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A B S T R A C T

An increasing demand for directed assembly of biomaterials has inspired the development of bioprinting, which
facilitates the assembling of both cellular and acellular inks into well-arranged three-dimensional (3D) structures
for tissue fabrication. Although great advances have been achieved in the recent decade, there still exist issues to
be addressed. Herein, a review has been systematically performed to discuss the considerations in the entire
procedure of bioprinting. Though bioprinting is advancing at a rapid pace, it is seen that the whole process of
obtaining tissue constructs from this technique involves multiple-stages, cutting across various technology do-
mains. These stages can be divided into three broad categories: pre-bioprinting, bioprinting and post-bioprinting.
Each stage can influence others and has a bearing on the performance of fabricated constructs. For example, in
pre-bioprinting, tissue biopsy and cell expansion techniques are essential to ensure a large number of cells are
available for mass organ production. Similarly, medical imaging is needed to provide high resolution designs,
which can be faithfully bioprinted. In the bioprinting stage, compatibility of biomaterials is needed to be
matched with solidification kinetics to ensure constructs with high cell viability and fidelity are obtained. On the
other hand, there is a need to develop bioprinters, which have high degrees of freedom of movement, perform
without failure concerns for several hours and are compact, and affordable. Finally, maturation of bioprinted
cells are governed by conditions provided during the post-bioprinting process. This review, for the first time,
puts all the bioprinting stages in perspective of the whole process of bioprinting, and analyzes their current state-
of-the art. It is concluded that bioprinting community will recognize the relative importance and optimize the
parameter of each stage to obtain the desired outcomes.

1. Introduction

In the last few years, the applications of tissue engineered constructs
have expanded from clinical tissue regeneration to fabrication of tissue
models for drug discovery (Knowlton et al., 2016; Peng et al., 2016),
pathological understanding (Elson and Genin, 2016; Gomes et al.,
2017) and controlled drug delivery systems (Do et al., 2017). The key
enablers for these applications are advanced fabrication techniques that
allow generation of tissue constructs mimicking the complex native
extracellular matrix (ECM) organization (Guo et al., 2016). One of the
most emerging techniques is bioprinting, which allows for precise de-
position of cells and biomaterial components in pre-defined computer
generated designs (Cornelissen et al., 2017). Indeed, experimental
evidences on bioprinting have accrued at very rapid pace with

increasing number of publications and involved research groups
worldwide in recent times (Rodríguez-Salvador et al., 2017). These
concoctions of cells and biomaterials (in some cases only cell ag-
gregates) are often referred to as bioinks (Hölzl et al., 2016). The suc-
cess of bioprinted tissue constructs is invariably determined by the
properties of bioink. Usually, the process of generating bioprinted tissue
constructs involves several steps. The first step is the creation of a
computer-aided design model, suitable for bioprinting, whose resolu-
tion is determined by the applied image acquisition techniques, such as
three-dimensional (3D) laser scanning, micro-computed tomography
(μ-CT) and magnetic resonance imaging (MRI). In the design stage, it is
also important to note if the methods used for generating a 3D model
could be easily deployed in a surgical setting (e.g. short computational
interval, and good compatibility between software and hardware).
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After the design is finalized, the fabrication process commences along
with obtaining cells with sufficient quantity and robustness. Bioink can
be characterized by different parameters prior to bioprinting. In addi-
tion, clinical application becomes more feasible if the cellular and
biomaterial components are obtained by minimally-invasive surgical
procedures and if the protocols followed for expansion of cells are cost
effective and achievable under general good laboratory practice (GLP)
conditions. Thereafter, at the bioprinting stage, multiple factors influ-
ence the properties of engineered constructs. Cell densities that can be
printed along with appropriate physicochemical properties become
important determinants of dispensation through printheads. Such
physicochemical properties include rheology, surface properties and
most importantly, the gelation kinetics of the bioink. One of the most
important challenges is to figure out a balance between printability and
immediate solidification after bioprinting, so that the desired structure
is retained. Alternatively, bioprinting can be performed in a microgel
(e.g. carbopol) support bath or using nanoclays (e.g. laponite) to di-
rectly print structures in air without the need for instantaneous gelation
(Bhattacharjee et al., 2015; Hinton et al., 2015, 2016; Jin et al., 2016,
2017). Bioink formula must also be affordable and biocompatible. In
particular, for fabrication of hollow organ structures, it is required to
use sacrificial inks and hence, the difference in properties of two types
of bioink becomes important. In turn, the use of sacrificial inks is de-
termined by the physical properties of the functional inks and aspect
ratio of the vascular network to be fabricated. Subsequently, the ap-
plied bioprinting technique makes an important contribution to the
mechanical and structural properties of constructs.

Current bioprinting technologies are based on one amongst extru-
sion-based bioprinting (EBB), droplet-based bioprinting (DBB) or laser-
based bioprinting (LBB), as depicted in Fig. 1. EBB exploits automated
three-axis robotic system for continuous extrusion of bioinks in filament
forms. Herein, pneumatic or mechanical driven dispensing systems are
mostly employed. In EBB, high extrusion pressure and resulting shear
stress are the cause of concern for cell survival, but the modality usually
produces most mechanically-robust constructs amongst all bioprinting
techniques. In DBB, the bioink made up of living cells and other bio-
logical materials (e.g. hydrogels) in culture media is deposited in dro-
plets form with precise noncontact positioning. The droplets are gen-
erated by one of thermal-, piezoelectric- or electrostatic- drop-on-
demand technologies. DBB generally provides appreciable cell viability,
though electrohydrodynamic jetting or micro-valve bioprinting can
facilitate 80-90% viability (Gudapati et al., 2016; Ng et al., 2017a). DBB
is a relatively rapid technique with a low cost and high resolution, but it

can result in non-homogenous droplet size and cause nozzle-clogging
while printing high density bioinks (Gudapati et al., 2016). LBB oper-
ates on the principle of a laser energy beam utilized for precise pat-
terning of cells. Laser energy can be used in two different modalities,
one of which involves photopolymerization (e.g., stereolithography or
two-photon polymerization), and the other modality is based on cell
transfer (e.g. laser guided direct writing and laser induced forward
transfer). LBB is advantageous over the other modalities as it causes
minimal clogging and damage to cell survival. Several advances in di-
gital projection stereolithography techniques have been applied for
bioprinting applications (Gauvin et al., 2012; Gou et al., 2014). Though
LBB also provides high resolution, it is an expensive and time con-
suming modality (Datta et al., 2017a; Peng et al., 2017). Each bio-
printing technique has advantages and disadvantages with respect to
cell survival against the process. Apart from the basic processes asso-
ciated with each bioprinting modality, several innovations like aerosol
assisted crosslinking, use of electric fields to reduce shear stresses, hy-
brid electrospinning-bioprinting and core/shell bioprinting has been
developed (Lee et al., 2017a, 2017b). In all cases, it is important that
cellular biomaterials are printed in a manner that allows intricate cell-
material interactions, which are crucial for the tissue development.
During this phase, it is essential that cells are printed with sufficient
resolution to facilitate proper cell-cell interactions. Finally, bioprinted
tissue constructs are required to become mature in suitable bioreactors
before they can be implanted. Degradation of the biomaterial support, if
present, also demonstrates significance during the post-bioprinting
stage.

In this review, we critically present the current literature on
abovementioned aspects of bioprinting technology from the design
phase to post-bioprinting steps. The complete bioprinting process, in-
cluding pre-bioprinting, bioprinting and post-bioprinting along with
their components, is schematically illustrated in Fig. 2. As shown in the
Fig. 2, bioprinting is multi-disciplinary area, and the successful fabri-
cation of tissue constructs requires understanding the dynamic inter-
action between different disciplines. However, most reviews available
till date only concentrate on single domain specific analysis of current
literatures, and a comprehensive presentation on all aspects has not
been demonstrated yet. Therefore, we provide all the stages involved in
this process for the first time in literature and thoroughly discuss these
stages including pre-bioprinting, bioprinting and post-bioprinting with
their essential components.

Fig. 1. Mechanisms of bioprinting techniques: A) extrusion-based bioprinting, B) droplet-based bioprinting, C) laser-based bioprinting.
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2. Pre-bioprinting Stage

The pre-bioprinting stage plays an extremely crucial role in de-
termining the properties of bioprinted constructs. To ensure that the
adequate quality of cells is obtained along with anatomically-correct
tissue models and appropriate process planning for bioprinting, it be-
comes extremely important in pre-bioprinting stage that the correct
procedures are adopted. Fig. 3 demonstrates the essential components
of pre-bioprinting stages including minimally invasive tissue biopsy,
affordable and efficient stem cell differentiation/expansion protocols,
high resolution imaging, rapid medical image processing, blueprint
modeling, process modeling for biomimicry, and advanced path plan-
ning for bioprinting, which are thoroughly discussed in the following
subsections.

2.1. Minimally invasive tissue biopsy

In order to minimize the chance of immune-rejection of bioprinted
tissues, patient’s own cells are preferred as the cell source. Cell acqui-
sition methods are important since most laboratories working on bio-
printing primarily focus on material, process and structure develop-
ment, in which model/standard cell lines are employed. However, for
bioprinting to overcome the barrier of clinical translation, primary cells
obtained from the patients are essential should be provided equal im-
portance. A patient-lab-patient strategy is essential for the success of
the process. Cells with different phenotypes and genotypes are bound to
show different survival, proliferation and maturation kinetics under the
bioprinting conditions and hence topical overview is provided as the
roadmap that should be followed to obtain functional constructs by
bioprinting. Similarly, in situ tissue engineering using recruitment of
host cells is a useful strategy but limited to younger patients or patients
with good nutritional status. Additionally in vitro tissue engineering is
advantageous for generating vascularized constructs. Therefore, the
acquisition of cells is an important aspect for bioprinting. For collecting
cells, minimally invasive biopsy is gaining importance for successful 3D
bioprinting and other regenerative approaches. In medical diagnosis,
biopsy has been the gold standard and sometimes the only choice of
harvesting tissue for disease prognosis (Obeng-Gyasi et al., 2018; Pohlig
et al., 2012); however, the need of routine screening has increased
dramatically with increase in healthcare awareness. To meet up the
requirement, surgical oncology has been evolving towards minimally
invasive biopsy methods. For example, through special vacuum assisted
needle biopsy system (Park and Kim, 2011), a tiny amount of skin
sample can be collected which was not earlier possible with conven-
tional systems. Another advantage of such system is to introduce a very
little deformation or secondary wound at the biopsy site, which re-
covers within minimal time without any scar formation. Upon early
diagnosis, the treatment of primary tumor site without surgical inter-
vention can be performed through different emerging minimally in-
vasive procedures such as focused ultrasound, MRI or X-ray, CT-guided
biopsy. Another approach called percutaneous stereotactic method has
been recently applied for biopsy collection (Fine et al., 2003). Amongst
several minimally invasive approaches, the most extensive work has
been done on radiofrequency ablation (Vlastos and Verkooijen, 2007).
In this method, under imaging guidance, a radio frequency probe is
inserted at the tumor site, and high frequency alternating current is
applied through the probe that causes an irreversible destruction of
tumor cells (Hamazoe et al., 1991). Another approach for such treat-
ment is focused ultrasound ablation, in which ultrasound is focused on
the target tumor and temperature increase rapidly through converting
the acoustic energy to heat (Chen et al., 1999). For this method, high
resolution imaging guide (e.g., MRI) is required for diagnostic accuracy
(Cline et al., 1995; McDannold et al., 1998).

In bioprinting, apart from harvesting of cells as source for in vitro
tissue engineering, harvesting of a volumetric tissue sample (i.e., adi-
pose) is gaining importance for preparation of decellularized ECM-
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based bioink (Pati and Cho, 2017). In this regard, minimally invasive
biopsy is becoming popular for obtaining live tissues. Although there
are several ways for harvesting tissues (Levin et al., 1989), they require
incisional process to collect the tissue and multi-layered suturing to
close the incision site, which sometime give rise to different clinical
complications such as stitch abscesses and formation of hematoma or
seroma. Due to fast development of tissue engineering technology,
minimally invasive technique will play the critical role in making the
autologous tissue engineering a clinical reality (Megerian et al., 2000).

Researchers have explored the possibility of microbiopsy or needle
biopsy, in which a small amount of tissue of approximately 15 to 20 mg
is collected through an automatic 14 gauge microbiopsy needle. In this
method, a small skin puncture is sufficient for successful collection of a
biopsy sample (Ceusters et al., 2017). Though it is at present a chal-
lenge if adequate cell numbers can be generated from single cell biopsy
and may require conjunction with cloning techniques in the future,
some authors have started exploring their potential in tissue en-
gineering (Tait et al., 2017). Recently, a research team has reported
robotic ‘nanobiopsy’ method for collection of extremely tiny amount of
samples (even isolation of single cell) is possible (Actis et al., 2014). A
nanopipette (50 nm) is inserted through cell membrane by minimally
invasive method without damaging the target cell (see Fig. 3A).

