-
jury and ageing, and leads to significant morbidity and socio-economic
burden [146]. There is an exceedingly high demand for functional
bone grafts worldwide, with more than half a million patients receiving
bone defect repairs annually in the US alone [147]. Hence, bioprinting of
skeletal tissues such as bone and cartilage is one of themajor focus areas
in the field of tissue engineering and regenerative medicine.

5.1.1. Bone
Bone, being a dynamic vascularized tissue, is capable of self-healing

and remodeling without scarring [148]. However, bone replacement or
surgical intervention is often required for critical-size bone defects
[149]. These critical-size bone defects might be congenital or acquired,
most often resulting from trauma or tumors [148, 149]. Due to the in-
herent limitations of the autografts, and allografts, including donor
site morbidity, immune rejection, and availability [3, 10], metal or ce-
ramic implants are being used as alternative intervention method. But,
these inert implants fail over time due to repetitive loading [150].
Hence, tissue-engineered bone constructs are looked upon as a poten-
tial treatmentmethod.With traditional tissue engineeringmethods, po-
rous ceramic or polymeric scaffolds are used to fabricate an engineered
bone [151], With the advent of bioprinting, more complex bone struc-
tures could be printed, with multiple types of cells suspended in a hy-
drogel be spatially arranged to form a biomimetic bone construct for
testing and clinical transplantation.

In one of the earlier studies [152], bone marrow stromal cells
(BMSCs) (obtained from iliac bone marrow aspirates of two-year-old
Dutchmilk goats) suspended in alginate hydrogel (2%w/v) at a concen-
tration of 1 × 106 cells per millilitre were bioprinted using pneumatic
extrusion bioprinting method. Post-printing cell viability after
2 weeks indicated that there is no difference between the printed and
unprinted constructs. The printed cells also retained the differentiation
ability to the osteogenic lineage, as evaluated by the osteogenic marker
alkaline phosphatase (ALP). In another study [153], human osteogenic
sarcoma cells, SaOS-2, was suspended in an alginate/gelatin hydrogel
(5% w/v of sodium alginate and 5% w/v of gelatin) at a concentration
of 5 × 105 cells per millilitre and bioprinted using pneumatic extrusion
bioprinting method.While the cells were in a non-proliferating state in
the hydrogel, there was a marked increase in cell proliferation when an
overlay of agarose and the calcium salt of polyphosphate [polyP·Ca2+-
complex] was added, evaluated using MTT assay, 6 days post-printing.
Alizarin Red S staining done on day 7 post-printing showed better min-
eralization in the samples treatedwith polyP·Ca2+-complex, compared
with those samples without polyP·Ca2+-complex overlay. This study is
weak with limited data on the quantification of cell differentiation and
being a short-term study.

Gao et al. [154] used inkjet bioprinting to print human MSCs (har-
vested from a 22-year-old male) suspended in PEG-GelMA hydrogel
(10% w/v of PEG and 1.5% w/v of GelMA, supplemented with 0.05% w/v
tic bioprinting Microvalve
bioprinting

Extrusion-based
bioprinting

Stereolithography
bioprinting

1–200 mPa·s ~600 kPa·s ~5 Pa·s
lls/ml 106 cells/ml 108 cells/ml N106 cells/ml
0 droplets per
d

1000 droplets per
second

10–50 μm/s High

– 100 μm 200 nm–6 μm
m Medium Low High

N80% 40–95% 25–85%
Low–Medium High Medium–High

m High High Medium-High
m–High Medium Low–Medium Medium



Fig. 6. Applications of bioprinting in different organ systems of the human body (A) Skeletal (www.jouefct.com), (B) Muscular (www.notinmycolour.com), (C) Nervous (www.medical-
dictionary.thefreedictionary.com), (D) Lymphatic (www.medical-dictionary.thefreedictionary.com), (E) Endocrine (www.conceiveeasy.com), (F) Reproductive (http://www.med.umich.
edu), (G) Integumentary (www.humananatomy-libs.com), (H) Respiratory (www.medicinembbs.blogspot.sg), (I) Digestive (www.kidshealth.org), (J) Urinary (www.tes.com), and
(K) Circulatory systems. Individual image sources are given in parentheses.
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of Irgacure 2959) at a concentration of 6 × 106 cells per millilitre, with
PEG hydrogel (10%w/v of PEG, supplementedwith 0.05%w/v of Irgacure
2959) as control. Addition of GelMA promoted early differentiation of
hMSCs to osteogenic lineage as determined by specific gene and protein
expression analysis (RUNX2, SP7, DLX5, ALPL, Col1A1, IBSP, BGLAP, SPP1,
Col10A1, MMP13, SOX9, Col2A1, ACAN) compared to the control,
21 days post-printing. In another study by Campos et al. [155], human
bonemarrow-derivedMSCs (isolated from femoral heads of patients re-
ceiving hip-joint arthroplasty) at a concentration of 1.6 × 106 cells per
millilitre were suspended in agarose/collagen (AG/COL) hydrogel, with
agarose and collagen concentrations varying from 0.5 to 2.0 g/ml, and
0.21 to 0.05 g/ml, respectively, for less stiff AG0.5-COL0.21, intermediate
stiff AG1-COL0.10, and stiffer AG2-COL0.05. The higher the concentration
of collagen, the less stiff the hydrogel is. Cell viability of over 98% was
achieved 21 days after the MSCs are bioprinted in AG/COL hydrogels
with varying concentrations using inkjet bioprinting method. The cells
also maintained the mesenchymal phenotype, as proved by positive
staining of vimentin (VIM) and negative staining of CD34. Similarminer-
alization results were obtained with all three hydrogel variations and
hence, the stiffness of the hydrogel didn't play a role in mineralization.
While ALP activity was similar in all three hydrogels irrespective of the
stiffness, the less stiff hydrogel (AG0.5-COL0.21) showed significantly
higher gene expression of COL1 and RUNX2, in comparison to hydrogels
with intermediate stiff and stiffer matrices (AG1-COL0.10, and AG2-
COL0.05 respectively). From the literature [156], stiffermatrices promote
osteogenic differentiation than softer substrates. However, this study is
not conclusive enough to pronounce the hypothesis as the qPCR results
and ALP activity signals don't match. Further research is needed to arrive
at a conclusion as to the effect of hydrogel stiffness on the differentiation
of MSCs.

Cui et al. [157] used a hybrid bioprinting system consisting of a Fused
Deposition Modelling (FDM) printer and stereolithography bioprinting
to fabricate vascularized bone biphasic constructs. FDM was used to
print PLA fibers and stereolithography bioprinting to print cell-laden
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GelMA hydrogel. PLA scaffolds were coated with polydopamine (pDA)
on which BMP2 peptides were immobilized, which represents the
bone region in the biphasic construct while VEGF-peptides conjugated
GelMA represented the vascular region. A co-encapsulation of hMSCs
(2× 105 cells/ml) andHUVECs (1× 106 cells/ml) in the GelMAhydrogel
(10% w/v) was bioprinted using stereolithography bioprinting on the
PLA scaffold which was pre-seeded with hMSCs (2 × 105 cells/ml).
The osteogenic and angiogenic differentiation of the printed biphasic
construct was evaluated four weeks post-printing by ALP activity, colla-
gen type I expression, assaying VEGF secretion, quantifying calcium de-
position, and differentiation markers osteopontin (OPN) for osteogenic
differentiation, von Willebrand factor (vWf) as angiogenic specific
marker, and CD31 for endothelial cells representing the capillary net-
work formation. This study serves as a proof of concept for fabrication
of vascularized, hierarchically biomimetic construct, with multiphasic
characteristics.

Levato et al. [158] usedmicrocarriers (MCs) in hydrogels to bioprint
an osteochondral graft model. MCs are micron-sized particles with a
high specific surface area designed to promote cell attachment and pro-
liferation. In this study [158], PLA MCs functionalized with human re-
combinant collagen type I with a mean diameter of 120 μm, and a
surface area of 2 cm2 mg−1 were used. MSCs (isolated from the long
bones of 2–4 weeks old Lewis rats) at a concentration of 8 × 106 cells
per millilitre and MCs (30 mg/ml) were mixed together with GelMA-
gellan gum (GelMA-GG) hydrogel (10% w/v GelMA supplemented
with 5.4% w/v D-mannose and 0.1% w/v of Irgacure 2959, and 1% w/v
gellan gum) and subsequently bioprinted using extrusion bioprinting
system. Bioprinted constructs evaluated by ALP activity, osteocalcin
(OCN) secretion, and alizarin red staining, 21 days post-printing, re-
vealed that the cells differentiated and the mineralized matrix was
deposited.

Keriquel et al. [159] used LIFT method for in situ printing of mesen-
chymal stromal cells (multipotentmouse bonemarrow stromal precur-
sor D1 cell line (ATCC) at a cell density of 120× 106 cells/ml) suspended
in a nano-hydroxyapatite (nHA) – collagenhydrogel (1.2% (w/v) nHA in
2 mg/ml type I rat collagen) on a calvaria defect model in mice (sixty-
four 12-week-old Balb/c female mice). Two different patterns were
printed, namely a ring (external and internal diameter of 3 and
2.1 mm respectively) and a disk (2 mm diameter). Two experimental
groups tested were D1 cells suspended in the nHA-collagen hydrogel
in a ring pattern (with nHA-collagen hydrogel without D1 cells in a
ring pattern as control) and nHA-collagen hydrogel in disc pattern
(with nHA-collagen hydrogel without D1 cells in a disc pattern as con-
trol). In situ printed constructs were monitored for 42 days post-
printing using luminescence imaging of luciferase-positive D1 cells. X-
ray micro tomography (μCT) images were taken and hematoxylin-
eosin saffron (HES) stainingwas performed to evaluate the bone regen-
eration rate 2 months post-printing. Results revealed that the bone re-
generation was only marginal in a ring geometry (both experimental
and control)witnessed at the periphery of the defectwhile a substantial
new bone formation, well distributed throughout the defect was seen
with the disc geometry (shown in Fig. 7A). This study not only proved
the potential of laser-based bioprinting in bone tissue regeneration
but also the effect of different cellular patterns (ring and disc in this
study) on the regeneration potential.

Daly et al. [160] reported an interesting approach of bioprinting a de-
velopmental precursor that would act as a template for organogenesis
in vivo. Bone marrow-derived MSCs (isolated from the femoral shaft
of 4-month-old pigs) suspended in a hydrogel containing gamma-
irradiated alginate incorporating Arg-Gly-Asp (RGD) specific adhesion
peptides (RGD-γ alginate hydrogel) (2.45% w/v) was bioprinted along-
side PCL fibers to form a hypertrophic cartilage rudiment structure. The
bioprinted construct, after being chondrogenically primed, was im-
planted subcutaneously into the back of nude mice (Balb/c; Harlan,
UK) for 12weeks to evaluate the potential of organogenesis. H&E stain-
ing, μCT, and Goldner's trichrome staining after 12 weeks showed an
extensively vascularized and mineralized bone organ containing
trabecular-like endochondral bonewith a supportingmarrow structure
(shown in Fig. 7B&C). Itwas reported that the bone formation happened
via an endochondral pathway through remodeling of the hypertrophic
cartilage template, substantiated by the intense staining for collagen
type X, thus proving the hypothesis that a bioprinted developmental
precursor would act as a template for organogenesis in vivo, forming a
matured organ over time. Since bioprinting a developmental precursor
is undemanding compared to bioprinting a biomimetic matured solid
organ with its intricate complexities, this is a promising approach that
could be used to engineer more complex solid organs.

5.1.2. Cartilage
Osteoarthritis is a degenerative joint disease, characterized by pro-

gressive loss of hyaline cartilage in the synovial joints [161], affecting
millions of people worldwide. About 37% of the adults over 65 years of
age are affected by osteoarthritis in the USA, with an associated eco-
nomic burden of $3.4 to $13.2 billion per year [162]. Joint arthroplasty,
where the diseased cartilage and the underlying bone are replaced
with a metal or polymer prosthesis, is the current gold standard,
which suffers serious limitations and post-surgical complications
[161]. Hence, tissue-engineered cartilages are seen as a potential alter-
native therapy. Cartilage is an avascular tissue with a low number of
cells (10–15%), which accounts for its limited regenerative capacity
[128, 163]. The disadvantage of cartilaginous tissue serves as the advan-
tage for bioprinting as an avascular low cell density tissue is compara-
tively easier to be bioprinted than vascularized highly-complex tissues.

