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Abstract—Three-dimensional (3-D) cell printing, which can
accurately deposit cells, biomaterial scaffolds and growth
factors in precisely deﬁned spatial patterns to form biomimetic tissue structures, has emerged as a powerful enabling
technology to create live tissue and organ structures for drug
discovery and tissue engineering applications. Unlike traditional 3-D printing that uses metals, plastics and polymers as
the printing materials, cell printing has to be compatible with
living cells and biological matrix. It is also required that the
printing process preserves the biological functions of the cells
and extracellular matrix, and to mimic the cell–matrix
architectures and mechanical properties of the native tissues.
Therefore, there are signiﬁcant challenges in order to
translate the technologies of traditional 3-D printing to cell
printing, and ultimately achieve functional outcomes in the
printed tissues. So it is essential to develop new technologies
specially designed for cell printing and in-depth basic
research in the bioprinted tissues, such as developing novel
biomaterials speciﬁcally for cell printing applications, understanding the complex cell–matrix remodeling for the desired
mechanical properties and functional outcomes, establishing
proper vascular perfusion in bioprinted tissues, etc. In recent
years, many exciting research progresses have been made in
the 3-D cell printing technology and its application in
engineering live tissue constructs. This review paper summarized the current development in 3-D cell printing technologies; focus on the outcomes of the live printed tissues and
their potential applications in drug discovery and regenerative medicine. Current challenges and limitations are highlighted, and future directions of 3-D cell printing technology
are also discussed.
Keywords—Cell printing, Tissue engineering, Regenerative
medicine, 3-D tissue model.
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INTRODUCTION
Recently, three-dimensional (3-D) printing, also
called rapid prototyping or additive manufacturing,
has emerged as a powerful tool to fabricate physical
models of hard tissues, biomaterial scaﬀolds and custom-shaped tissue implant prostheses. 3-D printing
systems build 3-D structures using computer-controlled process to deposit materials onto a moving
platform. Current 3-D printing systems build objects
through several techniques:36 (i) photo-polymerize
liquid monomer, (ii) sinter powdered materials, (iii)
process material either thermally or chemically as it
passes through a nozzle, or (iv) print materials, such as
chemical binder onto powder. 3-D printing techniques
can be easily automated and integrated with imaging
techniques to produce anatomically-correct structures
that are customized in size and shape for individual
patient. 3-D printing has been very successful in
making biomaterial scaffolds with custom-designed
geometries and is becoming an important enabling
technology for tissue engineering.28,36,37,55,73,86,98,99
These scaffolds can be pre-fabricated and implanted
in vivo to allow degradation and remodeling, or cells
can be seeded onto the scaffolds to create tissue construct in vitro. However, how to translate the technologies of 3-D printing into building the living tissues
is still a daunting task. In most 3-D printing techniques, toxic solvents, high temperatures or strong UV
laser are commonly used, thus making them not suitable to build live tissues and limiting their further
applications in tissue engineering.
To print 3-D live tissues, recent research focus on
developing technology to simultaneously deposit
hydrogels with live cells to form 3-D tissue structures.16,45,60,61,66,74,91,97 This new concept, also called
cell printing or organ printing, is an advanced form of
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3-D printing. The critical components of this technology include the use of biomaterial hydrogels that can
undergo phase changing under physiological conditions without harsh chemicals and gentle cell printing
technology that does not cause damages to the cells.
Current strategies to induce phase change (from liquid
to solid after printing) include UV, temperature, pH,
and ion concentrations, which can be used on a variety
of natural and synthetic hydrogels. Cell printing technology is able to simultaneously deposit live cells,
growth factors along with biomaterial scaffolds at the
accurate location to mimic the native tissue architecture and formation process. 3-D cell printing has great
potentials to (i) create fully functional tissues for
regenerative medicine, and (ii) fabricate human cellbased tissue models, for applications in disease modeling and drug development. Despite all the promises,
3-D cell printing technology is still at its very early
stage, and there are enormous potential for growth in
this ﬁeld. Meanwhile, there are signiﬁcant challenges
that must be solved for this technology to have major
impacts to tissue engineering. Compared with traditional 3-D printing, 3-D cell printing involves additional complexities, such as the choice of materials, cell
types, growth and differentiation factors, and technical
challenges related to the sensitivities of living cells and
the construction of tissues. Addressing these complexities requires interdisciplinary approaches that
pursue the integration of technologies from the ﬁelds
of engineering, materials science, biology, chemistry
and medicine. For a comprehensive review of 3-D
bioprinting technology and issues related to how to
integrate all these diverse ﬁelds, several excellent review
articles have been published recently.1,54,62 This review
summarizes the most recent development of 3-D cell
printing technologies to construct live tissues and its
applications in disease modeling.
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Extrusion-Based Cell Printing
Micro-extrusion is the most commonly used technique for 3-D printing of biomaterial scaﬀolds and can
also be adapted for cell printing. Micro-extrusion
based bioprinters consist of 3-axis robotic stages and
pneumatic or mechanical dispensing system. Under the
constant pressure, continuous strands of biomaterials
are extruded out from a syringe nozzle (Fig. 1a). 3-D
constructs are fabricated using a layer-by-layer
approach, in which the deposited layer serves as a
foundation for the subsequent layer. The amount of
dispensed biomaterials can be adjusted by (i) controlling the level of pneumatic or mechanical pressure, (ii)
the nozzle size, and (iii) the nozzle moving speed.42
Following 2-D pattern printing of the hydrogels, these
are solidiﬁed and stacked layer by layer, to form 3-D
structures. Mechanical dispensing systems generally
provide more direct control over the material extrusion
through the printer nozzle because it can avoid the
delay of the gas compression occurred in pneumatic
systems. Thus, mechanical dispensing methods are
thought to be more suitable for printing highly-viscous
materials than pneumatic system.
Extrusion-based printers are the most used printing
technique in bio-printing ﬁeld. There are numerous
versions of commercial or custom-made extrusion
printers with vast price range. The major advantage of
this technique is the printing capability of highly-viscous materials and cell spheroids through the nozzle.
Multicellular cell-spheroids, which possess the
mechanical and functional properties of the matching
tissue, can be deposited using extrusion printer to selfassemble into 3-D structure during post-printing culture.39 The major disadvantage of this printer is high
shear stress, which tends to kill the cells during or after
printing process. Cell survival rates after extrusion
printing are generally lower than those seen with the
inkjet printers (40–86%), and the survival rate decreases with increased extrusion pressure.7,64