2.2. Affordable and efficient stem cell differentiation/expansion protocols

In the field of regenerative medicine, there is a growing interest to
apply bioprinting methods (Collins, 2014); however, there remain a
plethora of biological challenges. One of the important hurdles is the
viability of stem cells and their long-term functionality during se-
quential differentiation. Researchers are continuously trying to identify
optimum source of stem cells and develop appropriate and efficient
protocols for isolation and explosion of stem cells through affordable
and rapid methods (see Fig. 3B). Several stem cell sources including

embryonic stem cells (ESCs) and human mesenchymal stem cells
(hMSC) isolated from bone marrow and adipose tissue have already
been explored for bioprinting (Gruene et al., 2011a; Gruene et al.,
2011b; Xu et al., 2011). ESCs are the ideal source of stem cells since
they are able to differentiate into any cell type. Prior to differentiation
into target lineage, ESCs aggregate into embryoid bodies (EBs) de-
monstrating early stage of embryogenesis (Itskovitz-Eldor et al., 2000).
Overall, the EBs establish the microenvironment for lineage-specific
differentiation of stem cells (Kurosawa, 2007; Tasoglu and Demirci,
2013). However, the application of ESCs is limited in many countries
due to ethical restriction. Other than ethical constrains, another dis-
advantage of ESCs is that the cellular differentiation process is not al-
ways readily controlled, and cells may exhibit immunogenicity. To
overcome such limitations, induced pluripotent stem cells (iPSCs) offer
an alternative approach that is subject to neither ethical nor im-
munogenic concerns (Youssef et al., 2016). The differentiation state of
stem cells depicts its immunogenic potential. It has been observed that
undifferentiated stem cells are more immune-tolerated in comparison to
the differentiated stem cells. Such immune-modulatory behavior of
undifferentiated stem cells allows successful implantation and reduces
host rejection of grafts (Gao et al., 2016a, 2016b; Irvine and
Venkatraman, 2016; Madrigal et al., 2014). Despite the continuous
effort for the development of robust and rapid protocols for differ-
entiation of stem cells into target cell lineages, most of the available
methods are time consuming and lack reproducibility (Cohen and
Melton, 2011). A recent approach reported by some research groups
(Huang et al., 2014; Ieda et al., 2010) reveals that the forced expression
of lineage specific master regulators induces direct reprogramming of
somatic cells, and it has potential to be an alternative to direct rapid
cellular differentiation. In this process, the differentiation of human
pluripotent stem cells (hPSCs) is modulated by forward programming
that enables scalable and faster production of lineage-specific cell types
(Zhang et al., 2017). The forward programming method presently used

Fig. 3. The major components of the pre-bioprinting stage: A) A schematic of nanobiopsy (modified with permission from (Actis et al., 2014)); B) A schematic of stem
cell isolation (modified with permission from (Lanza et al., 2007)); C) 3D Reconstruction of scaffold (white) and bone ingrowth (yellow); only part of the cylindrical
scaffold is displayed, as to be able to look inside the scaffold (modified with permission from (Van Lenthe et al., 2007)); D) A high resolution whole brain imaging of
MPRAGE, T2-TSE and SWI (modified with permission from (Poser and Setsompop, 2017)); E) A STL file of a pelvis (National Institutes of Health 3D Print Exchange
(https://3dprint.nih.gov/)); F) A schematic of a cell adhered to fibrous ECM; G) Advanced path planning for multi-layered structure printing (modified with
permission from (Ozbolat and Khoda, 2014)).
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in regenerative biology is based on lentiviral transduction of hPSCs
(Darabi et al., 2012); however, transgenes are inserted randomly into
the genome in lentiviral method, probably resulting in unwanted in-
terference with cellular endogenous transcription program. To over-
come this limitation, researchers have been trying to develop an al-
ternative forward programming system by identifying more specific
dual genomic safe harbor targeting strategies, which are required to
induce expressions of transcription factors (Pawlowski et al., 2017;
Sadelain et al., 2011). For neurogenic differentiation of ESCs or iPSCs,
the available protocols require the animal factors for EBs formation,
which reduces yield and efficiency of differentiation process. A recent
study by Lukovic et al. has demonstrated a method for neural conver-
sion of ESCs/iPSCs without employing any animal factors (Lukovic
et al., 2017). They have fortified the culture media with insulin to
promote direct differentiation of stem cells into functional neural cell
lineage.

Monocytic cells are important cells for promoting immune response
under pathological condition. These cells are generally differentiated
from ESCs or iPSCs through embryonic body or feed co-culture method.
However, all these methods employ xenogeneic material, which sub-
sequently compromises the reproducibility of the differentiation pro-
cess. Recent studies have reported a highly efficient alternative for
differentiation of monocytic cells without using serum and feeder layer
(Yanagimachi et al., 2013). Since the isolation of embryonic stem cells
from mouse embryo by Martin (1981), considerable progress has been
made in stem cell research. However, till date several challenges still
exist, such as definition of the culture conditions that are adequately
compatible with the clinical applications. Although most of adult stem
cells derived from tissues are able to maintain considerable self-renewal
capacity and lineage specificity, challenges remain in expanding the
lineage-specificity of the stem cells for generating more patient-specific
cell types. The cellular reprogramming is one approach for fulfilling this
need, although it is often proved that large scale production is in-
efficient, and the number of fully-reprogrammed cells are very limited
(< 0.01%) (Hasegawa et al., 2010; Takahashi and Yamanaka, 2006).
Application of small molecules (e.g. epigenetic-related compounds
valproic acid (VPA), BIX-01294, parnate, pluripotin) may provide an
alternative approach to overcome this situation (Zhou et al., 2010).
Effect of small molecules on biological systems is rapid, reversible and
dose dependent. By modulating the synthesis process, shape and size of
these molecules can be tailored, and functional optimization is also
possible. Although handling of such molecules is relatively easier than
genetic intervention, some researchers reported the disadvantages of
these molecules in terms of their target specificity and toxic effects
observed in vivo. Chen et al. proved that small molecule such as plur-
ipotin (also known as SC1) was able to maintain the long term self-
renewal of mouse embryonic stem cells (mESC), even in absence of any
feeder layer or animal serum in culture media (Chen et al., 2006).
Identification of this small molecule revealed the possible strategy of
maintaining self-renewal capacity of stem cells by effectively balancing
the endogenous differentiation pathway of stem cells. In 2008, Buehr
et al., applied combination of two inhibitors, PD0325901 and
CHIR99021, for maintaining the self-renewal of mESCs without any
feeder layer or exogenous cytokines (Buehr et al., 2008). In addition to
maintaining the self-renewal capacity, these small molecules have also
played role in dictating lineage specificity of their differentiation
(Buehr et al., 2008; Li et al., 2008). One such compound, StemRegenin1
(SR1) in combination of growth cytokines was reported to promote the
ex vivo expansion of hematopoietic stem cells (HSCs) and their differ-
entiation towards the lineage of blood cells (Boitano et al., 2010; Zhang
et al., 2013).

2.3. High resolution imaging

Designing of tissue constructs before bioprinting assumes great
significance in the process workflow. Bioprinted constructs must not

only conform to injury-specific geometrical dimensions, but also match
the tissue-specific ECM attributes. Thus, the importance of medical
imaging, especially 3D imaging in tissue engineering exhibits increased
significance (see Fig. 3C) (Appel et al., 2013; Nam et al., 2014; Teodori
et al., 2017). In addition, as cell viability inside a construct is a critical
bottleneck for their clinical application, medical imaging techniques
must also provide accurate information on geometry of vessel networks
to ensure adequate nutrient transport. For optimal patient compliance,
medical imaging techniques should be non-invasive and ensure
minimum radiation exposure. Presently, X-ray, MRI and CT are the
most popular imaging technique to design, preferably 3D, implants
with anatomical geometries (e.g. cardiovascular, orthopedic, and ner-
vous tissues), from amongst several other modalities including modality
angiography, fluoroscopy, 3D photogrammetry, optical coherence to-
mography (OCT) or ultrasound (Ballyns and Bonassar, 2009; Reiffel
et al., 2013). MRI is the mostly recommended imaging method for soft
tissue visualization, which produces contrast in images based on state of
water molecules in the tissue. An underlying pathology alters the
proton density and/or how water molecules of tissue are bound with
tissue, thus altering the intensity of absorption of magnetic energy or
relaxation time of constituent protons upon excitation in an external
magnetic field changes, which can be detected by magnetic resonance
coils. Since its discovery, the resolution of MRI imaging has been con-
stantly improving. The most common method of achieving a higher
resolution is to increase the strength of external magnetic field. Pre-
sently, MRI machines with range of field strengths from 1.5 to 11.7 T
are often employed. Typically, they can attain resolution up to
0.22×0.22×0.41mm3 in certain brain cancer tissues, though re-
solution of 250 μm and above are more common with 3T MRI scans,
and spatial resolutions of ∼100 μm can be achieved in 7–9T machines.
The use of contrast agents (e.g. super paramagnetic iron oxide nano-
particles) further enhances the resolutions achievable with MRI (Iyer
et al., 2016). It must be noted that high resolution scanning increases
scan time and distorts signals due to patient movements. On the other
hand, though MRI does not use ionizing radiation and is considered safe
to some extent, patients might feel discomforts due to high magnetic
field exposures. MRI has been used in observation of tissue engineered
constructs. For example, the technique can efficiently record cell dis-
tribution in polymeric scaffolds, vascularization in hydroxyapatite hy-
drogels or glycosaminoglycan secretion and production in tissue en-
gineered scaffolds in vivo (Appel et al., 2013). Generally, imaging
techniques have been applied to investigate the scaffold behavior and
visualization after implantation (Nam et al., 2014). Recently, their
utility for prosthetics or as templates for scaffold design is being rea-
lized. Khoda have designed scaffolds with interconnected pores with
different spatial distributions by suitable processing of geometric and
topology of target tissue, tessellating the 3D contours of tissue volume
with triangles using a mesh or stereolithography (STL) model (Ahsan
et al., 2017; Khoda, 2014). Researchers also have described scaffold
fabrication from MRI images (Fu et al., 2017; Park et al., 2017).

Typically, CT imaging renders higher resolution compared to MRI
with less scan time, but requires contrast agents to image tissues, which
results in significant radiation exposure. CT images are more con-
venient to be processed into 3D anatomical geometry. Micro-computed
tomography (μ-CT) provides very high resolutions (1–200 μm), but
cannot be used to image higher volumes (Nam et al., 2014). On the
contrary, ultrasound techniques do not cause exposure to ionizing ra-
diation with a short scan time, and at the same time they can image a
wide scope; however, the resolution of ultrasound is limited to
1×1.5×0.2mm3. 3D Photogrammetry can provide images with re-
solution up to 150 μm with an extremely short scan time (< 1min), but
it is only applicable for external tissues.

The selection of the most appropriate imaging method depends on
the target tissue. For example, the approach to obtain medical imaging
data from a patient to generate a femoral head articular surface and
bony structure without contrast agents is very different from imaging
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the meniscus or heart leaflet valve. In the case of the femoral head,
although CT would provide the highest resolution for the bony struc-
ture, cartilage or soft tissues could not be imaged readily. Also, the size
of femoral head is highly large to fit into current CT devices. In the case
of meniscus, the most medically effective choice is MRI. High-resolution
images of the meniscus can be obtained via MRI by increasing the scan
time. The alternative would be to extract the tissue from the joint, and
soak it in a contrast agent to allow for CT scanning. It is important to
note that MRI can acquire geometries under loaded condition, whereas
CT may have altered geometry due to being soaked in a contrast agent.
In the case of the heart valve, MRI and CT both require contrast agents
to visualize the inner workings of the heart and have similar image
resolutions. Due to the high radiation exposure needed to perform a CT
scan of the heart and the high expense associated with MRI usage,
echocardiography (cardiac ultrasound) is becoming a more widely used
non-invasive method to obtain 3D geometric models of mitral valves
(Ballyns and Bonassar, 2009). However, to maximize resolution, the
valve can still be extracted, soaked in a contrast agent and scanned via
CT.

Recently, Park et al. have shown fabrication of 3D scaffold using
MRI imaging for bile duct regeneration (Park et al., 2017), and other
study on brain tissue engineering from MRI image processing have been
also reported. Duan et al. have used the CT image to demonstrate the
design of bioprinted heart valves (Duan et al., 2013). Apart from the
tomographic imaging, developments in molecular imaging also enable
high resolution images with functional information about the target
tissues. In the future, molecular imaging could be combined with to-
mographic imaging for target tissue design for bioprinting (Mycek,
2015).