Themost commonly used hydrogels for cartilage bioprinting are algi-
nate and collagen [164]. Maintaining the shape fidelity with these
hydrogels is difficult and it poses a major limitation. Synthetic polymers
such as PCL, polyglycolic acid (PGA), hydroxyapatite, and methacrylate
were coupled with the hydrogels to increase the shape fidelity [165].
To improve the shape fidelity, Rhee et al. [164] used a highly concen-
trated collagen hydrogel (10–20 mg/ml) to bioprint meniscal
fibrochondrocytes (isolated from 1 to 3-day old bovine joints) at a con-
centration of 10 × 106 cells per millilitre. Higher the collagen concentra-
tion higher was the shape fidelity. Post-printing cell viability was above
90% until 10 days. Recently, use of nanofibrillated cellulose (NFC) to im-
prove the shape fidelity of the hydrogels, and to provide structural and
mechanical support are reported. In one such study [163], NFC was
mixedwith sodium alginate to improve the shape fidelity of the alginate
hydrogel. NFC (2.5%) mixed with alginate hydrogel (2.5%), with human
nasoseptal chondrocytes (hNC) suspended in it at a concentration of 15
× 106 cells per millilitre, was used to bioprint (microvalve bioprinting)
human ear-shaped and sheep meniscal tissue shaped constructs
(shown in Fig. 7D–F). Post-printing cell viability after 7 days was over
85%. While NFC can provide structural stability, it might affect the cell
viability at higher concentrations. In another study [166], higher cell via-
bility is observedwith a lower concentration of NFC (60wt%) although a
higher concentration of NFC (80 wt%) resulted in a more structural sta-
bility when coupled with alginate hydrogel. In the same study, human-
derived induced pluripotent stem cells (iPSCs) suspended in two
hydrogels, namely NFC with alginate (60/40, dry wt% ratio), and NFC
with hyaluronic acid (5% w/v) exhibited different pluripotency post-
printing. While the cells underwent phenotypic changes away from
pluripotency in NFC with hyaluronic acid, pluripotency was maintained
in NFCwith alginate hydrogel, forming a hyaline-like cartilaginous tissue
after five weeks (shown in Fig. 7K). The choice of bioink plays a major
role in bioprinting of stem cells, as it would affect the post-printing dif-
ferentiation. Daly et al. [167] compared four different bioinks namely
alginate (3.5% w/v), agarose (2% w/v), PEGMA (BioINK™, a commercial
product), and GelMA (10% w/v with 0.05% Irgacure) for bioprinting of
fibrocartilage and hyaline cartilage. Results revealed that alginate and
agarose hydrogels favored the development of hyaline-like cartilage
while PEGMA and GelMA favored the development of fibrocartilage-
like tissue. BMSCs (obtained from the femur of a 4-month-old porcine



Fig. 7. Bioprinting in Skeletal System (A) Representative X-ray micro tomography (μCT) reconstruction images of nHA collagen and D1 cells printed in a ring or disk geometry (calvaria
defect in the right side), or nHA collagen alone (calvaria defect in the left side), at 2 months post printing in a mice calvaria model. Reprinted with permission from [159]. (B &
C) Development of vascularized bone organ in vivo following implantation of cartilage rudiment. b) Macroscopic image of anatomically shaped vertebrae constructs 12 weeks post-
implantation scale bar 2 mm. (C) μCT reconstruction and X-ray of the whole construct, scale bar 2 mm. Reprinted with permission from [160]. (D) 3D printed human ear and (E &
F) sheep meniscus with. Side view (E) and top view (F) of the meniscus. Reprinted with permission from [163]. (G–J) Cartilaginous meniscus grafts (G) were flexible in manipulation
and (H,I) were stable upon suturing to (J) a bovine meniscus. Reprinted with permission from [168]. (K) The 3D-bioprinted chondrocyte-derived iPSCs (printed together with iChons,
which had been diminished) at week 5 of differentiation, zoomed in (upper row) and whole section (lower row) images of sections stained for GAGs, Safranin O for cartilage (with
nuclear counterstain), and hematoxylin and eosin (H&E) for extracellular matrix (with nuclear counterstain) (the scale bar represents 100 μm or 500 μm). Reprinted with permission
from [166]. (L–M) Cartilaginous grafts such as (L) intervertebral disks and (M, N) noses were printed. Reprinted with permission from [168].
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donor) were suspended at a concentration of 20 × 106 cells per millilitre
in this study.

Kesti et al. [168] developed a novel bioinkwith gellan (3%w/v), algi-
nate (2%w/v) and the clinical product BioCartilage (cartilage extracellu-
lar matrix particles) (40% w/w). Bovine chondrocytes (harvested from
full-thickness articular cartilage of the lateral and medial femoral con-
dyles of four 6-month-old calves) were suspended in the hydrogel at a
concentration of 6 × 106 cells per millilitre. Post-printing cell viability
after 7 days was over 95%. Auricular, nasal, meniscal, and vertebral car-
tilage were printed as a proof of concept (shown in Fig. 7G–J, L–N) and
the in vitro study proved that the bioink supported the proliferation of
chondrocytes after 8 weeks, with deposition of cartilage matrix
proteins.

Duchi et al. [169] reported a handheld co-axial extrusion-based
bioprinting for in situ cartilage bioprinting. A core-shell structure, with
an acellular, photo-crosslinkable shell and a cellular core was printed.
The core consisted of Adipose-Derived Stromal/Stem cells (ADSCs) (iso-
lated from sheep infrapatellar fat pad) suspended in Gelatin-
methacryloyl/hyaluronic acid methacryloyl (GelMa/HAMa) hydrogel
(10% GelMA, and 2% HAMa) at a concentration of 5 × 106 cells per
millilitre while the shell consisted of GelMa/HAMa hydrogel (10%
GelMA, and 2% HAMa) with Lithium-acylphosphinate (LAP) (0.1% w/
v) as the photo-initiator. The shell structure was cross-linked later
using high-intensity UV light (700 mW/cm2) for 10 s. Post-printing
cell viability after 7 days, assessed by Cell Titer-Blue® Cell viability
assay, was N90%. Though the study lacks detailed biological characteri-
zation to assess the long-term effect of printing and UV exposure, this
work serves as a proof of concept study that showcases the potential
of bioprinting for in situ cartilage repair. Though extrusion-based
bioprinting is the most common method used for bioprinting of carti-
laginous tissue [128], there are other methods like inkjet bioprinting
used for cartilage bioprinting. Cui et al. [170] used thermal inkjet
bioprinting to fabricate a 3D neocartilage construction by suspending
human chondrocytes (5 × 106 cells/ml) in PEGDA hydrogel (10% w/v,
supplementedwith0.05% of Irgacure). Cellswere viable andmaintained
chondrogenic phenotype up to 6 weeks post-printing.

5.1.3. Challenges and future outlook
The first and foremost challenge with bioprinting of bone is in vitro

culture of bioprinted bone in clinically relevant sizes [171]. Maintaining
cell viability throughout the entire thickness and ensuring homogenous
perfusion of nutrients and growth factors throughout the three-
dimensional structure is a challenge yet to be addressed. Exploration
of alternate methods like bioprinting with microcarriers [158], and
bioprinting a developmental precursor that would act as a template
for organogenesis in vivo [160] could help in overcoming this limitation.
Secondly, in order to fabricate biomimetic bone tissue, the presence of
porous scaffold structure is necessary. A hybrid bioprinting system
(such as [157]), with a 3D printing module for printing porous acellu-
lar/cellular scaffold, followed by bioprinting of cell-laden hydrogels.
Thirdly, different regions of bone and cartilage might have different
properties and hence, could be divided into different zones. Bone, for in-
stance, has an outer solid part is called cortical bone while the inside of
the bone is a spongy structure called trabecular bone. Similarly, the ar-
ticular cartilage has a complex zonal architecture, with three distinct
layers – the superficial layer which is shear and tension resistant, the in-
termediate middle zone and the deeper zone with high stiffness, with
different cell densities, architecture, and mechanical properties in each

Image of Fig. 7
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region. Though 3D printing of zonal architecture scaffolds is reported
earlier [172, 173], bioprinting of such a biomimetic structure is not
attempted yet. Tuning of scaffold architecture and properties, optimiz-
ing cell densities, tuning the hydrogel properties according to each
zone is necessary to fabricate zone-specific compositional and mechan-
ical heterogeneity found in the native articular cartilage. Fourthly, the
challenge of seamlessly integrating the bioprinted cartilage with the
subchondral bone has to be addressed. Finally, the limited availability
of chondrocytes [174] poses a challenge to bioprint cartilaginous tissue.
Several kinds of stem cells (BMSCs, iPSCs, ADSCs) are used currently for
bioprinting cartilaginous tissues. However, the challenges associated
with the use of stem cells need to be addressed. Tuning the hydrogel
properties so as to achieve directed differentiation to the desired lineage
[156], growth factor or gene delivery for localized and controlled release
of differentiation-inducing agents [174] are some of the strategies that
could be used to tackle the challenges of using stem cells.

5.2. Muscular system

Themuscular system consists of three types ofmuscles, namely skel-
etal, cardiac and smoothmuscles. Skeletal muscles are those that are at-
tached to the bones and are responsible for voluntary skeletal
movements. Muscles that make up the walls of the heart are cardiac
muscles and those that are found in the walls of hollow internal organs
like the gastrointestinal tract, blood vessels, bladder, and uterus are
called smooth muscles. Both cardiac and smooth muscles are involun-
tary muscles as they cannot be consciously controlled. This section
mainly focusses on the skeletal muscles, cardiac muscles are covered
in the circulatory/cardiovascular system and the smooth muscles
along with their respective organs.

The current gold standard for skeletal muscle defects caused by
trauma or a tumor is autografts involvingmuscle pedicle flap from adja-
cent regions [175]. Due to the inherent limitations of the autografts, in-
cluding donor site morbidity, and availability [3, 10], alternate
treatment methods such as engineered muscle tissue becomes a neces-
sity. The mechanical and biological heterogeneity of the musculoskele-
tal system poses a challenge for engineering biomimetic muscle
tissues [176]. One of the earliest attempts to engineer 3D muscle tissue
was reported by Levenberg et al. [177] in 2005. In this study, mouse
skeletal myoblast cells (C2C12) and endothelial cells (either HUVECs
or HES cell-derived CD31+ endothelial cells) were co-cultured on a
3D porous, sponge-like, polymeric scaffolds composed of 50% poly-(L-
lactic acid) (PLLA) and 50% polylactic-glycolic acid (PLGA). Though
this study is done by traditional tissue engineering methods and not
by bioprinting, it serves as a proof of concept study for engineering a
vascularized muscle tissue where the endothelial cells organized into
tubular structures in between the myoblasts and throughout the con-
struct, forming vessel networks within the engineered muscle tissue
in vitro. Another study [175] seeded human skeletal muscle cells
(hSkMCs) (taken from biopsies of the rectus abdominalis of male pa-
tients aged 50–65 undergoing routine surgery) on electrospun PCL/col-
lagen (5% w/v each) nanofibrous scaffold to fabricate an implantable
muscle tissue. Electrospun scaffolds with aligned fibers induced cell
alignment and myotube formation compared to electrospun scaffolds
with random fibers.

Phillippi et al. [178] printed primary muscle-derived stem cells
(MDSCs) (isolated from adult mice) in culture media using inkjet
bioprintingmethod. Though the objective of this study is not bioprinting
a muscle tissue but to create spatially defined patterns of immobilized
growth factors for directed stem cell differentiation, this was the first re-
ported work on bioprinting of muscle cells. Cui et al. [179] also used
inkjet bioprinting to pattern mouse C2C12 myoblasts on micro-sized
cantilevers for Bio-MEMS/biosensor applications. The printed cells
formed matured myotubes 4 days post-printing. Both these studies
were not directly aimed at bioprinting a muscle tissue. Recently, Kang
et al. [180] reported bioprinting of a human scale muscle tissue
(15 mm × 5 mm × 1 mm) using a self-developed integrated tissue–
organ printer (ITOP). Mouse C2C12 myoblasts (3 × 106 cells/ml)
suspended in gelatin/fibrinogen/hyaluronic acid/glycerol composite hy-
drogel (35, 20, 3mg/ml, and 10%v/v respectively)were bioprinted using
extrusion bioprinting,with a PCL framework on the outer layers and cor-
ners of each layer for structural support. Muscle-like structure with
aligned myotubes was formed after 7 days. In vivo implantation of this
structure in 14- to 16-week-old nude rats showed well-organized mus-
cle fibre structures 2weeks post-implantation (shown in Fig. 8). In order
to effect the movement, the skeletal muscle transfers the force to the
bone through tendon [176]. Hence, bioprinting a multi-phasic structure
such as muscle-tendon-bone structure, with distinct tissue interfaces
and tissue-specific mechanical and biological properties would be
much helpful. To this end, Merceron et al. [176] fabricated a single inte-
grated muscle-tendon unit (MTU) construct, demonstrating the poten-
tial of bioprinting to fabricate such multi-phasic skeletal muscle tissue.
Mouse C2C12 myoblasts (40 × 106 cells/ml) and NIH/3 T3 fibroblasts
(40 × 106 cells/ml), suspended in a gelatin/fibrinogen/hyaluronic acid
composite hydrogel (35, 25, and 3 mg/ml respectively) were printed
for muscle and tendon phases respectively. Thermoplastic polyurethane
(PU)was co-printedwith the former for the elasticity of themuscle con-
struct while PCL was co-printed with the later for stiffness of the tendon
construct. Post-printing cell viability was N80% after 7 days with signs of
initial tissue development and differentiation.

5.2.1. Challenges and future outlook
There are notmany studies reported on bioprinting of muscle tissue.

The challenge lies with the mechanical and biological heterogeneity of
themusculoskeletal systemas discussed before. There are N600muscles
in the body and the muscles can be grouped according to their size
(vastus (huge); maximus (large); longus (long); minimus (small);
brevis (short)), shape (deltoid, rhomboid, latissimus, teres (round), tra-
pezius), and direction of muscle fibers (rectus (straight); transverse
(across); oblique (diagonally); orbicularis (circular)) [181]. Bioprinting
a biomimetic muscle with these different structures and fibre orienta-
tions is an interesting work to be pursued in future. In addition,
bioprinting of integrated multi-phasic structures such as MTU or
muscle-bone or muscle-tendon-bone structure could be looked at. Vas-
cularization and innervation play a major role in muscle tissue as they
are important components for regulating the skeletal movements.
Hence, bioprinting of vascularized and innervated skeletalmuscle tissue
is a potential future step in the bioprinting domain.

5.3. Nervous system

The nervous system consists of the brain, spinal cord, and nerve net-
works and is responsible for controlling, regulating and communicating
between the brain and the other organs. The most prevalent clinical
problem associated with the nervous system is neuron degeneration
due to neurodegenerative diseases such as Alzheimer's, Parkinson's,
and Huntington's diseases. Since there are no established treatment
methods to address these neurodegenerative diseases, neural stem
cell-laden hydrogel constructs transplanted into the injured site is
looked upon as a potential treatment method [182]. Hence, most of
the bioprinting studies relating to nervous system focus on this
objective.