CELL PRINTING TECHNOLOGIES
One of the core components for successful cell
printing is the dispensing technology that can accurately deposit live cells without causing cellular damages. Several technologies have been developed to
dispense cells and biomaterial hydrogels, either as liquid droplets or as continuous stream of viscous gels.
Generally, there are three major types of cell printing
techniques: inkjet, micro-extrusion, and laser-assisted
cell printing62 (Fig. 1). In the following section, we will
review the main beneﬁcial features of each technology
and also their drawbacks. We will also introduce several newly-developed cell printing techniques for tissue
engineering applications.

Inkjet Cell Printing
Inkjet-based cell printing is a non-contact technique
in which droplets of cells or biomaterials are dispensed,
driven either by thermal bubble, piezoelectric actuator
or electromechanical valve controlled pressure pulse
(Fig. 1b). The printing parameters of the inkjet can be
digitally controlled such as the pressure pulse, temperature, voltage and duration, in which picoliter to
microliter volume of aqueous biological materials can
be dispensed as liquid droplets. In early days, the
commercial desktop inkjet printer was modiﬁed for cell
printing by replacing the ink cartridge with cell suspension or biological ink.93 While this approach has
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FIGURE 1. Printing mechanisms of major cell printing techniques. (a) Micro-extrusion based cell printer uses computer controlled piston or pneumatic pressure to extrude the materials out of a syringe needle. (b) Inkjet printer uses several mechanisms
(thermal bubble, piezoelectric or electromechanical valve) to create droplets out of liquid solution. (c) Laser direct writing uses the
energy of the focused laser beam to generate localized heat to form liquid droplet. Adapted from Malda et al.56