2.4. Rapid medical image processing

3D printing is rapidly expanding in the field of healthcare and
medical applications including fabrication of customized prosthetics,
implants or tissue and organ fabrications. The exact anatomical model
of target organ can be acquired through various medical imaging
modalities as discussed in the previous sub-section. To generate the
design of tissue constructs, it is necessary to perform suitable processing
steps such as image segmentation and pattern recognition (McCormick
et al., 2014; Sun et al., 2004). Presently, most image acquisition is
performed in common digital formats such as Analyze, Nifti, Minc, VPX,
Interfile, though sometimes specific formats like Digital Imaging and
Communications in Medicine (DICOM) are necessary (Larobina and
Murino, 2014). Image processing steps include image pre-processing,
image segmentation, feature extraction, and data mining. In image pre-
processing, image scaling is performed, followed by image enhance-
ment through noise removal and brightness, illumination or contrast
correction. After the image registration is conducted, image segmen-
tation is a crucial step to seek to identify the region of interest, which is
performed by thresholding, edge, region or cluster-based methods.
Image segmentation can be further performed by supervised or un-
supervised methods, and conform to deformable, parametric or geo-
metric models. Segmentation software is vital for convenient extraction
of surface structures of interest from 3D images (see Fig. 3D). After
image segmentation, extraction of morphological and textural features
or identification of specific spatial patterns is performed. It must be
noted that in many cases, image processing is necessary, not only to
depict the architecture of construct to be bioprinted, but also to obtain
optimal stress distribution and oxygen perfusion for incorporated cells
through the optimization of the internal architecture (Shen et al., 2011;
Xu et al., 2013a, 2013b). Furthermore, design software is required for
3D modelling, such as MIMICS, TSIM, Solidworks, 3D slicer, MATLAB,
and OsiriX. For example, the use of finite element analysis (FEA) for
creating tissue engineering constructs by stereolithography has been
reported (Lin et al., 2007). In another work, Mahmoud et al. have
shown the use of an automated scaffold design technique by use of k-

means clustering algorithm and isosurface rendering technique for re-
construction and visualization of 3D volume of bone defects (Mahmoud
et al., 2015). Moreover, a computer-aided system for tissue scaffolds
(CASTS) has been reported, which could automatically design 3D
porous constructs in accordance with a defined external geometry
(Sudarmadji et al., 2012). Such methods are required for rapid scaffold
design in bioprinting for clinics. CAD models are also useful to design
scaffolds with gradient porosity for bioprinting (Khoda et al., 2013).
Recently, Bücking et al. have described an optimized workflow, in
which CT images were taken as input, followed by segmentation by
means of thresholding, connected-component-filter or fill-holes-filter
(Bücking et al., 2017). Subsequently, mesh refinement was performed
and CAD models were further converted to slices, which was fed into
numerical control (NC) coding for bioprinting (Arai et al., 2011; Lee
and Yeong, 2016).

2.5. Blueprint modeling

For most bioprinters, it is essential that the CAD model of defect site
is converted to a STL format (see Fig. 3E), or a 3D graphics or virtual
reality modeling language (VRML) (Coakley et al., 2014; Ozbolat and
Gudapati, 2016). After the conversion, they can be further analyzed
with FEA software to rapidly evaluate properties of bioprinted con-
structs in silico before performing the physical bioprinting. To generate
models for bioprinting, different CAD systems have been developed,
including constructive solid geometry (CSG), spatial occupancy enu-
meration and boundary-representation methods (B-rep) (Requicha,
1980). Amongst these methods, CSG and SOE utilize the joining of
primitives and cubic unit cells to build a large model, which is com-
putationally expensive. Sun et al. has reported an example of combining
unit primitives to build spine models using Boolean operations (Sun
et al., 2004). On the other hand, B-rep uses the boundary elements (e.g.
edges and vertices) to define closed objects. Alternately, models can be
built by algorithm which can identify negative geometry in CT-scanned
models by image segmentation, and subsequently subtract the negative
geometry to create the porous internal architectures. Moreover, an
extension of B-rep methods using iso-geometric analysis (IGA) with
volumetric representation (V-rep) involving trimmed B-spline trivari-
ates are also developed, which may have applications in more precise
defining of interior architecture of heterogenous scaffolds (Massarwi
and Elber, 2016). However, the efficiency of CAD-based systems is in-
adequate for rapid model generation.

In a different approach, 3D images extracted from CT scan can be
used to directly define the external contours of tissue constructs, which
can be filled by unit cells to generate the bioprinting file rapidly.
Moreover, the limitation of CSG, which is that the porosity of the
generated construct is identical, can be overcome by using a freeform
systems approach, in which the whole structure can be partitioned into
different sub-regions and each one is further assigned different porosity
and material properties. An example of using this method has been
already reported for a wound device design. In this method, a 3D image
was extrapolated from a 2D scan and processed in ImageJ software
(Ozbolat and Koc, 2012). Further, the image was rationally partitioned
into non-uniform B-spline surfaces, which were then filled with dif-
ferent material properties. Printing of bioink with different sodium al-
ginate concentrations was then performed for each surface. 3D models
of different organs have been shown using this method. Another major
limitation of most CAD based designs is the inability to model irregular
and complex geometrical patterns. This can be addressed by the use of
implicit functions with periodic minimal surfaces, which can divide the
geometrical space into periodic interconnected domains. Using minimal
surfaces, design of scaffolds with gyroid and diamond structures as well
as structures with heterogeneous porosity have been illustrated (Afshar
et al., 2016; Elomaa et al., 2011; Melchels et al., 2009). Another im-
portant limitation of the traditional CAD design is their incompatibility
with most common extrusion-based bioprinters. It can be stated that
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most of the abovementioned approaches are more suitable for LBB or
DBB. The extrusion-based bioprinters rely on deposition in a 0/90°
raster pattern. To address this challenge, toolpaths using space filling
curves can be employed, which with lay-down angles of 0/45/90/135°
have been reported (Ozbolat and Gudapati, 2016). In this respect,
Hilbert curves, a continuous fractal plane-filling function that allows for
precise mapping from 1D to 2D space to fill a square, are also very
useful (Ćwikła et al., 2017; Li et al., 2010). One important requirement
for development of bioprinting is to make open source software avail-
able, which allows end users to generate their own toolpath using G-
codes (Hinton and Feinberg, 2016; Lee et al., 2017a, 2017b).

2.6. Process modeling for biomimicry

In the realm of bioprinting for tissue engineering, biomimicry can
be one of the most effective tools to optimize process parameters for
enhanced cell growth and differentiation. In natural tissues, cells with
the ECM are in dynamic interaction with each other, which impacts cell
fate at various levels (Daley and Yamada, 2013; Goody and Henry,
2010). In certain tissues, one primary cell type interacts with another
cell type, which influences the overall tissue functionality (Nagahara
and Matsuda, 1996; Pirraco et al., 2010). The ECM forms the essential
cell microenvironment and hence, it is necessary that all design should
consider adequately the incorporation of proper ECM into the scaffolds
(see Fig. 3F) (Cheng et al., 2006). For example, many tissues require a
porosity gradient or a spatiotemporal gradient of certain matrix pro-
teins, which exerts important influence on cell behavior (Smadbeck and
Stumpf, 2016). Apart from the chemical and architectural factors,
biophysical attributes of microenvironment (e.g. matrix stiffness) also
impact on cell behavior (Cavo et al., 2016).

In the literature, several studies have attempted to perform pro-
cessing modeling for biomimicry. Fuzzy modeling approach is de-
scribed as one of the powerful mathematical tools for biomimicry
(Margaliot, 2008). In general, modeling tissue growth can be performed
by adopting a continuum viscoelastic tissue approach or discrete cell-
based approach. Although the former considers tissue as a deformable
substance conforming to principles of continuum mechanics, which is
capable of generating small system using coupled partial differential
equations with a few non-linear parameters, it is insensitive to identify
the morphology and properties at the cellular level. On the other hand,
discrete cell-based models allow for analysis of cellular-level features
but contain more free parameters (Kim and Sun, 2009; Lyu et al., 2016;
Murray et al., 2011). In a comparative study, Gardiner et al. modeled
cell behavior by considering various cell components including mem-
brane, nucleus, cytoskeleton and ECM as groups of particles. Thereafter,
particle-particle interaction laws were employed to understand phe-
nomena such as cadherin mediated cell-cell adhesion and integrin-
mediated cell-substrate adhesion. The advantage of discrete modeling
was clearly evidenced by the results of simulation study (Gardiner
et al., 2015). Further, it is important that tissue growth models are
adequately testified by experimental data. The experimental results of
developmental biology and tissue self-assembly are often important
data source for such modeling. Discrete cell-based modeling has de-
monstrated the effect of cell seeding on cell growth and dynamics for
tissue engineering, which can become an important source for bio-
printing modeling (Cheng et al., 2009). Recently, Cao et al. have de-
veloped a multi-scale model showing the relationship between matrix
stiffness and cell adhesion, which can be further extended for design of
bioprinting tissue constructs (Cao et al., 2017). In addition, the agent-
based models involved biomaterial degradation kinetics and vascular-
ization, and could substantially aid in the process modeling
(Mehdizadeh et al., 2015).

2.7. Advanced path planning for bioprinting

Path planning for bioprinting is sufficient for converting a digital

CAD model into a physical tissue construct with desired accuracy. For
bioprinting, there are two methods for generating path plan, namely
Cartesian and parametric forms. In Cartesian form, path planning has
been implemented for almost all types of bioprinting modalities. For
example, studies on EBB have shown that 0/90° lay-down pattern
generated constructs with high mechanical integrity compared to 0/45°
and 0/135° patterns (Jin et al., 2015). However, the distortion of
structure is mostly observed at the turning points, where the bio-
printing speed decelerates or accelerates. This limitation might be ad-
dressed by a tangential continuity of the substrate. At the turning
points, it also becomes difficult to incorporate functional gradients as
bioink deposition does not follow the designed amount due to the speed
variation of the substrate deposition. These limitations can be overcome
to a certain extent by providing smaller raster sizes as input. Moreover,
Cartesian path plan is also not suitable for hollow construct bioprinting.
In the parametric form, path planning is performed using parametric
coordinates for complex heterogeneous geometries. A method has been
demonstrated by Ozbolat and co-worker in which CAD file was sliced
into different layers, and each layer was assigned a spline curve
(Ozbolat and Khoda, 2014). The path plan was generated for two
consecutive layers, wherein the first layer was printed based on the
parametric line, whereas the spiral toolpath was fed for the next layer
(see Fig. 3G). This toolpath algorithm allowed tangential continuity,
and enabled better printing for heterogeneous bioink compositions.
Wang et al. has also shown a parametric path planning algorithm in-
cluding mesh parameterization, distance transform, contouring and
smooth interpolation steps (Wang et al., 2015b). In the future, it is
expected that path planning algorithms could be tailored according to
the material properties of different bioink solutions (Wojcik et al.,
2015). One of the interesting works has demonstrated the use of pre-
dictive algorithms to generate the path plan that compensates for shape
distortions due to differences in buoyancy of bioinks (Christensen et al.,
2017). Such predictive compensatory algorithms are required not only
for 2-dimensional (2D) but also for 3D during bioprinting.

3. Bioprinting Stage

The physical bioprinting stage is predominantly composed of three
phases including bioink, bioprinter and bioprinting process. Several
parameters require strict optimization to obtain successful fabrication
of tissue constructs, which may include physicochemical properties
(rheological properties, gelation kinetics, etc.), biological properties
(cell density, viability, and biocompatibility) and process parameters
(bioprinting time, presence of radiation, etc.). The different quantita-
tive aspects of the bioinks under the three different major bioprinting
modalities are summarized in Table 1 and discussed below.

3.1. Bioink phase

Bioink is the bioprintable material consisting of various biologics
including cells, media, serum, genes, proteins, etc. (see Fig. 4A). Bioinks
can be composed of cells with biomaterials like hydrogel or only cell
aggregates and spheroids (in scaffold-free bioprinting) (Akkouch et al.,
2015). The ideal bioink formulation is an optimization of material
properties (printability and degradation) and biocompatibility. Print-
ability is influenced by rheological properties of bioinks including the
viscosity, gelation kinetics, shear thinning properties, yield stress and
shear recovery (see Fig. 4B). Such properties are directly associated
with print fidelity and mechanical strength. However, improvement in
one such property often comes at the cost of other, thus making bioink
formulation design and selection an extremely vital process in bio-
printing workflow as detailed in the following subsections. Embedding
cells in a bioink poses several challenges. To start with, in order to
obtain effective bioprintability with hydrogel-based bioinks, con-
centrations of each ingredient must be precisely optimized (Jia et al.,
2014). An ideal bioink should not require any pre- or post-printing
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processes such as chemical-, physical-, or photo-crosslinking to make
bioinks cell-friendly, homogenously mixed within other components
and reduce cell encapsulation time (Nicodemus and Bryant, 2008). One
of the major limitations in cell-laden bioink is that cells are required to
be suspended in an aqueous precursor solution, along with other water-
only soluble constituents (Nicodemus and Bryant, 2008). Further, vo-
lume of suspension can affect stability and strength of the hydrogel-
based bioink by changing the final concentrations of cells and hydrogels
in bioink (Ji and Guvendiren, 2017). In addition, it can delay cross-
linking time for the bioink and affect other major properties such as
swelling, mechanical and gelation time (Derakhshanfar et al., 2018).

In addition, cells can be bioprinted without encapsulating in any
other support hydrogel or media requirement on substrate surfaces.
This technique is known as scaffold-free cell bioprinting such as bio-
printing spheroids or tissue strands as demonstrated by Yu et al (Yu
et al., 2016). In such cases, if adequate liquid precursor is not available,
cells delivered with scaffold-free bioprinting technique or within the
bioink solution will not have enough oxygen and nutrients to sustain
viability during the bioprinting process and undergo necrosis due to
hypoxia and starvation. In order to avoid starvation, researchers have
prepared bioink solutions using ingredients within the culture media.
Another approach was to combine bioink with microspheres filled with
oxygen to allow oxygen to permeate through the pores into micro-
environment avoiding hypoxia and thus maintaining high cell viability
during the bioprinting process (Lee et al., 2015).