Hsieh et al. [182] developed a polyurethane (PU) nanoparticles
based bioink (25–30% w/v) for bioprinting of murine neural stem cells
(NSCs) (isolated from adult mouse brain) (4 × 106 cells/ml) using an
extrusion-based bioprinting system. A soft segment comprised N65%
of the PU chemical structure. The soft segment was either PCL diol/
poly(L-lactide) (PLLA) diol (4:1 M ratio) or PCL diol/poly(D,L-lactide)
diol (PDLLA) diol (4:1 M ratio). PU bioink with the latter soft segment
favored excellent cell proliferation and differentiation than the former.
In vivo study in a zebrafish embryo, neural injury model also demon-
strated nervous regeneration. In another study [183], Schwann cells
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(isolated in primary culture from the sciatic nerve of Sprague-Dawley
rats) suspended in a fibrin-factor XIII-hyaluronic acid hydrogel
(50mg/ml, 1 U/ml, and 4mg/ml respectively)was printed into a throm-
bin/PVA solution (50 U/ml, and 1.4% w/v respectively) with post-
printing cell viability of N95% after 7 days. Graphene-based scaffolds
and bioinks are explored for use in neural tissue engineering [184,
185] as the conductivity and large surface to volume ratio (being a 2D
material) would help in better neural cell growth and differentiation.
In one such study [186], mouse neural stem cells (2 × 106 cells/ml)
were suspended in a GelMA/graphene nanoplatelets (10–20% w/v,
and 1 mg/ml respectively, supplemented with 0.5% w/v Irgacure) and
bioprinted using a stereolithography bioprinting method. Though the
cells showed high viability and differentiated, there was no significant
effect of the addition of graphene nanoplatelets. Though the use of
graphene and its derivatives looks attractive, the non-availability of
long-term effects of graphene on the cells and its biodegradability
[187], limits its use as bioinks for clinical use.

Biological cues and growth factors play an important role in regulat-
ing and controlling the stem cell differentiation and hence nerve regen-
eration. An effective strategy to deliver the growth factors to the
differentiating stem cells during nerve regeneration process isworth fo-
cusing on. Lee et al. [188] embarked on such a study. Murine NSCs
(C17.2) suspended in collagen hydrogel (0.87–1.74 mg/ml) were
printed using an extrusion-based bioprinting system. Vascular endothe-
lial growth factor (VEGF)-releasing fibrin hydrogel (62.8 mg/ml) was
also developed. MNSCs-containing collagen and VEGF-releasing fibrin
were printed side by side. VEGF printed directly on collagen and fibrin
hydrogel without VEGF acted as a control. While excellent cell prolifer-
ation, differentiation, andmigration towards VEGF-releasing fibrin con-
struct were witnessed in the experimental group, the cells neither
proliferated nor migrated in the control groups. Though the study has
several limitations such as non-quantification of VEGF release/delivery
rate, and lack of differentiated cell phenotypic information, it under-
scores the importance of growth factors in neural regeneration and
the method adopted to deliver them.

Bioprinting a functional brain structure is an onerous task to achieve
if not impossible. Lozano et al. [189] bioprinted 3D brain-like structures
consisting of discrete layers of primary cortical neurons (harvested from
E18embryos of BALB/cArcAusbmice) (1× 106 cells/ml) encapsulated in
RGD peptide-modified gellan gum hydrogel (0.5% w/v). Multi-layered
structure (three layers with the first and third layer containing cells
and the middle layer without cells) were printed (shown in Fig. 9).
The structure maintained its stability up to 7 days and showed penetra-
tion of axons fromcell-containing layers to themiddle no-cell layer. This
study, though lacking long-termbiological characterization anddetailed
cell phenotypic studies, demonstrates the ability of bioprinting to fabri-
cate a multi-layered cortical brain tissue construct.

5.3.1. Challenges and future outlook
Relatively few studies were reported on bioprinting of neural tissue

[182], given the complexity of the tissue. Although bioprinting of neural
stem cells with high post-printing viabilities was reported as discussed
above, there are not many studies like [189] focussing on bioprinting a
biomimetic neural tissue with its intricate layered microarchitecture.
Furthermore, sincemostly stem cells are involved in bioprinting of neu-
ral tissue, cell differentiation studies using different hydrogel types and
incorporation of growth factors that induce differentiation in vivo by lo-
calized growth factor delivery should be explored.

5.4. Lymphatic system

The lymphatic system consists of the lymph, lymphatic vessels,
and lymphatic organs such as lymph nodes, tonsils, spleen, and thy-
mus. This system has many functions including maintenance of in-
terstitial fluid homeostasis, and fat absorption, of which its role in
immunological defense to external agents is notable [190].
Lymphedema is a disease that results from dysfunction of lymphatic
fluid uptake or damage to lymph nodes. There are many causes asso-
ciated with lymphedema, of which surgical procedures for cancer
treatment combined with radiation therapy is the main cause.
About 140 to 250million people suffer from lymphedemaworldwide
[190]. Though there are no established treatment procedures for
lymphedema, engineered lymphatic vessels and lymph nodes could
be a potential treatment method.

Engineering artificial lymph nodes and lymphatic vessels is a rela-
tively new field, compared to the other engineered tissues such as
bone, blood vessel, and skin. Very few works were reported on engi-
neering a 3D lymphatic vessel or tissue. These include PGA tubes seeded
with lymphatic endothelial cells (LECs) and implanted into mice [191]
which failed to forma tube-like lymphatic vessel, co-culturing LECs
onto a feeder sheet of fibroblasts resulting in a 3D lymphatic capillary
network induced by fibroblast-derived VEGF and hepatocyte growth
factor (HGF) [192], co-culturing LECs and blood vascular endothelial
cells (BECs) in a 3D VEGF-fibrin-collagen matrix leading to formation
of densely branched lymphatic vessel structure [193], and transplanta-
tion of cell-laden (thymus-derived stromal cell line, TEL-2 and dendritic
cells (DCs)) sponge-like collagenous scaffold into naive normal or se-
vere combined immunodeficiency (SCID) mice [194]. Though these
works followed traditional tissue engineering methods, they
established some success in engineering lymphatic vessels. It is worth
noting that some of these very few studies achieved their results (for-
mation of lymphatic vessels or tissues or lymphoid tissue–like
organoid) in in vivo conditions [194, 195] and not in in vitro conditions.
Bioprinting of lymphatic vessels and lymphatic organs is an unexplored
field. Recently, Nakamura et al. [196] attempted to engineer an artificial
lymph node using an extrusion-based printing method using micro-
fabricated spinneret nozzles. This study demonstrated that lymph
node-like structure could be fabricated using their method, however,
no cell-laden hydrogels was printed nor characterized.

5.4.1. Challenges and future outlook
Bioprinting of lymphatic vessels and lymph nodes is an unexplored

area with huge research and clinical potential. Bioprinted lymphatic
vessels and lymph nodes might aid in the development of artificial im-
mune systems based therapeutic devices to treat intractable infectious
diseases, immunological disorders and diseases, and even cancer
[196], and implantable tissue constructs for wound healing and en-
hancement of lymphatic ingrowth after plastic surgery [190]. In addi-
tion to the regenerative medicine applications, bioprinted lymphatic
systems or organ-on-a-chip devices might help the researchers to
study the complex immunological phenomena and mechanisms [196].
All vascularized tissues have the presence of lymphatic system, includ-
ing the central nervous system [197]. So, the first potential step in this
field would be to incorporate the cells and growth factors related to
the lymphatic system in the bioprinting of other vascularized tissues
that are now being extensively focussed on. Bioprinting a biomimetic
lymph node is an extremely formidable task worth focussing on. Strat-
egies to bioprint a biomimetic lymph node has to be developed as the
lymphnode is a highly complex structurewith highly organized stromal
and lymphoid structure and large variety of cells, including highly orga-
nized lymphatics, marginal reticular zone stroma, T cell zone stroma,
multiple B cell follicles, vascular networks and medullary regions con-
taining plasma cells and macrophages [195, 198].

5.5. Endocrine system

The endocrine system consists of hormone-secreting glands, the
hormones being carried directly through the bloodstream to the target
organs, thus regulating vital functions of the body. Hyper or hypo-
functioning of these glands lead to several kinds of disorders and dis-
eases. Current treatment method for hormonal or gland dysfunction is
the hormone replacement therapy. However, this is not a perfect



Fig. 8. Bioprinting in Muscular System (a) Designed fibre bundle structure for muscle organization. (b) Visualized motion program for 3D printing muscle construct. (c) 3D patterning
outcome of designed muscle organization (left) before and (after) removing the sacrificial material (Pluronic F127). (d,e) The PCL pillar structure causes cell alignment in a
longitudinal direction of the printed constructs; without PCL pillar (d) and with PCL pillar (e). (f) The live/dead staining of the encapsulated cells. (g) Immunofluorescent staining for
myosin heavy chain of the 3D printed muscle organization after 7-d differentiation. (h–n) Structural maintenance and host nerve integration of the bioprinted muscle construct in
in vivo study.
Reprinted with permission from [180].
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Fig. 9. Bioprinting in Nervous System (A–G) Printed brain-like layered structure. A) Solidworks representation of proposed brain-like layer structure. (B–E) Printing process to create a
brain-like structure, each color represents a layer. (F) Confocal microscope images of neurons in different layers after 5 days of culture. The image is colored for the distribution of the
cells through the z-axis in the bio-ink RGD-GG gel as indicated. (G) An expanded view of the area from the square of panel F, showing an axon penetrating into the adjacent layer.
Scale bars represent 100 μm.
Reprinted with permission from [189].
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treatment method as it will not allow for the fine regulation of hor-
mones according to the changing physiological conditions [199] and
the patient is dependent on these synthetic hormones for the rest of
their lives. Ex situ bioengineering of transplantable endocrine glands
could be a possible solution to address this challenge. However, fabrica-
tion of such glands ex-situ with traditional tissue engineering methods
is near impossible due to the complex structure of some of these glands
such as the pancreas. For example, the islets of Langerhans present in
the pancreas and which is responsible for the hormone production has
at least five types of cells namely alpha cells (secreting glucagon), beta
cells (secreting insulin and amylin), delta cells (secreting somatostatin),
gamma cells (secreting pancreatic polypeptide), and epsilon cells (se-
creting ghrelin) in varying percentages, arranged in a particular
cytoarchitecture. Engineering such a complex environment, with the
precise patterning of multiple cells, is now possible with the advent of
bioprinting.

Despite the advantages and the potential of bioprinting to fabricate
various endocrine glands, it has not been in the focus of bioprinting
community thus far. Only a limited number of works have been
reported on the subject area. Recently, Bulanova et al. [199] reported
on bioprinting of a functional vascularized mouse thyroid gland con-
struct. They used an extrusion bioprinting systemwith a turnstile func-
tion to pattern thyroid spheroids (TS) (explanted from e14.5 mouse
embryos) and allantoic spheroids (AS) (explanted from e8.5mouse em-
bryos) as a source of thyrocytes and endothelial cells (EC), which ‘self-
assembled’ to form a thyroid tissue. Vascularized tissue construct
formed after 4 days, with EC (from AS) invading and vascularizing the
TS while epithelial cells from the TS progressively formed follicles. The
functionality of the construct was evaluated by transplanting it into a
hypothyroidism mouse model under the kidney capsule. Blood sam-
pling for plasma T4 measurements and histological examination of the
kidneys 5 weeks after transplantation demonstrated successful host tis-
sue integration and maturation, thereby aiding in the functional recov-
ery of the experimentally inducedhypothyroidism. This is thefirst study
reported to have bioprinted a functional endocrine gland. However, thy-
roid gland has a relatively simpler structure and the same strategy
might not work for printing of other complex glands like the pancreas.
Of the five different types of cells present in the pancreas (as stated in
the previous paragraph), beta cells are of particular interest as they
are responsible for the production of insulin. Dysfunction in insulin pro-
ductionwould lead to diabetes andmillions of people all over theworld
suffer from diabetes. Hence, research on bioprinting of beta cells is of a
particular interest to the bioprinting community. Marchioli et al. [200]
bioprinted INS1E β-cell line (derived from rat insulinoma) (10 × 106

cells/ml) suspended in alginate/gelatin hydrogel (4% and 5%w/v respec-
tively). Although post-printing cell viability after 21 days was over 95%
and the cells retained their morphology, the functionality of the printed
islet construct could not be proved and is attributed to the high viscosity
of the bioink which hinders the glucose diffusion.

One major limitation that hinders engineered endocrinal glands is
the scarce availability or non-scalable generation of primary cells from
the endocrinal glands [199]. Stem cells could be a viable alternate.
Song et al. [201] differentiated human pluripotent stem cells (hPSCs)
(Harvard University Embryonic Stem cell 8 line (HUES8)) into insulin-
producing β cells (SC-β) and suspended them in fibrinogen hydrogel
(10 mg/ml) at a concentration of 5 × 106 cells/ml to be extruded into
a 3D PLA scaffold. To test the functionality of the printed construct, it
was subcutaneously transplanted into SCID Beige mice aged
10–12weeks. The transplanted constructs secreted insulin in vivo in re-
sponse to glucose up to 12 weeks. Further studies on these lines could
overcome the shortage of primary cells associated with endocrine
glands.

Image of Fig. 9
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5.5.1. Challenges and future outlook
Availability of primary cells from endocrinal glands is a challenge, as

stated earlier. More studies are required to obtain these cells by differ-
entiation of stem cells. Secondly, the functionality of the printed con-
struct depends on how comfortable the cells are inside the bioink.
These endocrinal cells are very sensitive to the environment as shown
by Marchioli et al. [200], where the printed and transplanted construct
didn't produce insulin as the high viscous bioink hinders glucose per-
meation. Development of suitable bioinks that doesn't affect the func-
tionality is another area to be focussed. With the growing diabetic
population, bioprinted insulin-producing β cell constructs hold a very
promising future. Bioprinting a fully functional endocrine gland with
all the different types of cells and cytoarchitecture could be a later
target.

5.6. Reproductive system

Survival of the species rests with the reproductive system. About
14% of couples at reproductive age suffer from infertility [202]. Infertility
is caused bymyriad different conditions inmale and female. In themale,
the causes could be pathologic penile conditions (penile carcinoma,
trauma, etc.) or congenital conditions (hypospadias, epispadias, ambig-
uous genitalia, etc.) [203]. Female infertility could result from congenital
uterine malformations or endocrine, structural, and iatrogenic causes,
such as chemotherapy, occlusion of fallopian tube, uterine injuries,mas-
sive intrauterine adhesions, and hysterectomy [204]. The scarcity of au-
tologous tissue for reconstructive surgery is a major limitation with the
treatment of reproductive organ anomalies. Tissue engineering and
bioprinting offers alternate treatment methods to overcome this
limitation.