Mixing cells uniformly within bioink solutions is another common
issue especially when hydrogels are also a constituent, and affects the
subsequent bioink extrusion in a homogenous manner. If the bioink
solution has substantial chain entanglements, it is difficult to break
down the structure and suspend cells homogenously within the bioink.
In many cases, even after breaking down the entanglements, cells do
not attach on the surface of crosslinked network and are likely to ac-
cumulate in certain regions due to phase compartmentalization of
polymers. Thus, mechanical mixing systems have been used to homo-
genously suspend cells in fibrous hydrogels such as collagen, methyl-
cellulose, and fibrin (Möller et al., 2017; Seidel et al., 2017). En-
capsulating cells uniformly in hydrogels should be carefully carried out
in order to minimize any possible bubble formation within the solution,
which otherwise may influence the bioprintability. Depending on in-
gredients of the bioink, cells can be suspended either initially or after
the addition of all other ingredients of the bioink to avoid non-homo-
genous suspension. However, cell encapsulation within hydrogels is not
always desirable depending on the stability of the bioprinted constructs
as well as pH, toxicity of the bioink reagents (Rutz et al., 2017). De-
pending on ingredients of the bioink, cells can be suspended either
initially or after addition of all other ingredients of the bioink to avoid
non-homogenous suspension. However, cell encapsulation within hy-
drogel-based bioink is not always desirable always depending on the
stability of the bioprinted constructs as well as pH, toxicity of the bioink
reagents (Nicodemus and Bryant, 2008), biocompatibility of hydrogels
and/or their degradation products. For example, Pluronic F127 is a
thermo-reversible material, which behaves like a gel at 37 °C (Newby
et al., 2009) but dissolves rapidly in aqueous media affecting the sta-
bility of bioprinted constructs (Matthew et al., 2002). At the same time,
high concentration of Pluronic could be detrimental for cells (Khattak
et al., 2005). Thus in such cases, seeding cell on bioprinted constructs is
much more desirable instead of encapsulating cells within bioink.

3.1.1. Cell density
In a bioprinting process, the bioink principally comprises of target/

progenitor cells of target tissue and/or hydrogel biomaterial. Unlike
traditional scaffold fabrication techniques, bioprinting skips the cell-
seeding process, as the cells are dispersed into desired locations inside
constructs during the fabrication process itself. In order to construct the
desired tissue, it is essential to understand the relation among various
parameters including bioink types, the required cell density, and theTa
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crosslinking mechanism (Hölzl et al., 2016). Bioprinting can also be
performed using scaffold-free bioinks, wherein cells at much higher
densities can be bioprinted without the use of exogenous biomaterials.
Scaffold-free bioprinting additionally avoids the biocompatibility-re-
lated limitations of common scaffold biomaterials. Though tissue de-
velopment can be faster compared to scaffold-based approaches, me-
chanical strengths of the constructs may be compromised in the
scaffold-free approach (Leberfinger et al., 2017). Initially, it was ex-
pected that high cell density may lead to faster tissue formation. Several
reports are available regarding the selection of optimum cell density for
3D printing process. The selection of cell density will also depend upon
target tissue to be bioprinted e.g. values of about in articular cartilage
10 cells per unit area (0-22 mm2), in costal cartilage and 7 cells per unit
area and trabecular osteons at 2×106 per m2 in healthy human adults
are found (Clarke, 2008; Stockwell, 1967). Details about the total
number of cells in different tissues can be found in (Bianconi et al.,
2013).

Shear stress during bioprinting has a negative influence on cellular
viability and damage to cell membrane (Hölzl et al., 2016) (Ouyang
et al., 2016), and hence it is desirable to select low viscous (< 10
mPa·s) bioink with low initial cell density (< 106 cells/ml) (Kim et al.,
2010; Xu et al., 2005). In LBB (i.e. laser induced forward transfer
(LIFT)), the viscosity range of a bioink should be selected between 1 to
300 mPa·s, and medium cell density (~108 cells/ml) is suitable for the
process (Guillemot et al., 2010; Guillotin et al., 2010). EBB is ex-
tensively used for construction of cell-laden tissue constructs (Chung
et al., 2013). Such system is able to print viscous bioinks
(3–6×107mPa·s) with a very high cell density without affecting cel-
lular viability (Peltola et al., 2008). In contrast, inkjet bioprinting em-
ploys less viscous bioinks (< 10 mPa·s) with lower cellular density
(< 16×106 cells/ml) (Axpe and Oyen, 2016). The MEMS-based
printer head of inkjet bioprinter cannot squeeze viscous bioinks, as
relatively small deformation take place by the thermal/piezoelectric
actuation at the nozzle opening. Generally, higher cell densities in-
crease the average viscosity of the bioink resulting in clogging of the
printer head (Gillette et al., 2010; Mandrycky et al., 2016; Pepper et al.,
2012). Billiet et al. have compared the printability of methacrylamide-

modified gelatin (Gel-MOD) both in the presence and absence of he-
patocytes (Billiet et al., 2014). Results demonstrated that above gela-
tion temperature, the viscosity of bioink was reduced to half for cell
density up to 1.5× 106 cells/ml. With the increased cell density
(2.5× 106 cells/ml), further reduction was obtained. Skardal et al. re-
ported that density of human intestinal epithelial cells above certain
threshold (> 25×106 cells/ml) interfere with the hyaluronan-based
hydrogel formation (Skardal et al., 2010b). Fig. 4C presents the com-
parison of bioink-induced properties, including cell density, among
different bioprinting techniques.

The relationship between cell density and mechanical properties of
the hydrogels was also studied by Mauck et al. (2003), in which
chondrocytes were cultured on agarose hydrogels over a period of two
months in free-swelling and dynamic loading conditions. Initially,
constructs containing low cell concentration (10×106 cells/ml) were
stiffer in comparison to that with high cell concentration
(60×106 cells/ml). As the culture time increased, the constructs with
higher cell density exhibited similar Young's modulus to constructs
prepared with lower cell density. For example, the initial cell density of
20× 106 cells/ml is preferable for cartilage tissue engineering, and cell
density below this concentration may reduce cartilage formation
(Möller et al., 2017). Chang and coworkers have demonstrated the ef-
fect of different cell densities on remodeling of hydrogels depending on
external loading conditions (Chang et al., 2001). Based on such studies,
numerous models have been developed to understand the effect of cell
density on the properties of bioprinted constructs (Eshraghi and Das,
2012).

3.1.2. Cytotoxicity of bioink components
While an ideal bioink must meet the requirement of printing pro-

cess, its cytocompatibility is another crucial criteria for successful
bioprinting (Levato et al., 2014; Skardal et al., 2015). As a bioink,
hydrogels are preferred due to their higher water content and low cy-
totoxicity (Van Hoorick et al., 2015; Van Vlierberghe et al., 2008). An
overview on cytocompatibility of various hydrogels fabricated through
different techniques is available (Malda et al., 2013). A study showed
that 3D printing with methacrylamide-modified gelatin hydrogels

Fig. 4. A) Essential components of bioink; B) Rheological properties affecting print fidelity and mechanical strength; C) Comparison of bioink-induced properties
among different bioprinting techniques (further details are presented in Table 1).
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resulted in> 97% cellular survival. Hsieh et al. reported excellent
compatibility and proliferation of neural stem cells embedded on
20–30% polyurethane hydrogels (Hsieh et al., 2015). A composite
bioink of nano-fibrillated cellulose and alginate was tested by Mark-
stedt et al., and constructs exhibited 86% viability of chondrocytes
several days after printing (Markstedt et al., 2015). Construct bio-
printed using silk fibroin-gelatin bioink showed multilineage differ-
entiation of encapsulated stem cells for targeted tissue formation (Das
et al., 2015). To enhance the cytocompatibility, researchers have also
tried to prepare a bioink from biological samples. For example, decel-
lularized liver matrix (dLM)-based bioink was prepared (containing the
intrinsic proteins of dLM), which improved the compatibility of en-
capsulated cells (Khati, 2016). Similarly, to improve cell-adhesiveness
of alginate bioinks, enzymatic crosslinking schemes exploiting phenolic
hydroxyl moieties and horseradish peroxidase have been attempted
(Arai et al., 2016).

Amongst various bioprinting techniques, printing of live cells with
DBB is relatively challenging as the increased viscosity of bioink and
higher cell density requires excessive forces to eject the droplets, which
can cause damage to cells (Kim et al., 2010). Another limitation is the
aggregation of cell suspension within the reservoir that causes clogging
within narrow tubing of droplet-based bioprinters, which also increases
the mechanical stress, and hence affects the cellular viability. Non-
uniform droplet formation may also take place. Bioink additives may
overcome this problem; however, surfactant materials affect the cel-
lular membrane integrity (Ahmed et al., 2008; Xu et al., 2013a, 2013b).
The cytotoxic effect of various nanocellulose bioink was studied against
different cell lines (Alexandrescu et al., 2013; Vartiainen et al., 2011).
Due to the absence of toxic effect, nanocellulose bioink is considered as
suitable wound dressing material. Although the compatibility of natural
materials (i.e., alginate, silk, fibrin and collagen) are preferable, due to
their weak structure and fast degradability in physiological condition,
crosslinking is necessary to improve the mechanical strength. However,
crosslinking agents may decrease the material homogeneity, cellular
compatibility and enhance the complexity of bioprinting (Rodriguez
et al., 2017).

3.1.3. Bioprintability
The printability of a bioink depends on certain factors. First, the

bioink should be in liquid form without clogging the printer nozzle
before/after printing. Secondly, the applicability of the bioink is de-
termined by the ‘biofabrication window’ (He et al., 2016). The term has
been recently proposed to define the compromises necessary to obtain
bioinks with adequate print fidelity and cell viability (Chimene et al.,
2016). Though depending upon the bioprinting modality, printability
have different definitions. For example, printability of EBB refers to the
extrudability or the formation of continuous filaments followed by
formation of the integrated 3D structure. In DBB and LBB, printability is
used to characterize formation of well-defined dotted patterns and jets
on the substrate, respectively. This property of the bioink determines its
printability, cell viability, structural resolution, etc. For printability,
several parameters such as rheological properties, gelation kinetics, and
surface tension of the bioink are necessary to be characterized. More-
over, the viscosity of bioink should be tunable with temperature for
certain biomaterials while shear thinning is necessary for EBB. Colosi
et al. printed low viscous bioink of alginate and gelatin methacroyl
(GelMA) blend through a coaxial nozzle (Colosi et al., 2016). Initial
concentration of GelMA was kept low, which up-regulated cellular
viability; however, it was not printable. Blending with alginate pro-
duced mechanically-stable crosslinked fibers (Zhang et al., 2015). The
coaxial system is able to tune the gelation kinetics of bioink by mod-
ulating the ink composition. Two-step polymerization system was used
by Skardal et al. for printing of bioink comprising methacrylated
ethanolamide derivative of gelatin and methacrylated hyaluronic acid
with high viscosity (Skardal et al., 2010a). The construct was com-
pletely photopolymerized to obtain the final constructs. In addition,

there is a relation between the concentration of cells and the print-
ability of bioink. Higher cellular load increases the viscosity of bioink
which may affect its printability. Hence, selection of optimum cell
concentration is also important for successful bioprinting (Hölzl et al.,
2016).

Other process parameters have also great influence on the fate of
bioprinting, such as the fusion of hydrogels, deformation due to gravity,
non-uniform droplet size and non-uniform extrusion due to alteration in
printing speed. The density of the crosslinker also influences the
printing fidelity. In general, high crosslinker concentration limits the
cellular migration but possess better printability, whereas low cross-
linker concentration reduces the bioprintability (He et al., 2016). For
most optimization studies, a “biofabrication window” thus becomes a
useful tool to quantify the suitability for fabrication.

Apart from viscosity, other relevant rheological parameters are the
shear thinning properties, gelation kinetics and yield stress of the
bioink. Shear thinning defines the shear-rate dependent viscosity of
bioink, which essentially behaves as a non-Newtonian fluid. Shear in-
duces a reorganization of macromolecules to a less entangled config-
uration decreasing the viscosity. The viscosity of the most commonly
used bioink, sodium alginate is several times lesser at shear rates of
100–500 s−1 (most commonly encountered for bioprinting), compared
to plateau region at lower values of shear suggesting strong shear
thinning behavior, which are more prominent at higher concentrations.
Shear thinning is desirable for bioprinting as it enables smooth flow
avoiding clogging during extrusion but regaining of the viscosity after
bioprinting contributing to improved bioprinting fidelities (Malda
et al., 2013; Rezende et al., 2009). Thus along with shear-thinning,
shear-recovery is also an essential rheological property in order to at-
tain a better construct resolution (Kesti et al., 2016). During bio-
printing, another rheological property of importance is the yield stress,
which is the initial minimum stress that is required to be supplied to
initiate flow. Yield stress can potentially improve the bioprinting fide-
lity and reduce cell sedimentation. An example of yield stress effect on
bioprinting is demonstrated by addition of the gellan gum to gelMA
hydrogels (Malda et al., 2013). Likewise, shear elastic modulus de-
termines deformations and ease of printing hydrogel due to shear forces
exerted during extrusion. The evolution of gel parameters is also im-
portant as the gelation kinetics will determine the crosslinking time.
The major mechanisms of hydrogel gelation are physical (i.e. ionic),
chemical or covalent and enzymatic crosslinking. Physical gelation is
achieved at bioprinting duration and provides ignorable viscosity
fluctuations during bioprinting but result in formation of relatively
weaker constructs and crosslinking can be reversible. Chemical cross-
linking requires appreciable gelation times, which are impediment to
fabrication of multilayered constructs. Also, the toxic crosslinkers must
be removed completely before implantation (Chimene et al., 2016;
Guvendiren et al., 2016; Hospodiuk et al., 2017; Kirchmajer et al.,
2015). Crosslinking under light irradiation is another option for in-
stantaneous crosslinking, but the effect of light wavelengths and
duration of exposure on cells must be considered (Wang et al., 2016).
On the other hand, enzymatic crosslinking offers a more biologically
acceptable process, but it increases the cost and decreases practicality
of the process. Ionic crosslinking is also achieved at rapid rates and can
be carried out at physiologically-amenable conditions. For example,
alginate forms an ionotropic bond with calcium ions, while chitosan
with phosphate ions. However, ionic crosslinking is prone to undergo
rapid dissociation in physiological fluids. Ideally, solidification should
occur at fast enough rate so that bottom layers acquire sufficient me-
chanical characteristics to withstand loads of subsequent layer. In ad-
dition, faster solidification prevents flowability of bioink after bio-
printing and improves the structure fidelity.

Another parameter of importance, especially for DBB is the surface
tension of bioink to determine high fidelity bioprinting. Surface tension
is determined by the net balance of cohesive forces amongst all com-
ponents of the bioink and influence if either a jet or droplet would be
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formed after ejection. Since cells tend to adsorb at the air-water inter-
face, surface tension of a bioink is reduced as cell density increases.
Surface tension influences printing resolution, quality, fidelity and di-
mensions of printed lines and proper matching of the surface tension
can be engineered by contact angle measurements. In fact, it has been
proposed that hydrogels could be printed with smaller dimensions such
that the desired dimensions are achieved after swelling post-bioprinting
(Kyle et al., 2017). The physicochemical properties of a bioink in-
cluding rheological behaviour, surface tension, gelation kinetics, and
swelling property are not only important for its printability but also for
maintenance of its post-printing integrity (Hölzl et al., 2016). Tuning of
these parameters is important for the reproducibility and fidelity of
bioprinted constructs. Incorporation of physical/chemical cues can
improve the printability of polymers. In EBB, it has been observed that
incorporation of cues (e.g. metal ions and gluteraldehyde) can improve
bioprintability (Ozbolat and Hospodiuk, 2016). For example, Na+ was
incorporated in gelatin by replacing Ca2+ and Fe2+ present in gelatin.
This significantly altered the molecular interactions and improved the
crosslinking density and mechanical strength of gelatin gels (Xing et al.,
2014).

3.1.4. Cell viability and long-term cell functionality as a function of
bioprinting parameters

Bioprinting enables spatial manipulation of cells, where the viability
of cells during pre- and post-bioprinting is crucial. Researchers have
been exploring different combinations of biomaterials and cell types in
order to understand cell-biomaterial interactions. However, of the op-
timal process parameters for certain cell type may not be suitable for
another. Nair et al. have studied cell viability during EBB, and their
study indicated that dispensing pressure affected the cell viability (Nair
et al., 2009). In another study, it was observed that nozzle insulation
improved the viability of HEK 293FT cells when printed with a gelatin-
based bioink (Ouyang et al., 2015). Zhao et al. reported that bioink
viscoelasticity was the key parameter for cellular viability and print-
ability of polymers (Zhao et al., 2015). In microvalve-based DBB pro-
cess, it has been observed that shear stress is the key factor to balance
the printing resolution and cellular integrity (Blaeser et al., 2016).
Previous study achieved approximately 90% viability of fibroblasts by
controlling the shear stress within 5 kPa (Ouyang et al., 2016). DBB is
suitable for handling with higher cellular densities. A study has re-
ported that cellular homogeneity and viability could be enhanced by
changing bioprinting parameters of polyvinyl pyrrolidone (PVP)-based
bioink (Ng et al., 2017b). The effect of photo-crosslinking on cellular
activity has been tested by Duan et al. (2014). In a study, methacrylated
hyaluronic acid (MA-HA) and GelMA were crosslinked with UV for
fabrication of valvular interstitial cell laden constructs. Approximately
92% of cellular viability was observed up to seven days after printing,
which concluded that there was no noticeable toxic effect of photo-
crosslinking on the encapsulated cells. They also optimized the com-
pressive modulus of the bioink at about 13 kPa to obtain optimum
polymer viscosity and effective photo-crosslinking. Printing of thermo-
responsive polymers (i.e. poly (N-isopropylacrylamide)-grafted hya-
luronan (HA-pNIPAAM) and MA-HA) has been investigated by Kesti
et al. (2015), who produced printable constructs with high resolution
and cell viability. However, in another study on thermo-responsive
hydrogel bioprinting, the blend of PU/PCL was bioprinted through a
two-step chemical reaction, and a low cell viability of mesenchymal
stem cells (~ 40%) was observed a day after bioprinting (Tsai et al.,
2015; Zhang et al., 2016a, 2016b). The effect of photo-initiators on
cellular viability has been also intensively studied, and ~98% viability
of hepatocarcinoma cells was observed using the VA-086 photo-in-
itiator (Billiet et al., 2014). It has been reported that during tempera-
ture-based crosslinking process, the viability of cells is remarkably
compromised, since cells can only survive in a narrow temperature
range (Bianco and Robey, 2001). Gelation time is another factor; the
longer gelation period generally reduces the cellular viability. Viscosity

of hydrogel is often modulated for increasing the printability of bioink
and resolution of tissue constructs. Such alteration induces stress on cell
population, and hence reduces the viability of cells (Chang et al., 2008).
Despite the capacity of bioprinter to deposit cells at high rates, the
bioink composition (especially cell-laden bioink) also determines the
practical speeds that can be attained, since cell viability and cell divi-
sion post-bioprinting would be reduced, resulting from the high stress
induced by higher extrusion speeds. Additionally, long standing time
inside a reservoir due to slow printing rate can reduce the cell viability.

3.1.5. Solidification
Most of the available natural and synthetic bioinks are solidified

through physical, chemical or enzymatic crosslinking methods. For
example, alginate is ionotrophically crosslinked through calcium
chloride (CaCl2) or calcium sulphate (CaSO4) solutions. Solidification of
polymer occurs through transition of polymer solution to gel at a
transition temperature. Hot solution (40-80 °C) of polymers such as
agarose, gelatin, and methycellulose, are transformed into gel when
printed on a cooled stage (Landers et al., 2002a, 2002b). Hydrogels
prepared through physical crosslinking is mechanically weak, and re-
inforcement of other materials is required to enhance the stability.
Photocurable hydrogels can be printed on illuminated stage through the
incorporation of an appropriate photo-initiator (Skardal et al., 2010a).
3D printing of photocurable bioink with and without cell population
was reported in several studies (Billiet et al., 2014; Dhariwala et al.,
2004; Di Biase et al., 2011). Printing of photo-curable polymers has
several advantages, one of which is that the printing process is very
rapid, and has less detrimental effect on cells (Nguyen and West, 2002).
Moreover, no additional crosslinking bath is required, and the degree of
crosslinking can be easily adjusted by changing the intensity of light.
Gelation of the extruded ionotropic polymers also occurs in a reactive
substance bath (Khalil et al., 2005; Landers et al., 2002b). The ad-
vantage of reactive printing is the rapid solidification of polymers. Since
gelation can occur at physiological temperature (i.e., 37 °C), the impact
on cell population is minimal. Printing of gellan gum solutions by this
method along with the cell culture media has also been reported (Ferris
et al., 2013).

Material dispensing rate is impacted by the initial viscosity of bioink
and the crosslinker density. Generally, bioinks with higher viscosity can
be bioprinted in a faster rate requiring less amount of crosslinker, and
bioprinted constructs are more stable under physiological conditions. In
EBB, the extrusion force is exerted pneumatically or mechanically en-
abling bioprinting of highly viscous bioinks in comparison to DBB
methods. Slower gelation kinetics can cause cell death and typically,
the gelation time for alginate, and PEG-DA are shorter compared to that
for collagen, and chitosan (Jana and Lerman, 2015). A highly viscous
solution requires less time of crosslinking and hence, can be deposited
at faster rates. Similarly, high crosslinker density can create fast soli-
dification, and hence faster dispensing rate can be used. However, the
toxicity of crosslinker with high concentration should be considered. In
addition, EBB requires a fast gelation process for a desired fidelity,
which can be adequately obtained by ionic crosslinking (Axpe and
Oyen, 2016). Bioprinting with supporting nanoclays is able to minimize
the impact of gelation speed on print fidelity (Jin et al., 2017). Another
challenge in bioprinting is the selection of appropriate crosslinking
density for achieving the structural integrity of construct without in-
ducing any cytotoxic response (Jose et al., 2016). For optimum solidi-
fication, optimization of cellular density is also important since high
cell concentration might interfere with the crosslinking mechanism of
hydrogels occasionally (Skardal et al., 2010b).

3.1.6. Mechanical and chemical properties
For fabrication of stable and transplantable 3D bioprinted con-

structs, rheological properties of a bioink is necessary to be investigated
to obtain sufficient printing accuracy and also provide an optimal en-
vironment for cellular migration and spreading (Khademhosseini et al.,
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2006). In bioprinting, bioinks that are able to immediately solidify or
regain structural integrity after extrusion, are desired (Murphy et al.,
2012; Shim et al., 2011). Mechanical properties of constructs can be
further improved through photo-crosslinking using a photo-sensitive
bioink as a precursor material. The mechanical stability of physically-
crosslinked constructs is relatively poor compared to that of chemically-
or photo-crosslinked constructs (Salacinski et al., 2002). To improve the
mechanical stability, some chemical functional groups can be in-
corporated, which form an irreversible crosslinked network through
covalent crosslinking (Frantz et al., 2010; Geckil et al., 2010). Me-
chanical properties of the constructs can be further improved by using
nanoparticle/hydrogel composites such as Laponite®/alginate and na-
nosilicate/collagen as evidenced from several studies (Ghadiri et al.,
2013; Xavier et al., 2015).

Combination of physical and chemical crosslinking methods have
also been employed for improving the stability (Geckil et al., 2010;
Traver and Assimos, 2006). Physical crosslinking process is preferable
during bioprinting, whereas chemical process is usually followed to
enhance the stability of post-crosslinked products (Khademhosseini
et al., 2006; Salacinski et al., 2002). Billiet et al. used photo-induced
crosslinking after bioprinting of methacrylamide modified gelatin
bioink (Billiet et al., 2014). Along with mechanical properties of a
bioink, the cellular compatibility is also a matter of concern. Mauck
et al. have tested the impact of density of encapsulated chondrocytes on
mechanical properties of the resultant agarose hydrogel (Mauck et al.,
2003). It is challenging to maintain the structural integrity of the
construct during cell growth. Along with a physical support, main-
taining the mechanical strength, which is alike in vivo conditions is also
necessary for cellular proliferation and differentiation (Murphy et al.,
2012; Seidlits et al., 2010). A recent study by Hölzl et al. showed a
decrease in stiffness of hydrogels by 13% with the increase in cell
density from 12 to 15 million cells/ml (Hölzl et al., 2016). Elsewhere,
compressive modulus of constructs using collagen were at the range of
25kPa while those with alginate hydrogels were found from 15 to 20
kPa (Tabriz et al., 2015; You et al., 2016). The selection of a particular
bioprinting modality should be made depending upon the target tissue.
The greatest advantage of EBB is its ability for scale-up biofabrication,
user friendliness and high mechanical strength of the constructs.
Therefore, EBB should be explored for obtaining volumetric organs in
clinical tissue engineering. On the other hand, in applications which
require high bioprinting resolutions and closer cell-cell or cell-material
interactions like tissue models for toxicity testing, DBB may be pre-
ferred. At present, LBB instruments are costlier but provide very high
cell viability and resolutions and thus for stem cell research generally
LBB may be recommended.

Therefore, EBB should be explored for obtaining volumetric organs
in clinical tissue engineering. On the other hand, in applications which
require high bioprinting resolutions and closer cell-cell or cell-material
interactions like tissue models for toxicity testing, DBB may be pre-
ferred. At present, LBB instruments are costlier but provide very high
cell viability and resolutions and thus for stem cell research generally
LBB may be recommended.