While a fully engineered organ associatedwith the reproductive sys-
tem is not reported yet, engineered tissue constructs using cell-laden
decellularized ECMs, and porous scaffolds have been reported previ-
ously [204]. Bioengineering of uterus, ovary, and cervicovaginal tissues
were explored. The uterus is a three-layered, pear-shaped muscular fe-
male reproductive organ, consisting of outer perimetrium (connective
tissue), middlemyometrium (smoothmuscle), and inner endometrium
(epithelial tissue) [202]. Traditional tissue engineering methods have
been used to engineer parts of the uterus. The first in vitro construction
of endometriumwas reported by Bentin-Ley et al. [205], where a 3D en-
dometrium structure was fabricated from stromal and epithelial cells
isolated from human endometrial biopsies suspended in collagen
enriched Matrigel hydrogel. Several similar studies were reported on
engineered uterus tissue by seeding autologous cells on collagen-
Matrigel matrix [206], fibrin-agarose matrix [207], silk-protein sponge
scaffold [208], electrospun PGA scaffold [209], and decellularized ECM
such as porcine small intestinal submucosa (SIS) [210]. Matrices con-
taining various growth factors such as basic fibroblast growth factor
(bFGF) [211], and collagen-binding vascular endothelial growth factor
(CB-VEGF) [212] as a potential growth factor for uterine repair were
also explored.

Since primary ovary deficiency is the leading cause of female infertil-
ity [204], fabrication of engineered ovarian tissues is an interesting topic
in tissue engineering. Ovarian cells, oocytes and ovarian follicles har-
vested from animals or humans were seeded on decellularized ECM
[213] or encapsulated in hydrogels such as alginate [214, 215], and aga-
rose [216] to fabricate ovarian tissue. Similar strategies were adopted to
fabricate cervicovaginal tissue constructs. Cervical tissue constructs
were fabricated by seeding cervical cells on decellularized ECM such
as porcine SIS [217, 218], or scaffolds [208]. An engineered vaginal
organ constructed with autologous muscle and epithelial cells by
seeding these cells on a poly(DL-lactide-co-glycolide) scaffold was im-
planted into humans and the 8-yearlong study proved normal function-
ing of the implanted construct [219].

Though most of the tissue engineering studies pertaining to the re-
productive system were predominantly done on female reproductive
organs, there are a few studies published on engineeredmale reproduc-
tive organs and tissues. Atala et al. [220, 221] seeded autologous
cavernosal smooth muscle and endothelial cells on a collagen matrix
and implanted the cell-laden matrix in a rabbit model. Results proved
the formation of penile tissue phenotypes and structural and functional
biomimicry was demonstrated by cavernosography, cavernosometry,
andmating studies. Recently, Vermeulen et al. [222] explored the possi-
bility of developing a bioartificial testis as a viable option for fertility res-
toration of prepubertal boys who underwent chemo/radiotherapy.
Cryopreserved immature testicular tissue (ITT) of such patients can be
used to engineer an artificial testis to restore their fertility when they
reach the appropriate age.

Although there were many studies on tissue engineering of tissues
associatedwithmale and female reproductive systems, research related
to bioprinting of reproductive system-related cells or tissue is scarce
and has to be explored.

5.6.1. Challenges and future outlook
Bioprintinghas not yet been explored for addressing the problems of

male and female infertility. Bioprinted reproductive system tissues such
as phallic tissue, uterus, ovary, and cervicovaginal tissue would serve as
potential treatment options for addressing the infertility problems.
Availability of primary cells from reproductive tissues [202, 204] is a
challenge and use of stem cells could be a viable solution. However,
more studies are required to optimize the biological conditions to effect
the differentiation of stem cells to the appropriate cell lineage. Testing
protocols to test the functionality of the printed tissues and organs are
to be developed as there are notmany studies pertaining to this domain
[202].With the rise in a number of patients requiring hysterectomyyear
by year, bioprinting a whole functional uterus is a potential research di-
rection in the near future.

5.7. Integumentary system

The integumentary system consists of skin, along with its derivative
structure and accounts for about 15% of the body weight in adults [1].
Skin is a three-layered structure (outer epidermis, middle dermis, and
inner hypodermis), constituting several kinds of cells including
keratinocytes, fibroblasts, and melanocytes, and serves several vital
functions such as protective (barrier, UV light absorption, immune sur-
veillance,mechanical), perceptive (touch, temperature, pain), and regu-
latory (thermal, hydration, excretory) functions. The demand for
engineered skin substitutes stems from two major needs, namely
wound management and drug/cosmetic testing. The global wound
management market is forecasted to be worth over $22 billion by
2024 and the global market for tissue-engineered skin substitutes was
projected to reach 3873.5million by 2023 [223].With the ban on animal
testing in several countries, the demand for artificial skin substitutes is
on the rise.

Bioprinted skin is a major area of focus in the bioprinting domain.
Many bioprintingmethods had been explored for printing of skin tissue
construct, including laser-based bioprinting, droplet-based bioprinting,
and extrusion bioprinting. Koch et al. [85] reported bioprinting of skin
cells (NIH3T3 fibroblasts and HaCaT keratinocytes) (1–2 × 106 cells/
ml) suspended in a 1:1 mixture of ethylenediaminetetraacetic acid
(EDTA) human blood plasma and alginate hydrogel (4 wt%), using
laser-based bioprinting (LIFT) for the first time, with post-printing cell
viability of 98%. The study also proved that there was no increase of ap-
optosis or DNA fragmentation as a result of LIFT. This was a preliminary
study evaluating the feasibility of laser printing of skin cells and no 3D
constructs were fabricated. In a follow-up study [224], using the same
bioprinting system, skin cells (NIH3T3 Swiss albino fibroblasts and
HaCaT human immortalized keratinocytes) (1.5 × 106 cells/ml)
suspended in collagen hydrogel (3 mg/ml) was printed to form a 3D
skin tissue construct consisting of 20 layers of fibroblasts and 20 layers
of keratinocytes. Post-printing cell viability assessed after 10 days
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showed that the cells are viable and formation of adherens junctions
and gap junctions were witnessed, demonstrating tissue morphogene-
sis. On further testing of the bioprinted skin construct in vivo [225],
transplanting into the full-thickness wounds in the dorsal skin fold
chamber in nude mice, showed that the transplanted construct was
fully connected to the surrounding tissue after 11 days, with formation
of stratum corneum, epidermal differentiation, and blood vessels grow-
ing into the construct from the wound edges.

Using microvalve bioprinting method, Lee et al. [226] fabricated a
multi-layered skin tissue, consisting of 10 layers of collagen
(2.05 mg/ml), with the fibroblasts (primary adult human dermal) and
keratinocytes (primary adult humanepidermal) (1× 106 cells/ml) pres-
ent in the second and eighth layer respectively, with a post-printing cell
viability of N80% after 1 day. Detailed biological characterization was
lacking in this study. However, they demonstrated printing of skin tis-
sue on a polydimethylsiloxane (PDMS) mold with a non-planar,
which could aid in direct in situ printing of skin on wounds. In another
study [227], fibroblasts (HFF-1 from ATCC) (2 × 106 cells/ml), and
HaCaT keratinocytes (5 × 106 cells/ml), suspended in collagen hydrogel
(3 mg/ml) were printed using microvalve bioprinting into a multi-
layered skin construct, consisting of dermal and epidermal layers. The
histological examination and immunofluorescence characterization
after 14 days revealed morphological similarities of the printed con-
struct to that of the native in vivo human skin tissue. However, this
study also lacks certain important biological characterizations such as
collagen production, and epidermal differentiation. Rimann et al. [228]
bioprinted a multi-layered skin construct using microvalve bioprinting.
Human primary dermal fibroblasts (9 × 106 cells/ml) and epidermal
keratinocytes (1 × 107 cells/ml) were suspended in a PEG-based
photo-polymerizable bioink for bioprinting. The printed constructs
were characterized up to 42 days, one of the longest time period tested
among the other bioprinted skin studies. Epidermal layer printing was
undertaken after culturing the printed dermal construct for varying
time periods up to 6 weeks. Formation of stratum corneum was ob-
served only on those constructs that were cultured for 6 weeks prior
to epidermal layer printing and not seen on those constructs that
were cultured for b6 weeks. This observation emphasized the impor-
tance of the quality of dermal layer for fabricating a biomimetic skin tis-
sue. Fibroblasts in the dermal layer proliferated up to 42 days and
produced their own ECM (collagen I). This is one of the first studies to
prove that bioprinting could be used in a production scale, with only
7 min to construct the whole dermal construct.

Extrusion-based bioprinting systems were also used to bioprint skin
tissue constructs. Cubo et al. [229] used a multi-nozzle extrusion
bioprinting system to fabricate a human bi-layered skin. Three syringes
were used, with cell-containing media extruded through the first noz-
zle, human plasma containing fibrinogen (30 mg) and tranexamic acid
(200 μl) in the second, and CaCl2 solution (to crosslink fibrinogen into
fibrin) in the third. The dermal layer was formedwith human dermal fi-
broblasts (1.75 × 104 cells/ml) suspended in cell media. Human epider-
mal keratinocytes (0.6 × 106 cells/ml) suspended in cell media were
printed on top of the dermal layer after 30 min of incubation. In vitro
and in vivo studies (in immunodeficient athymicmice (skin-humanized
mice)) showed that the printed skin exhibited structural and biological
similarities to that of the native human skin. Pourchet et al. [230] fabri-
cated a human skin construct with primary normal human fibroblasts
and keratinocytes (1 × 106 cells/ml) suspended in a gelatin/alginate/fi-
brinogen hydrogel (10%, 0.5%, and 2% w/v respectively) using a
extrusion-based bioprinting system. Histological and morphological
characterization of the bioprinted skin 26 days post-printing exhibited
the characteristics of human skin, both at the molecular and macromo-
lecular level, substantiated by biomarkers of dermal layer and epider-
mal differentiation.

Although the majority of the bioprinted skin constructs consisted of
only fibroblasts and keratinocytes, there were attempts to incorporate
other types of cells present in the native skin such as melanocytes and
other skin appendages such as sweat gland. Recently, Min et al. [231] re-
ported bioprinting of a full-thickness skin model containing pigmenta-
tion using microvalve bioprinting. The dermal layer was constructed
fromhumandermalfibroblasts (1× 106 cells/ml) suspended in collagen
hydrogel (6 mg/ml). Human epidermal melanocytes (2 × 107 cells/ml),
and keratinocytes (7 × 106 cells/ml) suspended in collagen hydrogel
(6 mg/ml) were sequentially printed on the dermal layer upon subse-
quent air-liquid interface culture (for one day) of the dermal layer, for
fabricating a pigmented skin construct. The histological examination
and immunofluorescence characterization after 10 days showed the ev-
idence of pigmentation and melanin granules inside the epidermal
layer. Freckle-like pigmentations were seen at the dermal-epidermal
junction. Sweat gland regeneration by directed differentiation of epithe-
lial progenitors by extrusion based bioprinting was reported by Huang
et al. [130]. Epithelial progenitors and dermal homogenates (isolated
from wild-type C57/B16 mice aged 3–4 weeks), suspended in a gela-
tin/alginate hydrogel (20%, and 4% w/v respectively) were bioprinted
using an extrusion-based bioprinting system. In vitro studies including
immunofluorescence staining for relevant biomarkers confirmed the
differentiation of epithelial progenitors into sweat glands. The printed
constructs were transplanted to the burned paws of mice (wild-type
C57/B16 mice) to evaluate the in vivo regeneration of sweat glands.
An iodine/starch-based sweat test performed 14 days after transplanta-
tion proved the sweat gland regeneration from epithelial progenitors
and the regenerated sweat glad was functional.

5.7.1. Challenges and future outlook
Due to the huge market demand, bioprinting of skin has gained

much attention recently. It is expected to be one of the first bioprinted
tissue to be put to use clinically or for drug/cosmetics testing applica-
tions [232]. There is substantial progress in the field, with several stud-
ies reporting bioprinted skin constructs the structurally and biologically
mimic the native human skin. However, bioprinting of a fully-functional
skin with all the cell types and skin appendages is still challenging.
While printing of skin appendages such as sweat glands and hair folli-
cles is difficult, alternate approaches such as sweat gland regeneration
from stem cells [130] have to be investigated. In situ skin bioprinting
systems could be a very potential project that would help in wound
management of burn wounds.

5.8. Respiratory system

The respiratory system consists of lungs, pharynx, larynx, trachea,
bronchi, and diaphragm and is responsible for the exchange of oxygen
and carbon dioxide between the atmosphere and the body. Human
lungs lack regeneration ability and hence, lung transplantation is the
only way to treat severe lung diseases [233]. However, high cost, short-
age of donors and low survival rate [234] are major concerns associated
with this procedure. Hence, there is a need for tissue engineered lung
and lung tissues. Similarly, the gold standard for treatment of most air-
way diseases resulting from stenosis, tracheomalacia, or cancer is tra-
cheal resection and end-to-end anastomosis [235]. Tissue-engineered
airways are a potential treatment method.

Bioprinting of lungs and the airways for respiratory tissue regenera-
tion is a relatively new field, notwithstanding the fact that tissue-
engineered lungs [233], and airway/trachea [236, 237] by seeding cells
on decellularized structures or on 3D porous scaffolds by traditional tis-
sue engineering techniques had already been reported. For example,
Shan et al. [235] fabricated a biomimetic tracheal graft using 3Dprinting
(Fused Deposition Modelling) and subsequently seeded BMSCs (iso-
lated from the tibial plateau of rabbit) to evaluate the biocompatibility
of the printed graft. Detailed reviews of suchworks were reported else-
where [238, 239]. To the best of our knowledge, there is only one study
reported so far on bioprinting of a lung tissue analogue. Horváth et al.
[240] usedmicrovalve bioprintingmethod to fabricate a lung tissue an-
alogue closely recapitulating the in vivo human air-blood barrier
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architecture. A two-cell layer model with A549 (alveolar epithelial type
II cells; AT-II) (4.5 × 106 cells/ml) representing the epithelial layer, and
EA.hy926 (endothelial hybrid human cell line derived by fusing human
umbilical vein endothelial cells (HUV-EC) with A549 cells) cells
representing the endothelial layer, with a thin Matrigel™ layer separat-
ing them that represents the basement membrane. Though this study
successfully fabricated a lung tissue analogue with air-blood barrier ar-
chitecture, the functionality of the printed construct is not evaluated.