3.1.7. Guiding cell growth and differentiation
Stem cells are the attractive cell types for tissue biofabrication due

to their ability of multipotent differentiation. The growth and differ-
entiation of stem cells requires a microenvironment with proper phy-
sical and chemical cues (Bianco and Robey, 2001). Hence, careful
consideration of the bioink is essential for successful differentiation of
stem cells (Peerani et al., 2007; Raof et al., 2011). Specific signaling
molecules have been immobilized to control stem cell fate in bio-
printing of stem cells through DBB. Bone morphogenic protein-2 (BMP-
2) was used to control the differentiation of muscle-derived stem cells
(MDSCs) blended with fibrin bioink (Phillippi et al., 2008). An in vitro
study reported that MDSCs differentiated into osteogenic lineage in the
presence of BMP-2, whereas whey differentiated into myogenic lineages

in the absence of these signaling cues. Miller et al. used heparin-binding
epidermal growth factor (EGF) as signaling molecules to control the
differentiation of MSCs (Miller et al., 2011). In a recent study, growth
factors (i.e. Wnt protein) were immobilized on bioactive beads that
facilitated the asymmetric division of embryonic stem cell (ESCs)
(Habib et al., 2013). After division, the daughter cells proximal to the
beads showed more pluripotent characteristic, whereas daughter cells
at the distal side showed increased expressions of differentiation mar-
kers (Brafman, 2013).

In addition, stem cell fate could be also regulated by signaling
molecules (e.g. transforming growth factor- β (TGF-β), fibroblast
growth factor (FGF), Wnt signaling proteins, and hedgehog proteins)
during post-bioprinting incubation (Chen et al., 2012). Bioprinting of
iPSC and ESCs with RGD coupled-alginate hydrogels has been found to
differentiate into hepatocyte-like cells (Faulkner-Jones et al., 2015). In
that study, the differentiation process was initiated prior to bioprinting,
and allowed to continue for 11 days after bioprinting. This experiment
indicated that bioprinting did not influence the cellular differentiation
process. Hydrogels can instruct stem cell differentiation through mi-
micking the ECM network, in which they positioned cells in contact
with tropic support, signaling cues and topographical information
(Jones and Wagers, 2008). An interesting observation has been re-
ported that differentiation of MSCs can be altered in the presence of
different crosslinking agents for the same bioink. A study by Das et al.
reported that crosslinking of bioprinted silk fibroin-gelatin hydrogels
with tyrosinase showed the differentiation of MSCs towards chon-
drocytes (Das et al., 2015), whereas physical crosslinking of the bioinks
by sonication tended the differentiation into osteocyte lineage.

3.1.8. Affordability
The affordability of bioinks depends on their raw material. For ex-

ample, cell-laden bioinks are relatively expensive, since the in-
corporation of cells needs precise control, sophisticated instrumenta-
tion and skilled manpower. Maintenance of cell number in each batch
also needs precise control. Moreover, the price of a bioink depends on
the cell type, their doubling time, culture media, culture conditions and
the rate of ECM deposition. Without considering cell incorporation,
most of the printable hydrogels that are available commercially are
affordable, except some natural hydrogels, such as collagen, laminin
and hyaluronin, due to the complex isolation protocol (Malda and
Frondoza, 2006). The abundance of biopolymer also influences the af-
fordability of bio-printed constructs. For example, the synthetic poly-
mers are more readily available, wherein the biomaterials from natural
origin have limited resources. In addition, some polymers extracted
from natural sources (e.g. alginate and chitosan) are comparatively
affordable, due to more standardized convenient extraction procedures
and abundance of their sources.

3.2. Bioprinter phase

Bioprinting technology had emerged as a cytoscribing technique by
the pioneering work of Klebe in 1988, in which a Hewlett Packard (HP)
modified printer was used. The evolution of bioprinters has been re-
viewed in details elsewhere (Ozbolat et al., 2017). In the last decade,
several enterprises have innovated bioprinter products with different
capabilities like generating functional perfusable tissues, which are
important to be compared for their ability to produce constructs with
different characteristics. Persistent efforts in bioprinter technology de-
velopment are expected to produce hybrid vascularized tissues with the
ability to scale up to clinically-relevant sizes and emergence of 4D
bioprinting, and hybrid bioprinters. Below subsections discuss the es-
sential requirements of an ideal bioprinter in order to successfully
bioprint living tissue and organ constructs for clinical use in the future.
The different quantitative aspects of the bioprinters are summarized in
Table 2 and discussed below.
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3.2.1. Compactness
For the efficient clinical deployment, it is highly desirable that

bioprinters are compact in size such that they can be directly placed
inside a laminar flow unit for maintaining sterility, and easily fit inside
an operation theatre. Most bioprinters are designed to fabricate tissue
constructs in centimeter scale, but the hardware usually takes a large
space. Thus, from the beginning of bioprinter development, compact-
ness has been one of the important goals which the manufacturers are
striving to achieve. For example, the upgraded version of BioBots bio-
printer occupies only 28,317 cm3 totally, and is easily accommodated
inside a laminar-flow hood, while the previous Biobot2 model con-
sumes 64,327 cm3. Similarly, the inkjet bioprinter Autodrop Compact,
which is manufactured by Microdrop Technologies GmbH, has dimen-
sions of 562× 772×550mm. Similarly, Microfab technologies have
Jetlab 4 model with a footprint of 63×57 cm. Compactness results in
small dimensions of the products that can be printed, so the manu-
factures also supply models with larger size in most cases. For example,
the substrate size for Jetlab 4 is 160× 120mm, and the advanced
version has a working area of 200×200mm. For example, Autodrop
Compact model has a positional accuracy of 25 μm, maximum speed of
75mm/s and a payload of 5 kg for Y axis compared to 5 μm, 125mm/s
and 10 kg values respectively for the larger model (Ozbolat et al.,
2017).

The clinical translation also raises the demand for a compact bio-
printer with a high accuracy, deposition velocity and resolution.
Towards this end, miniaturized robotic arms with remote and wireless
control possibilities (Huda et al., 2016; Jokic et al., 2014; Susilo et al.,
2009) and light materials of construction with high specific strengths
should be explored. Additionally, the type of tissue to be printed im-
pacts the bioprinter selection. For example, a more compact bioprinter
may be ideal for scaffold-free printing, as bioink volume would be small
(Ozbolat, 2017). At the same time, scaffold-free bioprinting may also
require higher resolutions to control cell-cell distances (Moldovan et al.,
2017). To achieve this objective, there is a need for developing robotics
at mesoscale-level (1–4mm) with a number of degrees of freedom, so
that even non-planar surface can be used as a substrate (Grames et al.,
2016).

3.2.2. Bioprinter Resolution
One of the important considerations for the bioprinter selection is its

resolution, which allows the fabrication of constructs with high fidelity.
In fact, the resolution of bioprinted constructs is generally inferior to
the nominal resolution of the bioprinter used, which is because of the
additional factors of bioink stability, solidification and nozzle clogging
observed in most bioprinting modalities. However, motion stages with
micrometer scale resolution are vital to achieve bioprinted constructs in
higher resolutions. In bioprinting, the size of nozzle is another con-
sideration, which also determines the accuracy of final bioprinted
constructs (Ozbolat et al., 2017). Droplet-based bioprinters can provide
droplet size in 1-300 picolitres with single cell resolution (50 μm), and
at the same time deposition rate of 1–10,000 droplets per second can be
achieved (Murphy and Atala, 2014). There are many mechanisms on
which DBB bioprinters base, and the droplet size has a bearing on the
mechanism. With a similar orifice diameter, micro-valve print heads
generate droplets of larger diameter (~100 μm) in comparison to
thermal or piezoelectric (~50 μm) and acoustic droplet bioprinters
(~10 μm). Example of micro-valve bioprinter is Biofactory, which
produces droplets in range of 5 to 10 nL corresponding to>100 μm
droplet diameter (Gudapati et al., 2016). On the other hand, electro-
hydrodynamic jetting bioprinters can achieve resolutions which are not
constrained by nozzle diameters, but they are not capable of generating
one droplet at a time and thus reduce the precision of the system. Al-
though DBB is capable of providing high lateral resolutions, their re-
solution in the z-direction is limited.

For extrusion-based bioprinters, positional resolutions with micro-
meter ranges are common (e.g. Allevi (previously Biobots): 5 μm, Fab@Ta
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Home: 15 μm, Inkredible: 10 μm). Recently, Suntornnoud et al. have
proposed a mathematical method to predict the bioprinter resolution of
EBB based on a function of printing velocity, nozzle diameter and ap-
plied pressure (Suntornnond et al., 2016). Most laser bioprinters can
also achieve very high instrumental resolutions in lateral planes
(30–100 μm) depending upon the wavelength of laser. Generally, laser-
based direct write methods have higher instrument resolution than LIFT
(Bakhshinejad and D’souza, 2015; Jose et al., 2016). Final resolution of
LBB constructs is also determined by other factors such as fluence en-
ergy, surface properties and air gap (Ozler et al., 2015). Improvement of
the resolution of bioprinters is often associated with increased costs and
printing times due to deposition of larger bioink loads and more
number of dots per square inch specified in the design.

3.2.3. Degree of freedom and motion speed
Earlier bioprinting technologies were mostly developed from com-

mercial paper printers. Groups of Boland and Nakamura initiated stu-
dies to transform Epson or HP printers into bioprinters (Nishiyama
et al., 2009; Wilson and Boland, 2003). Compared to the paper printers
with a single movement direction, bioprinters need additional axes in
order to build 3D constructs. Thus, several in-house modifications, such
as providing integrated motorized table for a vertical axis movement,
have been carried out with limited success. On the other hand, most
commercial bioprinters are designed to only operate in 3-axis which is
not adequate for intra-operative bioprinting of irregular-shaped defects
in clinical settings. To bioprint non-planar surfaces and concavities,
more degrees of freedom are required (Gazeau and Zeghloul, 2013; Tan
and Yeong, 2014). The BioAssemblyBot with a 6-axis robotic arm,
which is based on pneumatic micro-extrusion, is an improvement over
the traditional extrusion bioprinters with 3 axes. In particular, the ro-
botic arm is able to adjust the arm spacing (i.e. position level of the
interconnected set of links and joints forming the robot manipulator in
2D Cartesian space location with respect to the taught location) to
correspond with the porosity of designed constructs, along with addi-
tional options such as rotation about z-axis and allowing interchange of
the lateral or dual rotation axis.

High printing speed is another important criterion for the bioprinter
selection. The average speed of bioprinting in different modalities
varies (e.g. LIFT: 200–1,600mm s−1, acoustic DBB: 1–10,000 droplets
s−1, and EBB: 10 μm s−1–700mm s−1 (Murphy and Atala, 2014;
Ozbolat et al., 2017)). The process may take several hours to complete,
especially for multi-layer constructs. In LBB, speed is limited as a single
laser beam is used to irradiate each point of bioprinting. For example,
the direct writing methods have high resolution but slow speed (< 102

drops per second), while forward transfer methods have lower resolu-
tions but can print up to 5×103 drops per second (Bakhshinejad and
D’souza, 2015). In commercially available extrusion based bioprinters,
typical speed is 25mm/s. The printing speeds are specified by the
stepper motor configuration and driver. Recently, the use of multi-array
laser-based stereolithography (Beke et al., 2012; Zhang et al., 2012),
multi-nozzle droplet (Park et al., 2015) or extrusion-based bioprinters
and a multi-arm robotic extrusion-based bioprinter have been proposed
to reduce the bioprinting time (Zhang et al., 2012).

Despite the capacity of bioprinter to deposit cells at high rates, the
bioink composition especially cell-laden bioinks also determines the
practical speeds that can be attained, since cell viability and cell divi-
sion post-printing would be reduced, resulting from the higher stresses
induced by the higher deposition speed. Additionally, long standing
time inside a reservoir due to slow printing rate can reduce the cell
viability.

3.2.4. Commercialization
There has been great interest in 3D bioprinters and their potential to

solve organ transplantation problems; however, commercialization of
bioprinters have not kept as similar pace as the interest in exploring
new applications of bioprinting. Overall, it can be concluded that

extrusion-based bioprinters have achieved a more in-depth investiga-
tion compared to laser- or droplet-based bioprinters. Laser bioprinters
have been the slowest for commercial transformation, due to their
system complexities and tedious operations; though some commercial
bioprinters based on stereolithography apparatus are available. In
terms of extrusion-based bioprinters, there exists small difference be-
tween the working principles, and different manufacturers provide
advanced functions such as automatic bioink cartridge filling and
software control for robotic movement. Likewise, a wide range of
droplet-based printers are available commercially, but most of them are
not capable for printing mammalian cells, due to the small nozzle
diameters compared to cell diameters (20–25 μm for cells and
150–500 μm for tissue spheroids (Lee and Yeong, 2016; Odde and Renn,
2000; Yu et al., 2014a)). Moreover, there exist many open-source 3D
printers, which can be customized into bioprinters for early stage re-
searchers (Xu et al., 2013a, 2013b). For example, a fused-deposition
modeling (FDM)-based extruder can be modified into a pneumatically-
controlled extrusion-based bioprinter for deposition of Pluronic F-127
hydrogels (Kang et al., 2016).

Some commercial bioprinters are packed and delivered in the form
of parts, in which case the end-users are expected to self-assemble.
Hence, it may be necessitated for clinical deployment that skilled ser-
vice engineers from the manufacturers could work together with other
clinical personnel. In the future, it would also be expected that well-
defined industrial norms for bioprinters are developed, which can be
conformed by the manufacturers to widen the acceptability of bio-
printers in the medical community. Currently, software for many 3D
printers is being standardized with respect to attributes such as error
compensation, tolerance, temperature variations, dimensional perfor-
mance (Galantucci et al., 2015) and they can also be used as platforms
for bioprinters. Standardization of software will facilitate the compat-
ibility among different bioprinters, which enables cross communica-
tions. Moreover, software should be able to not only communicate with
the bioprinting hardware, but also enable the design of constructs. Such
improvement will no doubt give a major fillip for fast commercializa-
tion of bioprinters, since it would be difficult for the end user to in-
tegrate different software from different vendors for certain operation.
A bioprinter with wide range of deposition speed, high resolution,
multiplicity of dispensation, and compatibility with various types of
bioinks will be the ultimate goal for bioprinting instrumentation, so
that different users can benefit from the same platform.

3.2.5. Automation
A concern with current bioprinting modalities is the absence of a

completely automated workflow (Heller et al., 2016), which has been
already achieved by some other 3D printing technologies. So far, most
of the sub-operations of 3D printing ranging from extrusion of raw
materials, fusion of metal powder, and photopolymerization have been
automated (Bidare et al., 2017; Frketic et al., 2017; Ren et al., 2017). A
major hurdle for automation of bioprinting is the nature of bioinks,
which should undergo sol-gel transition in physiological ambient con-
ditions without use of high temperature. Due to the shape distortions,
sol-gel form is not readily bioprinted with high resolution deposition. In
practice, it is often observed that either the nozzle or printed material
does not contact the previous layer due to inherent hydrogel swelling or
dehydration processes, which causes significant structural deformation
and require manual intervention.

Moreover, in many bioprinting applications, multiple bioinks are
co-printed, and each of them owns different swelling or shrinking ki-
netics which make the automation of bioprinting complicated. Such
deficiencies are sought to be improved by implementation of real-time
monitoring technologies, which use optical camera to observe construct
height and provide feedback signal for subsequent dispensation (Wang
et al., 2017). It must be noted that automation of dispensing should be
compatible with other liquid handling and cell culture protocols. Sev-
eral automated protocols for cell culture are now reported, and they
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should be integrated with bioprinting modalities for in situ applications
(Kato et al., 2009; Thomas and Ratcliffe, 2012; Triaud et al., 2003).
Recently, an automated process for creation of surface topographic cues
with a robotic bioink dispensation system has been demonstrated for
tissue engineering applications (Bhuthalingam et al., 2016).

3.2.6. User friendliness
Since a large number of end-users are expected to be in medical and

biotechnological areas, it is desirable that the user interface of bio-
printers is user-friendly. User-friendliness can be evaluated by the time
and steps required to get functional outputs and the minimum time
required to train a new user. The end-users should not be bothered
much with the intricate instrumentation operation, and should be al-
lowed to focus more on the clinical problems. Therefore, user-friend-
liness should be taken into account seriously for the bioprinter devel-
opment. It may be seen that most of the extrusion- and some droplet-
based bioprinters are quite user-friendly. In fact, some of the bioprinters
are transshipped as separated parts, which the users can be assembled
by end users themselves. Besides ease of installation, they also allow
ease of operation with interactive software. During operation, point to
be noted is the change of bioink after dispensation of a unit quantity
initially loaded. In this respect, bioprinters with attached peristaltic
pumps are desirable. Apart from operation, troubleshooting is also
important and a manual with clear descriptions should be provided.
Since a bioprinter is made up of several small electronic and mechanical
components, such as microchips, microcontrollers, stepper motors,
gears, and belts, it is essential to use the components following inter-
national standard. Bioprinters such as Inkredible and Biobots are quite
user-friendly, whereas Envisiontec and Gesim Bioscaffolder are so-
phisticated, which required professional training for operation and
troubleshooting (Lee et al., 2017a, 2017b). Moreover, laser-based bio-
printers are generally less user-friendly as they require more learning
time and they are more intricate to operate.

3.2.7. Affordability
The high cost of bioprinters remains a bottleneck for mass deploy-

ment of the technology in regular clinical use. It is also emphasized that
bioprinting processes are quite expensive as the essential sterility re-
quired. However, cost of any instrument is known to plummet as de-
mand increases. Therefore, it may be predicted that with rising number
of users and proof-of-concept demonstration of applications, bioprinters
will start finding commercial demand and price will drop as seen in
plastic 3D printers. At present, most of clinically-relevant bioprinters
are available at pricing of $150–200k. However, several start-up com-
panies are trying to develop affordable bioprinters for customers across
the country, though most of these bioprinters are based on extrusion
principle and have inferior fabrication properties. Certain pneumatic
extrusion bioprinters can also be very expensive (e.g. BioAssembly bots
at ~ $160k and nSrypt at> $200k). The recently launched bioprinters
in this category like BioBots and Inkredible are available in range of
$10k. Laser-based bioprinters, which can be developed from scratches,
are around $100k. On contrary, bi-axial droplet-based bioinks without
live-cell dispensing capabilities can be developed using commercial
paper-jet printers at very low cost. For biological application, however,
the cost may increase to $20–70k. Generally, the system automation,
resolution, number of print-heads is important determinants of the cost.
For instance, dual-head bioprinter with photo-crosslinking capability
costs $5–10k while a basic one excluding bioink extruder only cost as
little as $500. It is essential that a component cost analysis is performed
to find out strategies for cost reduction. In a recent study, Reid et al.
have developed an automated bioprinting system with the protocol of
human-induced pluripotent cell differentiation. A low cost Felix 3D
printer was adapted and the resolution of conventional extrusion pro-
cess were improved by the use of finite element modeling (Reid et al.,
2016).

3.2.8. Versatility
Another important property of bioprinters is the necessity of ver-

satility, which refers to the compatibility with various types of bioinks,
bioinks with wide range of viscosities and different gelation processes
and various bioprinting processes. Versatile bioprinters should also
allow end-users to customize the instrument for specific applications.
Amongst different bioprinters, the Biobot series are one example of
versatile bioprinters. The open source Fab@Home also offers bioprinter
with remarkable versatility. In the droplet-based category, different
series of bioprinters such as Nordson Pico® series and MD series from
Microdrop Technologies, which are suitable for high-throughput ap-
plications, provide significant versatility by allowing enhanced control
on generation of droplets and their spatial deposition. It can be deduced
that extrusion-based bioprinters are more versatile as bioinks with wide
ranges of viscosities can be dispensed. Comparatively, laser-based bio-
printers are limited by the bioink which can be irradiated by laser or
photopolymerization. In droplet-based bioprinters, different bioinks
can be printed, but clogging of nozzles is frequently observed for high
viscosity bioinks, which limits their versatility. As an example, most
bioprinters are developed for alginate or Pluronic bioinks, which have
limited clinical utility for tissue regeneration. Therefore, a system au-
tomation based on these bioinks may not be exactly suitable for an end-
user, who seeks functional bioinks.

3.3. Bioprinting Phase

After the selection of bioink formulation and appropriate bioprinter
technology, physical bioprinting assumes significance, as process
parameters comprise a range of selection which should be optimized in
case-to-case basis to obtain the desired constructs. There is a need for
process automation in this stage to generate constructs rapidly for
clinical applications. Bioprinting process should also be carried out
under highly defined and controlled environments with proper controls
to allow for repetitive results. Some of the salient requirements of this
stage are described below:

3.3.1. Bioprinting Resolution
The resolution of a bioprinting process, which can be evaluated in

terms of the smallest pattern that can be achieved, differs from the
instrumental resolution of a bioprinter due to the rheological properties
and non-instantaneous nature of solidification of most hydrogels. In
practice, process bioprinting resolution of around 5, 50 and 100 μm are
typically obtained by LBB, DBB and EBB, respectively (Gudapati et al.,
2016; Li et al., 2016; Munaz et al., 2016; Ozbolat et al., 2017). Likewise,
resolution deteriorates as bioink is changed from hydrogel to cell ag-
gregates (i.e., tissue spheroids or strands). One of the effective ways to
improve bioprinting resolution is to allow quick crosslinking, but this
often results in nozzle clogging and adherence of nozzle to bioprinted
layers. Moreover, reduction in nozzle diameter is also not an effective
solution, as it would increase shear force on the cells, resulting in de-
creased viability.

In case of DBB, ejection of one droplet is often accompanied by
several satellite droplets, reducing its bioprinting resolution (Li et al.,
2015). Other factors that influence bioprinting process resolution are
the mechanism of actuation, droplet-nozzle and droplet-substrate in-
teractions. For example, hydrophilicity of inner walls of the nozzle and
the surface tension of bioink affect the print quality. Decreasing hy-
drophilicity of nozzle inner walls and lowering the surface tension of
the bioink result in delayed droplet disintegration time and reduce
droplet ejection velocities. Similarly, contact angle of substrate de-
termines the spreading of bioink, and hence influences the resolution of
the bioprinting process.

In LBB, process parameters that influence resolution include jet
dynamics and impact of ejected bioink. These forces can be modulated
by the bioink rheology and by adjusting the distance between the
ribbon and collector. Based on the above process understanding, Ali
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et al. have successfully bioprinted MSCs with minimal shear stress and
high process resolution (Ali et al., 2014). Additionally, the study of
Guillotin also showed the effect of bioink viscosity and laser parameters
on the bioprinting resolution (Guillotin et al., 2010). In many cases,
improving the bioprinting resolution often results in decrease of cellular
functionality parameters (e.g. stem cell integrity, high dehydration
time), and hence process parameters like shear stress are required to be
optimized (Blaeser et al., 2016). LBB can result in generally high bio-
printing resolution compared to DBB and EBB. For EBB, bioprinting
resolution should be endeavored to be improved by using a tapered
nozzle to reduce the exposure time of cells to high shear stress, hy-
phenation with electrohydrodynamic effects (Eagles et al., 2006;
Gasperini et al., 2014) or ultimately using a nozzle-free extrusion
system.

3.3.2. Repeatability
Tissue engineered constructs are required to meet specific and

quantitative standards of safety and performance for clinical use
(Nawroth and Parker, 2013; Salih, 2013). Bioprinted constructs are
more complex and customized compared to traditional constructs,
making the standardization more difficult. In this respect, it has been
observed that the use of tissue strands as a bioink without liquid
medium or molds, allows for repeatable bioprinting (Yu et al., 2016).
The major criteria of estimation of the repeatability of bioprinted
structures for standardization include bioprint fidelity, mechanical
properties, and cell viability. It must be noted that some properties such
as mechanical strength are dynamic in nature and would change with
time as cells deposit their own ECM. Therefore, standardized protocols
should also be dynamic (i.e. analysis at multiple time points). Several
automated methods for cell viability and mechanical property mea-
surements of tissue in situ have been developed (Dougherty et al.,
2013). One of the example is to use microscope for label-free cell via-
bility determination, which should be more widely applied (Cadena-
Herrera et al., 2015; Ke et al., 2011; Louis and Siegel, 2011). Amongst
the bioprinting modalities, process repeatability is higher in DBB
compared to LBB or EBB. EBB often suffers from unpredictable process
interruptions due to swelling or shrinkage of hydrogels (He et al.,
2016). Though LBB is nozzle-free bioprinting and hence, the repeat-
ability is not affected by clogging problems, the limited range of visc-
osities that can be handled restricts the mechanical strengths of the
printed construct. In LBB, the processes are highly complicated with
nonlinear physical relationship of parameters resulting in poor repeat-
ability of the process.

3.3.3. Biocompatibility
Process biocompatibility is unarguably one of the most important

considerations for bioprinting. One of the principal aims of bioprinting
is to maintain viability and function. In addition, the process must not
induce any phenotypic and genotypic changes. Depending upon the
modality, cells may be exposed to different external stresses including
mechanical in EBB, mechanical, acoustic, thermal or electrical in DBB,
and optical or thermal in LBB, all of which can result in cell morbidities.
In general, typical viabilities of 40-80% for EBB, 85% for DBB and 95%
for LBB are observed (Murphy and Atala, 2014). From these, it can be
deduced that shear stress is most detrimental to cells (Ouyang et al.,
2016). For each modality, apart from bioink compatibility, certain
common stressors also exist (e.g. flow rate and bioprinting time), which
may result in lower cell viabilities. In case of LBB, additional para-
meters such as laser pulse time and air gap between receiver and col-
lector plates also determine the biocompatibility of the process (Catros
et al., 2011). In many cases, solidification is achieved by UV, which
may become another factor to impact viability. Application of stereo-
lithography in bioprinting commenced with the experiments of Boland
and coworkers in 2004. In this method, cells and a photocurable hy-
drogel was charged onto a vat, and positioned on a table in which
movement could be controlled in vertical axis. UV radiation was then

made incident on the bioink, triggering generation of radical from
photoinitiators and subsequent polymerization of the bioink. UV light
traced the toolpath according to the CAD file, thus curing the bioink at
designated places inside the vat. The process was repeated for each
layer to generate the 3D constructs, which can be of few hundred μm to
few mm in size. Initially, Chinese hamster ovary cells were bioprinted
in PEO and PEO-dimethacrylate (PEGDMA) hydrogels with over 90%
viability. Subsequently, SLA-based bioprinting of cylindrical constructs
were shown for 3T3 fibroblasts within PEGDMA hydrogels. Other
commonly used hydrogel for SLA bioprinting has been acrylate poly-
mers with urethane segments and trimethylolpropane triacrylate. Apart
from photocurable polymers, photoinitiators, e.g. Irgacure, are also a
major component of this modality in order to improve solidification.
Thus, the optimization of photo-initiator concentation in a bioink
composition becomes crucial. Further, care is to be taken to determine
the ideal photo-initiator concentration due to its toxicity (Dhariwala
et al., 2004; Fedorovich et al., 2009). Recently, the use of visible light
induced crosslinking of poly(ethylene glycol diacrylate), gelatin me-
thacrylate and eosin Y photo-initiator have shown promise to maintain
high cell viability (Wang et al., 2015a).