5.8.1. Challenges and future outlook
Bioprinted lungs and airway are still a future reality. There aremany

challenges associatedwith lung tissue engineering. The firstmajor chal-
lenge is the availability of cells specific to lung tissue. While differentia-
tion of PSCs or iPSCs to the lineage of lung-derived cells is an option, the
protocols are only being recently looked into and incompletely devel-
oped so far [241]. Hence, the first mission of the researchers should be
to focus on these procedures and protocols to achieve differentiation
of stem cells into lung-specific cell lineages. Bioprinting of cell-laden
hydrogels on the decellularized ECM to fabricate the lungs could be
the next step before embarking on bioprinting of a whole lung, given
the complex structural arrangement and cytoarchitecture. Wilson
et al. [241] provided an outlook of how bioprinting could be applied to
respiratory tissue reconstruction. Two functional compartments of the
respiratory system, namely the trachea/airway and the alveolar space
could be the first target for bioprinting. This could be achieved by fabri-
cating a tube-like structure lined by a pseudostratified epithelium for
tracheal bioprinting and a single alveolar sac, a grape-like structure
composed of clusters of alveoli, and hollow cavity-like structures lined
by type I and II alveolar epithelial cells (AECs) for bioprinting of the al-
veolar space. A combination of bioprinting and microfluidics might ad-
vance the research of bioprinting lungs to the next level.

5.9. Digestive system

The digestive system has two main parts namely, the gastrointesti-
nal/alimentary tract consisting of the mouth, oesophagus, stomach,
small and large intestines, rectum and anus, and solid organs such as
liver, pancreas, and gall bladder. Themain function of the digestive sys-
tem is digestion and absorption, where food is broken down into
smaller molecules such as glucose, fatty acids, and amino acids and
absorbed by the body. Of the different tissues and organs consisting of
the digestive system, oesophagus, intestines, liver and pancreas were
of interest to the tissue engineering community.

5.9.1. Liver
The liver performs many important body functions such as bile se-

cretion that helps in digestion and absorption of fats, detoxification,me-
tabolizing drugs, production of serum proteins, and in maintaining
homeostasis. Though liver has the capacity to regenerate, severe or
chronic liver diseases such ashepatocellular carcinoma, and liver cirrho-
sis, the regenerative capacity of the liver is lost [242]. In such cases, liver
transplantation is the ultimate treatment method. In the United States
alone, about 30 million people suffer from various liver disorders,
which leads to 30,000 deaths annually and 1 million deaths in develop-
ing countries [243]. The demand for liver transplants is projected to in-
crease by 23% in the next 20 years [243]. Given the limited availability of
donors, engineered liver tissues have a huge need.

Tissue engineering of the liver is not newand there are several studies
published on engineered liver tissue and bioartificial liver as early as
1996 [244, 245]. However, engineering a functional liver ex vivo was
not successful due to the large size, and complex structurewith interwo-
ven biliary, lymph and vascular networks [244]. With the advent of
bioprinting, fabrication of a functional liver has become an impending re-
ality. Several successful studies of bioprinted liver tissues were reported
in the recent past. Chang et al. [246] used microvalve bioprinting to fab-
ricate a liver tissue construct with HepG2 cells (1–4 × 106 cells/ml)
suspended in alginate hydrogel (3% w/v). The printed construct was
housed in a chamber with microfluidic channels mimicking the in vivo
microenvironment and evaluated a drug metabolism model, which is a
liver-specific function. In another study [247], a liver tissue was
bioprinted from coculture of primary human hepatocytes, hepatic stel-
late, HUVEC cells, and non-parenchymal cells suspended in NovoGelR

2.0 hydrogel at a concentration of 150 × 106 cells/ml. Histological analy-
sis demonstrated the presence of distinct intercellular hepatocyte junc-
tions, CD31+ endothelial networks, and desmin positive, smooth
muscle actin negative quiescent stellates, mimicking the in vivo human
tissue. Both these studies [246, 247] focus on the drug metabolism func-
tion of the printed liver tissue and hence, the other vital functions of the
bioprinter liver tissue such as bile secretion is not evaluated.

Arai et al. [248] suspended primary hepatocytes (isolated from the
liver tissue of male 6- to 8-week-old ICR 12mice) in a galactosylated al-
ginate hydrogel (12 mg/ml) and used inkjet bioprintingmethod to fab-
ricate a two-layered liver tissue. The asialoglycoprotein receptor
(ASGPR) present in hepatocytes interacted with the galactose chain of
galactosylated alginate hydrogel, thus promoting better cell adhesion.
The printed construct was morphologically similar to the native liver
tissue and expressed liver-specific proteins and receptors such as albu-
min, MPR2, and ASGPR, thus proving the functionality of the printed
liver tissue. Using an extrusion-based bioprinting system, Kim et al.
[249] printed mouse primary hepatocytes (isolated from the livers of
6–8 weeks old mice) (4 × 107 cells/ml) suspended in alginate hydrogel
(3% w/v) into 3D liver tissue constructs. Cells were viable for 14 days,
with liver-specific gene expressions namely albumin, hepatocyte nu-
clear factor 4 alpha (HNF-4α), forkhead box protein A3 (Foxa3), and
asialoglycoprotein receptor 1 (ASGR1), increased gradually up to day
14. Recently, Kizawa et al. [250] bioprinted a liver tissue by the spheroid
assembly of primary hepatocytes (1 × 104 cells/ml) that maintained
functionality up to 60 days, one of the longest period observed for a
bioprinted liver tissue. In addition to drug, glucose, and lipid metabo-
lism, bile secretion was also observed up to 60 days. Though only a
small portion of liver tissue is printed, this study demonstrates the
long-term functionality of the bioprinted liver tissue and hence, lead
to whole organ (liver) bioprinting in the future.

One of the challenges in engineering liver tissue is the isolation, pro-
liferation, long-term culture and maintenance of hepatocyte function
ex vivo of primary hepatocytes [247, 249]. An alternate approach is
the use of stem cells. Differentiation of iPSCs to liver-specific cell lines
is gaining attention. Faulkner-Jones et al. [251] for the first time,
bioprinted pluripotent stem cells (human induced pluripotent stem
cell lines (hiPSCs) RCi-22 and RCi-50; and human Embryonic stem cell
lines (hESCs) RC-6 and RC-10) (1 × 107 cells/ml) suspended in alginate
hydrogel (1.5% w/v), using a microvalve bioprinting system. These cells
differentiated into hepatocyte-like cells (HLCs) post-printing, exhibited
amorphology similar to that of hepatocytes and showed the presence of
hepatocyte-related genesHNF-4α, and albumin. This is thefirst success-
ful work reported on bioprinting of pluripotent stem cells that differen-
tiated into HLCs post-printing. Ma et al. [252] used stereolithography
bioprinting to print hiPSC-derived hepatic progenitor cells (hiPSC-
HPCs) suspended in GelMA hydrogel (5% w/v, supplemented with
0.3% w/v LAP as photoinitiator), along with supporting cells HUVECs
and ADSCs (to form the vasculature) suspended in GelMA/Glycidal
methacrylate-hyaluronic acid (GMHA) hydrogel (2.5% and 1% w/v re-
spectively, supplemented with 0.45% w/v LAP as photoinitiator) in to
3D liver tissue construct. Post-printing differentiation evaluated by ex-
pression levels of hepatic markers demonstrated higher levels of
markers associated with mature hepatocytes (HNF-4α, albumin, and
TTR). In addition, the expression levels of key enzymes related to liver
drug metabolism (CYP1A2, CYP2B6, CYP2C9, CYP2C19, and CYP3A4)
were also witnessed, which is responsible for 60% of human drug
oxidation.

Apart from the liver, three other tissues associated with a digestive
system that is of interest to the tissue engineering community are
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oesophagus, pancreas, and intestine. Though classical tissue engineer-
ing methods were used to engineer oesophagus [253], pancreas [253],
and intestine [254], bioprinting of these tissues have not been
attempted yet.

5.9.2. Challenges and future outlook
The need for the artificial liver is on the rise. Bioprinting is a potential

technology to fabricate functional liver tissue and evenwhole functional
liver. However, the main obstacle is the limited availability of primary
hepatic cells due to the difficulty in obtaining liver biopsies from each
patient [252]. In addition to the scarce availability of primary hepato-
cytes, they lose their function gradually when they are cultured
ex vivo [247, 249]. Hence, use of stem cells would be the alternate
method. Some studies [251, 252] have used pluripotent stem cells for
bioprinting and then differentiating them into hepatocytes or HLCs.
However, the post-printing viability reported in these studies is b65%.
Further studies on optimizing the protocol and procedures to increase
the cell viability and long-term post-printing functionality are needed,
along with fundamental molecular pathways involved in the differenti-
ation process. Bioprinting of oesophagus, pancreas, and intestine could
be explored in the future.

5.10. Urinary system

The urinary system consists of the kidneys, urinary bladder, urethra,
and the urinary tract. The main functions of this system are excretion of
bodily wastes, and regulation of blood pH, electrolytes, andmetabolites.
In addition to these, the kidneys perform endocrinologic, metabolic, im-
munologic and hemodynamic functions. Bioengineering of artificial kid-
neys is of immense interest to both researchers and clinicians,
considering the huge demand.

5.10.1. The kidneys
The number of patients with chronic renal failure is on the rise.

About 9.4% of the adults in the US suffer from chronic kidney disease,
with 400,000 end-stage renal diseases (ESRD) patients depending on
dialysis [255]. There are only two treatment options for ESRD patients
namely, dialysis, and kidney transplantation. Dialysis helps in fulfilling
the filtration function of the kidneys but it doesn't help in other meta-
bolic and endocrinologic functions, thereby impacting on the patient's
health. Kidney transplantation, on the other hand, suffers from a short-
age of donor organs. Moreover, the need for lifelong immunosuppres-
sive drugs also significantly influences patient's quality of life, with
20% of patients facing acute rejectionwithin 5 years, and 40% of patients
facing death or loss of function within 10 years [256]. Multi-
functionality and complex architecture of the kidneys hinder the fabri-
cation of biomimetic artificial kidneys.

The works on bioengineering artificial kidneys started as early as
1980, with cells (proximal renal tubular cells) seeded on porous poly-
meric scaffolds placed in series with a hemofiltration circuit [255,
257]. Though the functionality of the construct in terms of urine filtra-
tion, improved metabolism, and improved cardiovascular stability was
tested positive, the nature of the clinical trials didn't lead to a conclusive
evidence of significant impact on survival. There has not been much
progress since on engineered functional kidneys. With the advent of
bioprinting, fabrication of functional kidneys seems a futuristic reality,
though far on the horizon. Only a few studies were reported on the
use of bioprinting for kidney fabrication. Homan et al. [258] bioprinted
3D human renal proximal tubules (PTs) with proximal tubule epithelial
cells (PTECs) (2 × 107 cells/ml) suspended in a gelatin/fibrin hydrogel
(7.5% w/v, and 10 mg/ml respectively), as shown in Fig. 10. The
bioprinted PT had an open lumen architecture, with enhanced epithelial
morphology and functions compared to the 2D controls. Self-assembly
of tissue spheroids to fabricate a kidneymini-tissue is another approach
explored for bioengineering of kidney. One such study [259] reported
the formation of a kidney mini-tissue by re-aggregation and self-
assembly of a simple suspension of isolated renogenic stem cells.
Though the self-assembled mini-tissue had morphological similarities
of the native tissue, with a branched urinary collecting duct system, ex-
cretory nephrons connected to the collecting duct tree and with
Bowman's capsules, proximal tubules, loops of Henle and distal tubules,
and successfully transplanted in vivo, aggregation and function on the
macro-scale has not yet been demonstrated [256]. Bioprinting could
be used to accomplish this task of building a human-scale renal tissue
using self-assembly of tissue or cell spheroids. Kasyanov et al. [260]
used 3D printing to fabricate the structure of kidney arterial vascular
tree using silicon droplets as physical analogues of tissue spheroids.
Though no cells were printed in this study, it demonstrates the capabil-
ity of bioprinting to print such human-scale constructs using tissue
spheroids.

Apart from the kidneys, other tissues and organs of the urinary sys-
tem that are engineered are the urinary bladder, urethra, and the urinary
tract. Bladder dysfunction, caused by a variety of congenital and acquired
conditions, affects 400 million people worldwide [261]. Current treat-
ment methods include reconstructive procedures with native non-
urologic tissues such as skin or gastrointestinal segments, which results
in significant complications due to the incompatibility of the grafted tis-
sue to the long-term exposure of urine [261]. Hence, there is a need for
artificial bioengineered bladders. Although traditional tissue engineering
strategies such as cells seeded on porous polymeric scaffolds had been
explored (reviewed in detail elsewhere [261, 262]), fabrication of func-
tional bladder remains elusive. Bioprinting of bladder is yet to be ex-
plored. Xu et al. [124] used microvalve bioprinting to print a bladder
tissue construct from primary SMCs (isolated from rat bladder tissue)
(0.1–1 × 106 cells/ml) suspended in a collagen hydrogel (0.2% w/v).
Though post-printing viabilitywas N90%, the printed tissuewasmorpho-
logically dissimilar from that of a native rat bladder as showed by the his-
tological studies. Similarly, Zhang et al. [263] bioprinted urethra with
PCL/PLCL blend for fabrication of scaffolds, and extrusion of urothelial
cells (UCs) (isolated from New Zealand white rabbits), and bladder
SMCs (isolated from rabbit bladder) suspended in a gelatin/fibrin/
hyaluronic acid hydrogel (35, 30, and 3 mg/ml respectively). Post-
printing cell viability was over 80% after 7 days and the printed construct
had morphological and mechanical properties similar to that of the na-
tive tissue. Bioprinting has not yet been explored for fabrication of uri-
nary tract, although bioengineering of urinary tract itself is not new
[264].

5.10.2. Challenges and future outlook
Bioprinted functional kidneys would be of immense help to the pa-

tients with ESRD. However, there are many challenges that are to be
overcome before functional kidneys are bioprinted. The first challenge
is the architectural complexity of kidney and limited availability of pri-
mary cells [255]. Hence, use of iPSCs to get differentiated nephron pro-
genitor cells (NPCs) and other renal cells has to be explored [263].
Secondly, the formation of nephrons equivalent to that of thenative kid-
ney (one million nephrons approximately) is a challenge. Strategies for
improving the efficiency of nephron formation has to be focused. The
third challenge lies in the formulation of a bioink that will resemble
the complex renal structure and functionality [265]. Bioprinting of tis-
sue spheroids, enabling the formation of kidney tissue by self-
assembly is a potential approach. Bioprinting of other tissues of urinary
system such as the urethra, bladder, and urinary tract could be consid-
ered as these structures less complex compared to kidneys.

5.11. Circulatory/cardiovascular system

The circulatory system or cardiovascular system consists of heart
and blood vessels which include arteries, veins, and capillaries. Car-
diovascular disease accounts for nearly 20 million deaths worldwide
annually, making it the leading cause of mortality [131]. N80,000
heart-valve replacements are performed annually in the US alone,



Fig. 10. Bioprinting in Urinary System (a–c) 3D convoluted renal proximal tubule on the chip. (d–f) 3D rendering of the printed convoluted proximal tubule acquired by confocal
microscopy, where actin is stained in red and nuclei are blue; the white dotted line denotes the location of the cross-sectional view shown below in which PTEC cells circumscribe the
open lumens in 3D. Scale bar = 50 μm.
Reprinted with permission from [258].
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with the replacement of other cardiovascular tissues such as arteries,
and myocardium in addition [266]. For the valve replacement sur-
geries, currently, mechanical and biological prosthetic valves are
employed. While mechanical valves have high durability, the
thrombogenicity of such valves is a major concern. Hence, the pa-
tients have to take blood-thinning medication for the rest of their
lifetime. On the other hand, biological prosthetic valves suffer from
many other disadvantages. Allografts and xenografts could lead to
immune rejection, degeneration over time, and thrombosis while
autografts (usually pulmonary autografts) are associated with com-
plicated surgical procedures with possible requirement of a re-
operation in 10–20 years [267]. Tissue engineered heart valves are
potential alternatives that could possibly overcome the disadvan-
tages of both mechanical and biological prosthetic valves. Various
tissue engineering methods such as the use of decellularized
xenogenic tissues, and cells seeded on polymeric scaffolds, were
used to fabricate heart valves and been reviewed elsewhere [268].
However, the native anatomy of the cardiac valve could not be reca-
pitulated and the heterogenic cell population could not be replicated
by these methods [269].
Bioprinting is being increasingly used for the engineering of biomi-
metic heart valves. The advantages of bioprinting over other tissue engi-
neering methods include accurate replication of the complex
biomimetic architecture (e.g. the tri-leaflet valves), ability to fabricate
mechanically heterogenic structure, and spatial control of valve cells
(such as valve interstitial cells (VIC) and SMCs) [131]. Duan et al.
[270] bioprinted an aortic valve conduit from porcine aortic VICs and
human aortic root SMCs (isolated from the aortic root of a 12-year old
young patient) (2× 106 cells/ml) suspended in a gelatin/alginate hydro-
gel (0.06, and 0.05 g/ml respectively). Post-printing cell viability after
7 dayswas over 80%. This study only evaluated the post-printing cell vi-
ability of valve cells. In another study [271], human aortic valve intersti-
tial cells (HAVICs) (isolated from the aortic valve leaflets of the donor
heart from a 12-year-old patient) (5 × 106 cells/ml) suspended in a
methacrylated hyaluronic acid (Me-HA)/methacrylated gelatin (Me-
Gel) hydrogel (4% w/v of Me-HA, and 6%, 10%, 12% w/v of Me-Gel)
was used to bioprint a tri-leaflet valve (Fig. 11). Maintaining a post-
printing cell viability of over 90% after 7 days, histology and immunohis-
tochemistry demonstrated significant gene expressions of αSMA,
vimentin, periostin, and collagen 1A1 showing that the cells proliferated

Image of Fig. 10
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normally post-printing and secreted their own ECM. However, the
study is a short-term study (7 days) and the printed construct did not
fulfil the mechanical performance of native valve tissue.

Other cardiac tissues save heart valves such as myocardium has also
been bioprinted. Gaebel et al. [272] patternedHUVECs (4× 106 cells/ml)
and hMSCs (2 × 106 cells/ml) using laser-based bioprinting (LIFT
method) on a polyester urethane urea (PEUU) cardiac patch. PEUU
patch with randomly seeded cells without bioprinting was used as the
control. In vivo studies on infarcted zone of rat hearts (after left anterior
descending (LAD)-ligation) demonstrated that the bioprinted patch
with spatial cell arrangement had more blood vessel formation, en-
hanced capillary density, and resulted in significant improvement in
the functionality of the infarcted hearts in rats, 8 weeks after transplan-
tation, compared to the control. In another study [273], human fetal car-
diomyocyte progenitor cells (hCMPCs) (30× 106 cells/ml) suspended in
alginate hydrogel (7.5% w/v) were printed using extrusion bioprinting
into a tissue construct with cardiogenic potential. Post-printing cell
Fig. 11. Bioprinting in Circulatory System (A–G) Bioprinting of heart valve conduitwith encapsu
printed valve conduit; (C) the bioprinted valve conduit kept intact after 7-day static culture in c
day culture. (G) representative image of immunohistochemical staining for αSMA (green) and
Reprinted with permission from [271].
viability after 7 days was 89% and the cells maintained their cardiac lin-
eagewith upregulated gene expression of the early cardiac transcription
factors Nkx2.5, Gata-4 and Mef-2c and the sarcomeric protein
TroponinT. In a similar study [274], cardiac tissue constructs printed
from hCMPCs (30 × 106 cells/ml) suspended in gelatin/hyaluronic acid
matrix (commercial hydrogel: HyStem matrix, Sigma) were implanted
into 10–12weeks aged infarcted female NOD-SCIDmice (after left ante-
rior descending (LAD)-ligation) for in vivo studies. A 4-week follow-up
study showed significant reduction in adverse remodeling, enhanced
cardiac performance, and a temporal increase in cardiac and vascular
differentiation of hCMPCs, as evaluated by MRI and histology.

Although primary cardiac cells could be isolated and proliferated
ex vivo, the demand far exceeds the supply [275].The use of iPSCs is an
alternate and highly potential option. Kerscher et al. [276] used human
iPSCs (26 × 106 cells/ml) suspended in GelMA hydrogel (15% w/v) to
bioprint cardiac tissues that differentiated post-printing. Cells continued
to differentiate and spontaneous contractions were initiated on day 8 of
lation ofHAVICwithin the leaflets: (A) heart valvemodel designed by Solidworks®; (B) as-
ulture tube; (D) Live/Dead image; (E, F) histological staining of bioprinted leaflets after 7-
vimentin (red), and Draq 5 counterstaining for cell nuclei (blue).

Image of Fig. 11
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differentiation with synchronicity, frequency, and velocity of contrac-
tion increasing over time up to day 40, with cardiac gene expressions
upregulated. In another study by Ong et al. [277], mixed cell spheroids
of human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs), fibroblasts (FB) and endothelial cells (EC) of different ra-
tios (CM:FB:EC = 70:15:15, 70:0:30, 45:40:15) were bioprinted into
cardiac patches. While patches of all cell ratios beat spontaneously
after bioprinting, exhibiting ventricular-like action potential waveforms
and electrical conduction, patches with a low percentage of FBs exhib-
ited higher conduction velocities and longer action potential duration.
Immunohistochemistry and immunofluorescence images also demon-
strated the presence of CD31+protein representing blood vessel forma-
tion, and Cx43 representing the main cardiac gap junction protein. The
bioprinted patches were implanted on to the heart of nude rats (NIH
RNU sp./sp. rats, NTac:NIH-Foxn1rnu, 12 weeks, female, 165–195 g,
Taconic). The implanted patches engrafted well on to the myocardium
and were vascularized. However, neither long-term follow up studies
were made nor the hearts functionally analyzed in this study. Both
these studies failed to attain the conduction velocities and rate of beat-
ing similar to the native human heart and possessed weak mechanical
properties.

5.11.1. Challenges and future outlook
Bioprinting functional cardiac patches could help in the treatment of

patients withmyocardial infarction, and bioprinted blood vessels in the
valve-replacement surgeries. Focussed efforts on bringing bioprinted
valves (from patient's own cells) to the clinical practice are necessary
to replace themechanical and bioprosthetic valves currently in themar-
ket. Avenues to use iPSCs also should be explored further, given the lim-
ited availability of primary cells. Formulating an ideal ‘cardiac bioink’
with appropriate stiffness and cell microenvironment is still a challenge
[131], and development of in situ crosslinkable bioinks with spatially
and temporally controllable crosslink rate and degree is an interesting
future direction. Though the macrostructure of the whole heart could
be printed and partially functional cardiac tissues could be bioprinted,
bioprinting (organ printing) of a fully functional heart is still very far
from reality.

5.12. Summary

In summary, bioprinting has been explored widely for fabrication of
several different tissues pertaining to different organ systems (summa-
rized in Table 4). While some tissue types such as bone, and skin had
garnered ample attention in the bioprinting space, there are many
areas yet to be explored such as lymphatic tissues and endocrine glands.
In addition to the unique challenges pertaining to the application of
bioprinting in each organ system as summarized in the respective sec-
tions, there are several common challenges concerning bioprinting.
Limited availability of primary cells, bioprinting in clinically relevant
sizes, bioinks with appropriate rheological properties, vascularization
and innervation are the key challenges. Utilization of stem cells to get
the desired cell lineage using directed differentiation is a possible solu-
tion to overcome the challenge of limited availability of primary cells.
Bioprinting tissues in clinically relevant sizes are another challenge. Ex-
trusion bioprinting is the onlymethod available nowwhich is capable of
producing human-scale tissues. However, maintaining cell viability
throughout the entire thickness and ensuring homogenous perfusion
of nutrients and growth factors throughout the3D structure is a humon-
gous task. Bioprinting a developmental precursor or self-assembly of
several small tissue constructs into the whole organ are some of the al-
ternate approaches. Bioink development with appropriate rheological
properties suitable for printing and biologically mimicking the ECM of
respective tissues is still a challenge. Use of decellularized ECM and de-
velopment of bioactive polymer blends for tissue-specific bioinks is a
possible solution. Finally, vascularization and innervation of the
bioprinted constructs is both a challenge and an interesting future
direction. Incorporation of relevant growth factors and cells to promote
vasculature and nerve growth, the combinatory approach of bioprinting
and microfluidics are some of the future areas of research to get a
vascularized and innervated bioprinted tissue. Potential future direc-
tions and focus areas in each of the organ systems are summarized in
Table 3.

6. Implications of 3D bioprinting in drug discovery, development,
and delivery systems

The rise of bioprinting could revolutionize thewhole pharmaceutical
paradigm which includes drug discovery, development and delivery
systems. There are twomajor stages in bringing a new drug to themar-
ket namely, drug discovery (pre-clinical stage) and drug development
(clinical stage) [278]. Drug discovery involvesmultiple types andmulti-
ple cycles of tests of large number of molecular compounds to narrow
down to a few drugs with beneficial effects against the target clinical
conditions, while drug development deals with further development
of the selected drugwith regard to its absorption,metabolization, excre-
tion, optimal dosage requirements, toxicity, and its interaction with
other drugs and treatment methods [11]. Drug delivery, which refers
to the optimal transport of the drug in the body to achieve the desired
therapeutic effect, also needs to be considered during the drug develop-
ment stage. Bioprinting could play a role in all these three stages. In
order to reduce the inherently high cost and long lead times involved
with the drug development process, pharmaceutical industries are
moving from the traditional drug development paradigm (Fig. 12(A))
to an alternative drug development paradigm called “quick-win, fast-
fail” (Fig. 12(B)) [279]. The important stages in the traditional drug
development cycle are drug discovery and pre-clinical phase, clinical
phase (Phases I, II, and III), FDA review and approval, followed by
Phase IV clinical trials and marketing. Of these different phases, the
most expensive phase is the clinical phase, that contributes to almost
60% of the total cost and majority of the cycle time [11]. The “quick-
win, fast-fail” strategy aims to reduce the time and cost involved in
this phase of the drug discovery cycle, by focussing on reaching the
proof-of-concept (POC) efficiently, as shown in Fig. 12(B).

To make the “quick-win, fast-fail” strategy work, the high rate of
attrition has to be overcome by minimizing the technical uncertainties
in the early stages of development. Non-clinical toxicology was the
highest cause of attrition, attributing to 40% of all the failures, based
on the conclusions arrived from the analysis of 10-year data obtained
from four principal pharmaceutical companies [280]. About 94% of the
drugs that passed the pre-clinical trials fail in the clinical phase [281].
The main reason for such a high attrition rate is the non-availability of
biomimetic 3D in vitro models for drug toxicity testing. Most of the
drug toxicity tests and assays are still performed on traditional 2D
monolayer culture systems that do not mimic the native 3D tissue mi-
croenvironment [282]. Hence, there is a huge discrepancy between
the pre-clinical in vitro results and the clinical in vivo results. 3D
bioprinting has the potential to fabricate biomimetic tissues and many
such tissues have already been printed as discussed in the previous sec-
tion. These bioprinted tissues could be used as the in vitro drug testing
models to evaluate the drug toxicity, thereby producing results similar
to the future in vivo testing and hence reducing the high attrition rate,
and the associated research expenses. Chang et al. [246] used a
bioprinting-microfluidics combinatorial approach to fabricate a 3D
liver tissue that could be used as an in vitro drug metabolism model to
assess the drug pharmacokinetic profiles. In another study [283], a
high-throughput miniature drug-screening platform was developed
using inkjet bioprinting, where Escherichia coli-laden alginate hydrogel
was bioprinted to array a chip on coverslips. On printing droplets of a
mixture of three antibiotics (penicillin/streptomycin, antimycotic, and
kanamycin sulfate) over the same spot of cells, the cell viability, func-
tionality and antibacterial effects of antibiotics were evaluated against
the micro-pipetted samples (control). The experimental and control



Table 3
Potential future directions and focus areas of bioprinting in different organ systems.