4. Post-bioprinting Stage

After bioprinting of constructs, tissue maturation is a time-depen-
dent process and post-bioprinting should be performed under tightly
controlled conditions, especially in bioreactors (see Fig. 5A). Cell-cell
interactions are highly influenced by these conditions and kinetics of
any differentiation process can be modulated with wide variations of
stimuli that can be exerted during post-bioprinting processes. Such
conditions can be optimized to mimic in vivo environment, which can
be further enhanced by providing in vivo like environment such as ex-
plant culture as can be seen in Fig. 5B.

4.1. Conditioning of bioprinted constructs

Lack of mass transfer of nutrients and metabolites is one of the
prime reasons for failure of generating tissue constructs with clinically-
relevant thickness in vitro, since the absence of internal vascular net-
work restricts oxygen supply from the peripheral regions of the con-
struct to the deeper regions even after homogeneous seeding (Chan and
Chong, 2009). This is also an issue for bioprinted tissue constructs.
Though bioprinted constructs have been designed with vasculature as
shown in Fig. 5C, effective oxygen supply is not readily achieved in
conventional static tissue culture methods. Therefore, perfusion of
bioprinted constructs in bioreactors becomes a necessary and essential
step.

A bioreactor is broadly defined to be a vessel, in which a bio-
chemical process can be carried out under controlled conditions, and
allows simultaneous monitoring. In bioprinted tissue constructs, bior-
eactors also allow to create various stimulating conditions to regulate
the maturation of the tissues. Several types of bioreactors including
spinner flask, rotating wall, compression, strain, hydrostatic pressure,
flow perfusion and some combined bioreactors, have been used for
engineering tissue constructs (Plunkett and O’Brien, 2010). Amongst
them, flow perfusion bioreactor is made up of a pump system and a
chamber for tissue construct connected by tubes, such that media can
flow through the tissue construct to enhance fluid transport.

Bioreactors have shown their utility in different types of tissues
including bone, skin, cardiovascular and cartilage. For example, in ro-
tating wall vessel bioreactor, mature chondrocytes were observed after
6 weeks of culture from cartilage progenitor cells or 3 weeks from bone
marrow stromal cells. In addition, cartilaginous tissues, approximately
1.25×0.60 cm in dimensions, have been obtained after 12 weeks of
culture (Zhao et al., 2016). In spinner flask bioreactor, cartilage for-
mation after 4 weeks is observed. Bone tissue type mineralization is
obtained in spinner bioreactors after 3-5 weeks of culture. Several
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microfluidic perfusion bioreactors have also been developed, which
allow bioprinted construct to differentiate at accelerated rate into de-
sired tissues such as heart (Zhang et al., 2016a, 2016b) and bone
(Detsch and Boccaccini, 2015). However, technological breakthrough
of bioreactors should be performed for wider clinical translation
through offering substantial user-friendliness. Further, process con-
sistency and volume output are also necessary to be improved. This can
be achieved by increasing the automation of bioreactors. For example,
the perfusion bioreactor from Aastrom Bioscience Inc. allows for au-
tomated expansion of cells from bone marrow as raw material. Recent
advances in bioreactors allow real time monitoring and feedback con-
trol of several vital parameters including temperature, oxygen level and
pH, to allow optimal cell growth. In addition, novel oxygen-imaging
sensor has been developed, which can be integrated with bioreactors to
map oxygen distribution in 3D scaffolds (Westphal et al., 2017). The
other physiological ambient conditions required to be maintained in
bioreactor are oxygen partial pressure (pO2), pH, CO2 and temperature,
as well as maintained concentrations of growth factor and nutrients.

In the classical paradigm of tissue engineering, cells, scaffold and
growth factors composed the triad which needs to be engineered to
obtain functional tissues. However, it was realized that external stimuli
can also induce differentiation of progenitor cells into specific cell
types. Thus, apart from designing scaffold with architecture for cell
infiltration and growth, it is necessary that physiologically-mimetic
mechanical and biochemical stimuli are exerted on tissue constructs in
a bioreactor for cells to mature into relevant tissues (Bhuthalingam
et al., 2016). Many bioreactors have been developed to exert such
mechanical stimuli such as hydrostatic pressure, compression, shear
and tension (Plunkett and O’Brien, 2010).

Methods have also been developed to exert mechanical/biochemical
or mechanical/electrical stimuli for accelerated maturation of some
specific tissue types. For example, in cartilage tissue engineering, me-
chanical stimuli are applied to compress the cartilage to produce more
ECM to improve mechanical strength. Mechanical stimulation can also
aid in better integration of cartilage construct with host tissue. For
example, in cartilage tissue engineering, stimulation with 0.4 MPa
pulsatile hydrostatic pressure or 1 Hz compression can lead enhanced
chondrocytes differentiation, GAG production and ECM synthesis
(Correia et al., 2012). Another study by Wernike et al. found that dy-
namic compression (10–20% strain; 0.5 Hz; 1 h/day) and low oxygen

tension (5%) was able to show a more stable phenotype of chondrocytes
(Wernike et al., 2008). Similarly, for osteoblasts differentiation and
alkaline phosphatase (ALP) activities were observed to be enhanced,
when they were cultured with the shear stress of 0.16–32 N/m2. For
cardiac tissue engineering, electrical (e.g. 5 V for 2 ms, 1 Hz) or me-
chanical (e.g. 2 Hz) stimulation has been shown to improve tissue
formation (Trumbull et al., 2016). The extent and values of stimuli
exerted in different studies for maturation of tissues in bioreactors have
been mentioned and extensively detailed in other studies (Li et al.,
2017; Rauh et al., 2011). Recently, bioreactor systems for clinical heart
valve tissue engineering have also been reported (Converse et al.,
2013).

4.2. Practicality

One important parameter that is critical for success of bioprinting is
the practicality with which mass-scale tissue production can be carried
out. Prevalent technologies can result in production of proliferation/
differentiation of cells into numbers, which are adequate only for la-
boratory scale studies. However, organ bioprinting for clinically-re-
levant volumes and amounts require scale-up manufacturing of cells.
Advanced, automated bioprocessing technologies conforming to good
manufacturing practices and strict quality monitoring are thus needed
to be implemented in clinical bioprinting establishments (Placzek et al.,
2009). The source of cell in itself may have some constrains, for ex-
ample, stem cells from relatively younger patients can be passaged upto
40 generations and those from patients of higher age group can be
limited to only 25 population cycles only (Stenderup et al., 2003). For
example, Organovo company has been successfully producing liver
tissue lines for drug toxicity testing (Nguyen et al., 2016) and has also
started making progress in kidney and skin tissue bioprinting. Apart
from tissue constructs, bioprinting-assisted fabrication of tumor-on-chip
platforms is emerging to provide practical solutions for cancer research
(Knowlton et al., 2016).

4.3. Affordability

The bioreactor should not add significant costs to the whole system.
Bioreactors are mostly composed of peristaltic pumps, filters, chamber
vessel, tubings and integrated sensors. Of these, filters have generally

Fig. 5. A) A biotense perfusion bioreactor with a bioprinted vasculature (modified with permission from (Dolati et al., 2014)); B) Explant culture improved the
maturation of bioprinted cartilage into a native-like cartilage (modified from (Yu et al., 2016)); C) 3D Bioprinted convoluted renal proximal tubule where an open
lumen circumscribed with an epithelial lining was perfused on chip (modified from (Homan et al., 2016).
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the highest cost contribution, apart from number of sensors that are
integrated inside the system. Though addition of advanced monitoring
and control systems for vital parameters as well as cellular phenotypes
may contribute to cost of maturation bioreactors and hence tissue
constructs, progresses and commercialization of systems like
BioProfilew 400 (Nova Biomedical), Advanced Clinical Tissue
Engineering System ACTESe, or Stat Profilew Critical Care Xpress,
present an encouraging scenario (Martin et al., 2004). Affordability of
bioreactors is also determined by the tissue types and differentiation
media to be used.

5. Conclusions and future remarks

It is widely speculated that future bioprinting will soon move to-
wards fabrication of mechanically robust constructs with high resolu-
tions as well as translation of bioprinters into operating rooms. Clinical
translation of bioprinting demands scale-up to clinically-relevant vo-
lume of tissues along with efficient vascularization for ready im-
plantation. Rapid expansion in efforts for bioprinting of several organs
like pancreas (Ravnic et al., 2017), osteochondral (Datta et al., 2017b),
bone, stem cells are visible (Datta et al., 2017c; Leberfinger et al.,
2017). To achieve this, bioprinting technological advancements are
needed to be firmly supported by organic synchronization of all com-
ponents of bioprinting. Since this is a multi-step process, ultimate
construct fabrication will be dependent on how each step is coordinated
with others and appropriately optimized. Though one of the major
milestones in bioprinter development may be considered to be started
with the modification of desktop 3D printers for printing of live cells
(Xu et al., 2005), bioprinting industry is still in its infancy with limited
technological achievements in attaining a complete process chain for
functional tissue biofabrication. The ExVive™ 3D bioprinted human
tissues developed by the Organovo company is, however, an important
milestone in bioprinting process chain. Similarly, in immediate past, a
bioresorbable 3D-printed airway splint has been implanted in human
infant. Approval of food and drug administration (FDA) was sought by
the University of Michigan- institutional review board of and the device
was granted emergency-use exemption and has performed well in initial
evaluations. It is expected that more of such milestones may be wit-
nessed in the near future. On the other hand, inability to generate
functional vascular network in bioprinted constructs is the weakest link
in bioprinting process chain, and it would require specific solutions to
overcome the limitations. Likewise, ample achievements have also been
made in scale up of bioprinted constructs, which had been thought to be
a limitation initially (Yu et al., 2014b). Bioprinting of microvascular
network is more challenging compared to bioprinting macro-level
vasculature. Fugitive inks are often employed to fabricate the vascular
networks (Kolesky et al., 2016). Moreover, some recent achievements in
intra-vascularization of tissue spheroids (such as pancreatic islets) in-
dicate that it is possible to make significant inroads in overcoming this
limitation for bioprinting (Hospodiuk et al., 2018). Broadly, it is ex-
pected that major milestones in transplantation of organs not requiring
vascularization for significant effects (like cartilage or skin) may be
achieved sooner than organs with high metabolic activity (e.g. liver or
heart) (Datta et al., 2017a).

In the pre-bioprinting stage, minimally invasive cell harvesting
followed by efficient expansion technologies of stem cell are essential to
generate rapid and cost-effective tissue-specific constructs from auto-
logous cells. Different new cell types like pericytes are also attractive
for functional bioprinting applications (Potjewyd et al., 2018). This
apart, high resolution images and more robust blueprint modeling
should develop to ensure full potential of bioprinting is harnessed
clinically. In the bioprinting stage, there is need for focused research on
bioprintable biomaterials, which form the important component of
bioinks since not all novel biomaterials are amenable to bioprinting.
Instructive biomaterials that direct cells to a defined lineage apart from
supporting adequate cell adhesion, proliferation, appropriate host

response, are emerging but their bioprintability cannot be always
guaranteed and hence needs special attention. Specifically, quick ge-
lation in a physiologically-acceptable environment (pH, temperature,
radiation etc.) is expected from these compatible biomaterials for suc-
cessful bioprinting. In the bioprinting stage, another crucial area is the
evolution of bioprinting technologies and the bioprinter themselves.
Bioprinter should have high degree of freedom in multi-axis, multiple
arms as well as designed to reduce chances of bioink coagulation during
long operating hours. Another important dimension would be full au-
tomation of the bioprinting process maintain highest levels of aseptic
conditions inside the operating rooms. Affordability and ease of op-
eration would also require to be considered for use in clinical estab-
lishments. The advances in bioprinters and bioinks are needed to be
complimented with process innovations to allow precise fabrication of
constructs mimicking native tissue microenvironment causing minimal
cell damages. Several in situ monitoring and sensing mechanisms are
needed to be built in to enable detection of deviations and feedback
control of the process. Subsequently, bioprinted constructs are trans-
ferred to bioreactors where tissue maturation is accelerated with aid of
mechanical, electrical and/or biochemical stimulation to obtain rigid,
and functional tissue construct, and monitored with the aid of bio-
sensors.

Indeed, bioprinting technology is expected to provide constructs
with improved functional quality, resolution, 3D design and material
complexities with spatial variations mimicking natural tissue, in the
future. Deposition of various different bioinks with different physico-
chemical properties simultaneously, appears to be a realistic prospect.
However, it can be concluded that a well-coordinated, multi-dis-
ciplinary approach is necessary to ensure that tissue constructs of high-
quality, high reproducibility are obtained for human transplantation.
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