Organ system Future directions and focus areas

Skeletal system ✓ Bioprinting bone in clinically relevant sizes (scalability)
✓ Alternate approaches such as bioprinting with

microcarriers [158], and bioprinting a developmental pre-
cursor [160] to achieve clinically relevant sizes

✓ Bioreactor systems to maintain cell viability and nutrient
perfusion throughout the 3D human-size bioprinted tissue

✓ Bioprinting tissues with zonal architecture, with zone--
specific compositional and mechanical heterogeneity

✓ Seamless integration of different tissue types/interfacial
tissue engineering (e.g. cartilage and subchondral bone)

✓ Differentiation protocols for stem cell differentiation to
chondrocyte lineage (due to the scarcity of primary cells)

Muscular
system

✓ Bioprinting muscle tissue is still not explored widely and
preliminary studies in this area are required

✓ Bioprinting of muscles with different shapes (deltoid,
rhomboid, latissimus, teres (round), trapezius), and direc-
tion of muscle fibers (rectus (straight); transverse (across);
oblique (diagonally); orbicularis (circular)) could be
explored

✓ Bioprinting of integrated multi-phasic structures such as
MTU or muscle-bone or muscle-tendon-bone structure

✓ Bioprinting of vascularized and innervated skeletal muscle
tissue

Nervous system ✓ Given the complexity of the tissue, only a few studies are
reported to date

✓ Bioprinting a biomimetic neural/brain tissue with its intri-
cate layered microarchitecture

✓ Neural stem cell differentiation studies using different
hydrogel types and incorporation of growth factors that
induce differentiation in vivo by localized growth factor
delivery should be explored

Lymphatic
system

✓ Bioprinting of lymphatic vessels and lymph nodes is an
unexplored area with huge research and clinical potential

✓ Incorporation of cells and growth factors related to the
lymphatic system in the bioprinting of other vascularized
tissues

✓ Bioprinting of lymph nodes for development of artificial
immune systems based therapeutic devices

Endocrine
system

✓ Differentiation protocols for stem cell differentiation to
endocrinal cells (due to the scarcity of primary cells)

✓ Development of suitable bioinks that can comfortably host
the highly sensitive endocrinal cells

✓ Bioprinting insulin-producing β cell constructs for treat-
ment of diabetes

✓ Bioprinting a fully functional endocrine gland with all the
different types of cells and cytoarchitecture

Reproductive
system

✓ Bioprinting has not yet been explored for addressing the
problems of male and female infertility

✓ Bioprinted reproductive system tissues such as phallic
tissue, uterus, ovary, and cervicovaginal tissue

✓ Differentiation protocols for stem cell differentiation (due
to the scarcity of primary cells from reproductive tissues)

✓ Bioprinting of uterus
Integumentary
system

✓ Bioprinting of a fully-functional skin with all the cell types
and skin appendages

✓ In situ skin bioprinting systems for wound management of
burn wounds

✓ Testing protocols for evaluating the functionality of
bioprinted skin tissue

✓ Steps for regulatory approval and commercialization
✓ Bioprinted skin for drug and cosmetic testing in industries

Respiratory
system

✓ Differentiation protocols for stem cell differentiation to
lung-specific cell lineage (due to the scarcity of primary
cells)

✓ Bioprinting of cell-laden hydrogels on the decellularized
ECM to fabricate the lungs

✓ Bioprinting of trachea/airway and the alveolar space
✓ A combination of bioprinting and microfluidics might

advance the research of bioprinting lungs to the next level
Digestive
system

✓ Differentiation protocols for stem cell differentiation to
hepatic cell lineage (due to the scarcity of primary cells)

✓ Protocols and mechanisms to maintain the functionality of
primary hepatic cells ex vivo for an extended period

✓ Improve the post-printing cell viability and long-term

Table 3 (continued)

Organ system Future directions and focus areas

functionality of the bioprinted liver tissue
✓ Bioprinting of oesophagus, pancreas, and intestine

Urinary system ✓ Bioprinting of kidneys, given its architectural complexity
✓ Use of iPSCs to get differentiated nephron progenitor cells

(NPCs) and other renal cells (due to the scarcity of primary
cells)

✓ Strategies for improving the efficiency of nephron forma-
tion

✓ Development of bioink that will resemble the complex
renal structure and functionality

✓ Bioprinting of tissue spheroids, enabling the formation of
kidney tissue by self-assembly is a potential approach

✓ Bioprinting of urethra, bladder, and urinary tract
Circulatory
system

✓ Focussed efforts on bringing bioprinted valves (from
patient's own cells) to the clinical practice

✓ Formulating an ideal ‘cardiac bioink’ with appropriate stiff-
ness and cell microenvironment

✓ Development of in situ crosslinkable bioinks with spatially
and temporally controllable crosslink rate and degree

✓ Bioprinting functional cardiac patches for treatment of
myocardial infarction
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groups showed similar results, thus proving the suitability of the
bioprinted model to be used for high-throughput screening. By using
this process, spots of diameter 150–240 μm can be printed at a rate of
213 assays per second, thus demonstrating a theoretical capability of
running N18 million targets per day. Bioprinted tissue models are even
available commercially (exVive3D™ liver tissue models) that could be
used to screen drugs [284].

The possible use of bioprinting in drug discovery and development
process is shown in Fig. 12(C). Bioprinting could be used in almost all
the stages of drug discovery and development. Nonetheless, use of
bioprinting in all the stages should be justifiable in terms of cost-
benefit analysis and commercial viability [11]. Bioprinting has the po-
tential to be used predominantly in the pre-clinical phase of the drug
development cycle, including target selection, efficacy screening, toxic-
ity analysis, high-throughput screening, and phenotypic screening.

Bioprinting is a potential tool that could be used in the field of per-
sonalized medicine. Personalized or precision medicine is a niche field,
where therapeutic interventions are designed based on an individual's
need or clinical condition. Personalized medicine is more relevant to
cancer as cancer is a disease of the genome [285]. Different tumors hav-
ing the same DNA might exhibit different gene expression pattern and
profile. This heterogeneity (both intra-tumor and inter-tumor) compli-
cates the treatment procedure since a common treatment method or
drug designedbased on the population levelmight notwork. Hence, per-
sonalized treatment taking into account the individual's disease history,
and gene makeup becomes necessary. In vitro tumor models serve as a
platform to study the cancermetabolismandmetastasis. However, tradi-
tional 2D and 3D cancer models suffer from numerous limitations in-
cluding non-biomimicry, lack of vascularization, and inability to
represent the highly complex tumor microenvironment (TME) [4]. 3D
Bioprinting is capable of fabricating biomimetic, vascularized, and highly
complex TME, overcoming the challenges of the traditional tumor
models. The bioprinted TME, with relevant physical and chemical cues,
proper cancer cell/matrix composition, with heterogeneous cell popula-
tions (cancer epithelial cells, stromal cells, immune cells, tumor-
associated fibroblasts, and microvascular cells) and properties corre-
sponding to the type and stage of cancer could be used as in vitro
tumormodels to study the cancermechanismandmetastasis for accurate
personalized anti-cancer drug screening [4]. This is a very recent field of
research and there are only a few studies reporting bioprinting of cancer
models for anti-cancer drug screening [286–288]. Bioprinted metastasis-
on-a-chip platforms [289, 290] are further developments in the field that
could eventually lead to effective precision medicine treatments.



Table 4
Bioprinting of tissues pertaining to different organ systems.

Tissue type Bioprinting
method

Bioink Cells Cell
concentration
(cells/ml)

Post-printing
cell viability

Reference

Bone Extrusion-based
bioprinting

Alginate
(2% w/v)

BMSCs
(obtained from iliac bone marrow aspirates of
two-year-old Dutch milk goats)

1 × 106 N90% after 2
weeks

[152]

Extrusion-based
bioprinting

Alginate/gelatin (5% w/v each) SaOS-2
(human osteogenic sarcoma cells)

5 × 105 N90% after 6
days

[153]

Inkjet bioprinting PEG-GelMA
(10% w/v of PEG and 1.5% w/v of GelMA,
supplemented with 0.05% w/v of Irgacure
2959)

hMSCs
(harvested from a 22 year old male)

6 × 106 N90% after 21
days

[154]

Microvalve
bioprinting

Agarose/collagen
(3 different concentrations - 0.5/0.21, 1/0.1,
2/0.05 g/ml)

hMSCs
(isolated from femoral heads bone marrow of
patients receiving hip-joint arthroplasty)

1.6 × 106 98% after 21
days

[155]

Stereolithography
bioprinting

GelMA
(10% w/v)

hMSCs
HUVECs

hMSCs - 2 ×
105

HUVECs – 1 ×
106

Viable up to 4
weeks (% not
mentioned)

[157]

Extrusion-based
bioprinting

GelMA-gellan gum
(10% w/v GelMA supplemented with 5.4%
w/v D-mannose and 0.1% w/v of Irgacure
2959, and 1% w/v gellan gum)

BMSCs
(isolated from the long bones of 2–4 weeks old
Lewis rats)

8 × 106 N90% after 3
days

[158]

Laser-based
bioprinting

nano hydroxyapatite–collagen (1.2% w/v in 2
mg/ml type I rat collagen)

BMSCs
(multipotent mouse bone marrow stromal
precursor D1 cell line (ATCC))

120 × 106 Viable up to
42 days (%
not
mentioned)

[159]

Extrusion-based
bioprinting

Gamma-irradiated alginate incorporating
Arg-Gly-Asp (RGD) specific adhesion
peptides (RGD-γ alginate hydrogel) (2.45%
w/v)

BMSCs
(isolated from the femoral shaft of
4-month-old pigs)

20 × 106 Viable up to
12 weeks (%
not
mentioned)

[160]

Cartilage Microvalve
bioprinting

Nanocellulose/Alginate
(2.5% w/v each)

hNCs
(human nasoseptal chondrocytes)

15 × 106 N85% after 7
days

[163]

Extrusion-based
bioprinting

Collagen
(10–20 mg/ml)

Meniscal fibrochondrocytes (isolated from 1 to
3 day old bovine joints)

10 × 106 N90% after 10
days

[164]

Extrusion-based
bioprinting

Nanocellulose/Alginate
(60/40, dry wt% ratio)

iPSCs
(human-derived induced pluripotent stem
cells)

20 × 106 Viable up to 6
weeks (% not
mentioned)

[166]

Extrusion-based
bioprinting

Alginate (3.5% w/v),
Agarose (2% w/v),
PEGMA (BioINK™, a commercial product),
and GelMA (10% w/v with 0.05% Irgacure)

BMSCs
(obtained from the femur of a 4 month old
porcine donor)

20 × 106 N80% after 4
weeks

[167]

Extrusion-based
bioprinting

Gellan (3% w/v)/alginate (2%
w/v)/BioCartilage (cartilage extracellular
matrix particles) (40% w/w)

Bovine chondrocytes (harvested from full
thickness articular cartilage of the lateral and
medial femoral condyles of four 6 month old
calves)

6 × 106 N95% after 7
days

[168]

Extrusion-based
bioprinting

Gelatin-methacryloyl/hyaluronic acid
methacryloyl (GelMa/HAMa)
(10% GelMA, and 2% HAMa)

ADSCs
(Adipose Derived Stromal cells isolated from
sheep infrapatellar fat pad)

5 × 106 N90% after 7
days

[169]

Inkjet bioprinting PEGDA
(10% w/v, supplemented with 0.05% of
Irgacure).

human chondrocytes 5 × 106 Viable up to 6
weeks (% not
mentioned)

[170]

Muscle Inkjet bioprinting Cell culture media MDSCs
(primary muscle-derived stem cells isolated
from adult mice)

Not reported Not reported [178]

Inkjet bioprinting Phosphate-buffered saline (PBS) Mouse C2C12 myoblasts 8 × 106 Viable up to
14 days (%
not
mentioned)

[179]

Extrusion-based
bioprinting

Gelatin/fibrinogen/hyaluronic acid/glycerol
hydrogel
(35, 20, 3 mg/ml, and 10% v/v respectively)

Mouse C2C12 myoblasts 3 × 106 N90% after 1
day

[180]

Extrusion-based
bioprinting

Gelatin/fibrinogen/hyaluronic acid hydrogel
(35, 25, and 3 mg/ml respectively)

Mouse C2C12 myoblasts
NIH/3T3 fibroblasts

40 × 106 N80% after 7
days

[176]

Neural
tissue

Extrusion-based
bioprinting

Polyurethane (PU) nanoparticle bioink
(25–30% w/v)

MNSCs
(Murine Neural Stem Cells isolated from adult
mouse brain)

4 × 106 N90% after 3
days

[182]

Extrusion-based
bioprinting

fibrin-factor XIII-hyaluronic acid hydrogel
(50 mg/ml, 1 U/ml, and 4 mg/ml
respectively) was printed into a
thrombin/PVA solution (50 U/ml, and 1.4%
w/v respectively)

Schwann cells
(isolated in primary culture from the sciatic
nerve of Sprague-Dawley rats)

2 × 105 N95% after 7
days

[183]

Extrusion-based
bioprinting

MNSCs in collagen (0.87–1.74 mg/ml)
VEGF in fibrin (62.8 mg/ml)

MNSCs
(C17.2 line)

1 × 106 N90% after 3
days

[188]

Stereolithography GelMA/graphene nanoplatelets MNSCs 2 × 106 Viable up to [186]

(continued on next page)
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Table 4 (continued)

Tissue type Bioprinting
method

Bioink Cells Cell
concentration
(cells/ml)

Post-printing
cell viability

Reference

bioprinting (10–20% w/v, and 1 mg/ml respectively,
supplemented with 0.5% w/v Irgacure)

14 days (%
not
mentioned)

Extrusion-based
bioprinting

RGD peptide modified gellan gum (0.5% w/v) Primary cortical neurons (harvested from E18
embryos of BALB/cArcAusb mice)

1 × 106 N70% after 5
days

[189]

Lymphatic
tissue

Inkjet bioprinting Collagen peptide modified –alginate
(concentration not mentioned)

Data not available Data not
available

Data not
available

[196]

Extrusion-based
bioprinting

Alginate
(concentration not mentioned)

Data not available Data not
available

Data not
available

[196]

Endocrinal
tissue

(Thyroid)

Extrusion-based
bioprinting

Collagen
(3.12 mg/ml)

Thyroid spheroids (explanted from e14.5
mouse embryos) and Allantoic spheroids
(explanted from e8.5 mouse embryos)

Data not
available

Viable up to 5
weeks (% not
mentioned)

[199]

Endocrinal
tissue

(Pancreatic)

Extrusion-based
bioprinting

Alginate/gelatin
(4%/5% w/v)

INS1E β-cell line
(derived from rat insulinoma)

10 × 106 N95% after 21
days

[200]

Extrusion-based
bioprinting

Fibrinogen
(10 mg/ml)

β cells differentiated from hPSCs
(Harvard University Embryonic Stem cell 8 line
(HUES8))

5 × 106 Viable up to
12 weeks (%
not
mentioned)

[201]

Skin Laser-based
bioprinting

A 1:1 mixture of ethylenediaminetetraacetic
acid (EDTA) human blood plasma and
alginate hydrogel (4 wt%)

NIH3T3 fibroblasts and HaCaT keratinocytes 1–2 × 106 N98% after 1
day

[85]

Laser-based
bioprinting

Collagen
(3 mg/ml)

NIH3T3 Swiss albino fibroblasts and HaCaT
human immortalized keratinocytes

1.5 × 106 Viable up to
10 days (%
not
mentioned)

[224]

Microvalve
bioprinting

Collagen
(2.05 mg/ml)

Primary adult human dermal fibroblasts and
primary adult human epidermal keratinocytes

1 × 106 N80% after 1
day

[226]

Microvalve
bioprinting

Collagen
(3 mg/ml)

Fibroblasts (HFF-1 from ATCC) and
HaCaT keratinocytes

2 × 106

(fibroblasts)
5 × 106

(keratinocytes)

N95% after 1
day

[227]

Microvalve
bioprinting

PEG-based photo-polymerizable bioink
(concentration not mentioned)

Primary human dermal fibroblasts and
primary human epidermal keratinocytes

5 × 106

(fibroblasts)
1 × 107

(keratinocytes)

N90% after 7
weeks

[228]

Microvalve
bioprinting

Collagen
(6 mg/ml)

Human dermal fibroblasts, human epidermal
melanocytes, and human epidermal
keratinocytes

1 × 106

(fibroblasts)
7 × 106

(melanocytes)
2 × 107

(keratinocytes)

Viable up to
10 days (%
not
mentioned)

[231]

Extrusion-based
bioprinting

Cell culture media Primary human dermal fibroblasts and
primary human epidermal keratinocytes

1.75 × 104

(fibroblasts)
0.6 × 106

(keratinocytes)

Viable up to 9
days
(% not
mentioned)

[229]

Extrusion-based
bioprinting

Gelatin/alginate/fibrinogen hydrogel
(10%, 0.5%, and 2% w/v respectively)

Primary human dermal fibroblasts and
primary human epidermal keratinocytes

1 × 106 Viable up to
26 days
(% not
mentioned)

[230]

Extrusion-based
bioprinting

Gelatin/alginate hydrogel
(20%, and 4% w/v respectively)

Epithelial progenitors and dermal
homogenates
(isolated from wild-type C57/B16 mice aged
3–4 weeks)

Data not
available

Viable up to
14 days
(% not
mentioned)

[130]

Lung tissue Microvalve
bioprinting

Cell culture media A549 cells
(alveolar epithelial type II cells; AT-II) and EA.
hy926 cells (an endothelial hybrid human cell
line derived by fusing human umbilical vein
endothelial cells (HUV-EC) with A549 cells)

4.5 × 106 Viable up to
72 h
(% not
mentioned)

[240]

Liver tissue Microvalve
bioprinting

Alginate
(3% w/v)

HepG2 cells 1–4 × 106 Viable up to
48 h
(% not
mentioned)

[246]

Extrusion-based
bioprinting

NovoGelR 2.0 hydrogel
(concentration not mentioned)

Primary human hepatocytes, hepatic stellates,
HUVEC cells, and non-parenchymal cells

150 × 106 Viable up to
28 days
(% not
mentioned)

[247]

Inkjet bioprinting Galactosylated alginate
(12 mg/ml)

Primary mouse hepatocytes
(isolated from the liver tissue of male 6- to
8-week-old ICR 12 mice)

Data not
available

N85% after 2
days

[248]

Extrusion-based
bioprinting

Alginate
(3% w/v)

Primary mouse hepatocytes
(isolated from the livers of 6–8 weeks old
mice)

4 × 107 Viable up to
14 days
(% not
mentioned)

[249]

Extrusion-based Cell culture media Primary mouse hepatocytes 1 × 104 Viable up to [250]
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Table 4 (continued)

Tissue type Bioprinting
method

Bioink Cells Cell
concentration
(cells/ml)

Post-printing
cell viability

Reference

bioprinting 60 days
(% not
mentioned)

Microvalve
bioprinting

Alginate
(1.5% w/v)

hiPSCs
(human induced pluripotent stem cell
lines,RCi-22 and RCi-50); hESCs
(human Embryonic stem cell lines,RC-6 and
RC-10)

1 × 107 N55% after 1
days

[251]

Stereolithography
bioprinting

hiPSC-HPCs in GelMA hydrogel
(5% w/v, supplemented with 0.3% w/v LAP as
photoinitiator);
HUVECs and ADSCs in GelMA/GMHA
hydrogel
(2.5% and 1% w/v respectively, supplemented
with 0.45% w/v LAP as photoinitiator)

hiPSC-HPCs
(hiPSC-derived hepatic progenitor cells),
HUVECs, and
ADSCs

2 × 105 N65% after 7
days

[252]

Renal tissue
(Kidney)

Extrusion-based
bioprinting

Gelatin/fibrin hydrogel
(7.5% w/v, and 10 mg/ml respectively)

PTECs
(proximal tubule epithelial cells, human
immortalized)

2 × 107 Viable up to
65 days
(% not
mentioned)

[258]

Urinary
bladder

Microvalve
bioprinting

Collagen
(0.2% w/v)

Primary SMCs
(isolated from rat bladder tissue)

0.1–1 × 106 N90% after 5
days

[124]

Urethra Extrusion-based
bioprinting

Gelatin/fibrin/hyaluronic acid
(35, 30, and 3 mg/ml respectively)

UCs (urothelial cells isolated from New
Zealand white rabbits) and bladder SMCs (iso-
lated from rabbit bladder)

10 × 106 N80% after 7
days

[263]

Cardiac
tissue

Extrusion-based
bioprinting

Gelatin/alginate
(0.06, and 0.05 g/ml respectively)

Porcine aortic VICs and human aortic root
SMCs (isolated from the aortic root of a 12-year
old young patient)

2 × 106 N80% after 7
days

[270]

Extrusion-based
bioprinting

Methacrylated hyaluronic acid
(Me-HA)/methacrylated gelatin (Me-Gel)
(4% w/v of Me-HA, and 6%, 10%, 12% w/v of
Me-Gel)

HAVICs
(human aortic valve interstitial cells isolated
from the aortic valve leaflets of the donor heart
from a 12-year-old patient)

5 × 106 N90% after 7
days

[271]

Laser-based
bioprinting

Cell culture media HUVECs and hMSCs 4 × 106

(HUVECs) and
2 × 106

(hMSCs)

Viable up to 8
days
(% not
mentioned)

[272]

Extrusion-based
bioprinting

Alginate
(7.5% w/v)

hCMPCs
(human fetal cardiomyocyte progenitor cells)

30 × 106 N85% after 7
days

[273]

Extrusion-based
bioprinting

Gelatin/hyaluronic acid matrix (commercial
hydrogel: HyStem matrix, Sigma)

hCMPCs
(human fetal cardiomyocyte progenitor cells)

30 × 106 Viable up to 4
weeks
(% not
mentioned)

[274]

Extrusion-based
bioprinting

GelMA
(15% w/v)

human iPSCs 26 × 106 Viable up to
40 days
(% not
mentioned)

[276]

Inkjet bioprinting Cell culture media hiPSC-CMs
(human induced pluripotent stem cell-derived
cardiomyocytes), fibroblasts and endothelial
cells

Data not
available

N90% after 7
days

[277]
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In addition to its potential applications in drug discovery and devel-
opment, bioprinting can also be used in drug delivery systems. 3D print-
ing of drug solutions on to implants [291, 292], drug-eluting devices
such as a stent or catheter [293], 3D printed tablets with customized
drug release profiles [294, 295], and transdermal delivery systems
[296, 297] are some of the applications of general 3D printing in drug
delivery systems. Drugs can also be combined with the bioprinting pro-
cess. For example, a bioprinted tissue for implantation into a tumor
resected site might be loaded with appropriate anti-cancer drugs with
a required release profile. Yi et al. [298] used 3D printing to fabricate a
biodegradable local drug delivery patch composed of a blend of PLGA,
PCL, and 5-fluorouracil that was later implanted to the bottom of subcu-
taneously grafted pancreatic cancers in athymicmice.With the ability to
manipulate the geometry of the patch and hence the release kinetics,
drug release over fourweekswith the suppressed growth of the pancre-
atic cancer xenografts in mice was achieved.

Thus, 3D bioprinting could have huge implications in the drug dis-
covery, development, and delivery systems. If used wisely, bioprinting
could considerably reduce the drug discovery time and cost, by reducing
the high attrition rate in the pre-clinical phase to the clinical phase.
Bioprinted tissues and in vitro tumor models fabricated from the
patient's own cells could be used to design personalized medicine.
Bioprinting, combined with anti-cancer drugs, could be used as local
drug delivery devices [299] for targeted and controlled drug release,
thus overcoming the limitations of conventional chemotherapy.

7. Conclusions and future perspectives

3D bioprinting is an emerging technology in the field of tissue engi-
neering and regenerative medicine. In this review, we deliberated the
current status and contemporary issues of bioprinting for regenerative
medicine, pertaining to eleven organ systems of human body including
skeletal, muscular, nervous, lymphatic, endocrine, reproductive, integu-
mentary, respiratory, digestive, urinary, and circulatory systems. There
has been a commendable and substantial progress in the bioprinting
arena in the recent past. Although successful bioprinting of various tis-
sue types had been reported, taking the technology from the bench to
the bedside still requires focussed efforts on many fronts. The following
recommendations are put forward tomake thefield of bioprintingmore
translational in nature:



Fig. 12. (A) The traditional drug developmentmodel, and (B) The “quick-win, fast-fail” drugdevelopmentmodel, with a greater focus on reaching proof-of-concept (POC) efficiently, faster
and with lower cost — technical uncertainty is intentionally decreased before the expensive later development stages (Phase II and Phase III). The reduced number of new molecular
entities entering Phase II and Phase III advance with a higher probability of technical success (p(TS)). Any savings gained from this paradigm can be reinvested to further enhance
research and development (R&D) productivity. CS, candidate selection; FED, first efficacy dose; FHD, first human dose; PD, product decision. Reprinted with permission from [279].
(C) Schemes of applications of bioprinting on drug discovery and development process. Reprinted with permission from [11].
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➢ Computational simulation andmathematicalmodels for study of tis-
sue growth or tissue fusion post-printing might help in designing
and optimizing the bioprinting process. Such studies are lacking at
present and are a potential area to focus in the future.

➢ Many of the published studies on bioprinting employ immortalized,
cancer-derived cells lines which possess high resistance to stresses
caused during the bioprinting process. Hence, use of primary cells,
where possible, is highly recommended.

➢ Long-term studies on evaluation of post-printing cell viability, cell
phenotype changes, and functionality are needed as many studies
reported are short-term studies (1 day to 2 weeks)

➢ Bioprinting of human-scale tissues is still a challenge and focussing
on the scalability of bioprinting technology is necessary. Of all the
bioprinting methods, only extrusion-based bioprinting has the po-
tential to fabricate volumetric human-scale tissues but lacks speed
and resolution. Strategies to improve the speed and resolution of
extrusion-based bioprinting method might help in realizing the
goal of printing tissues of clinically relevant sizes.

➢ Bioprinting a developmental precursor [160] that would serve as a
template for in vivo organogenesis is a potential alternate approach
to achieve human-scale tissue bioprinting

➢ Maintenance of cell viability and nutrient perfusion throughout the
3D tissue structure is a big challenge, even if bioprinting of human-
scale tissues are achieved. Hence, suitable post-processing strategies

Image of Fig. 12
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such as perfusion bioreactors have to be developed in parallel.
➢ Development of hybrid systems, integrating different bioprinting

modalities is essential to bioprint tissues and organs with a highly
complex cytoarchitecture. Such a system should be capable of print-
ingmultiplematerials, heterogeneous cell populations, and other as-
sociated growth factors and nutrients.

➢ Since most of the bioprinting methods are nozzle-based processes,
strategies to avoid nozzle clogging or easy de-clogging of nozzles
during the process is a potential focus area, especially during ex-
tended period of printing human-scale tissues and with high cell
concentration.

➢ Development of bioinks with properties mimicking the native tissue
ECM for different tissues is a prime area of focus within bioprinting.
Currently, only a limited number of hydrogels are used; new bioinks
with tuneable mechanical and rheological properties have to be de-
veloped.

➢ A deeper understanding of cell-matrix (bioink) interaction, in terms
of mechanobiology and molecular pathways are needed to substan-
tiate the claim of safe transplantation of bioprinted tissues into
humans.

➢ 4D bioprinting is a future area of research, where smart hydrogels
(responsive to external stimuli such as temperature, pH, light, elec-
tric or magnetic field) are utilized. Bioprinted constructs made of
smart hydrogels could change their shape and/or function when an
external stimuli is applied.Where direct replication of the native tis-
sue is not possible, 4D bioprinting is useful, in the sense that 3D
bioprinted construct in a particular shapewhen subjected to physio-
logical conditions such as pH or temperature, could reshape or
change their function to biomimic the native tissue.

➢ Finally, the ethical, social and regulatory issues concerning
bioprinting technology and bioprinted tissues and organs [3, 10]
have to be adequately addressed for successful market translation
of this technology.
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