been successfully applied toward printing several tissue
constructs,10,74,97 it lacks the versatility for a variety of
cells and hydrogels, and the printing parameters are
difﬁcult to control since commercial inkjet printers are
not designed to handle cells at ﬁrst place. Since then,
inkjet-based cell printing systems are newly developed
to handle a wide range of cells and biomaterials at
increasing resolution and speed.
Several mechanisms are used to generate droplet out
of the liquid solution. The thermal bubble printers
apply heat to the print head, so the pressure generated
by bubble can force out bioink in droplet form. During
this procedure, 200–300C of temperature can be
generated. However, it lasts for only a few microseconds, therefore the total temperature increase is generally less than 10C and does not induce any
signiﬁcant damages on cells.13,96 Thermal inkjet
printers are of low cost and have high fabrication
speeds. However, thermal and mechanical stresses,
limitations on material choice, frequent nozzle clogging prevent its further applications in tissue engineering. The piezoelectric 3-D printers respond to the
applied electrical signals, generating pulse wave inside
print head to break the stream of bioink into
droplets.76,89 One major concern in using the piezoelectric mechanism-based bioprinters is that the 15–
25 kHz frequencies employed in these printers may
induce cellular damage. Another technique of inkjet

bioprinting is by electromechanical valve-controlled
pressure pulse. In this method, a constant pressure is
applied, and the opening and closing of the electromechanical valve under the control of pulsed voltage (~100–500 ls) will lead to droplet formation. The
droplet size is determined by the valve opening duration, the actuation frequency, material viscosity, and
the pressure applied. Compared to thermal inkjet
printers, this method does not lead to the heating of
the cells, thus allows very gentle deposition of the cells
and high post-printing viability.46 Recently, newer
technology was developed that is able to encapsulate
single to few cells via a nozzleless ejection technology
using a gentle acoustic ﬁeld. Various types of cells are
encapsulated in acoustic picoliter droplets with frequency of 1–10,000 droplets/s. This technology provides high precision, high viability, and controlled
directionality.15 In all the inkjet printing system, size of
nozzle (printer head) oriﬁce and electrical pulse pattern
(duration and amplitude) play main roles in determining the droplet size. The viscosity of bioink has an
effect on the droplet size and reproducibility, as highly
viscous materials or media suspensions with high cell
density often require higher force to be ejected and
may cause clogging problems.
Advantages of inkjet printer include availability,
low cost, and versatility. Inkjet-based 3-D cell printing
methods can generate relatively high-resolution struc-

V. K. LEE

tures (20–100 lm).65 The drop size (1–300 picoliter)
and drop deposition rate (1–10,000 droplets/sec) can
be controlled electronically.79 The use of gentle pressure guarantees high post-printing viability, showing a
great potential of the technique in handling delicate
cells such as stem cells, progenitor cells, and embryonic
bodies. Due to the dispensing mechanisms and noncontact nature of the inkjet printer, the low viscous
aqueous form of hydrogel precursor (viscosity < 10
centi-poise) are preferably used whereas high viscosity
materials or high density cell suspension often cause
issues including nozzle clogging, irregular droplet size,
irregular dispensing trajectory, and premature gelation. Post-printing crosslinking or gelation process is
often required. These processes include UV irradiation,
temperature changes, or the use of acidic/basic solutions, which may induce various cell damages. The
limitation of the biomaterials used implies that the
printed structure often has weak mechanical properties10,46 and high cellular density is still difﬁcult to
achieve. For further use of inkjet printer as a tissue
engineering tool, the above-mentioned drawbacks need
to be addressed.
Laser Direct Writing
Laser Direct-Write (LDW) is a non-contacting
method of material deposition that utilizes laser energy
absorption to propel a cell-suspended hydrogel droplet
to a receiving surface.77 A laser-assisted 3-D bioprinter
consists of (i) a pulsed laser beam with a focusing
system, (ii) a ‘ribbon’ that has a donor transport support, typically made from glass covered with a laserenergy-absorbing layer (e.g., gold or titanium) and a
layer of biological material containing cells and/or
hydrogel, and (iii) a receiving substrate facing the
ribbon (Fig. 1c). The laser is pulsed with a conﬁgurable
energy and repetition rate through the transparent
ribbon. The energy-absorbing layer absorbs the
transmitted laser energy, volatizes, and forms a vapor
pocket at the ribbon-material interface. This vapor
pocket rapidly expands and ejects a droplet of the
transfer layer to a receiving substrate.
LDW can deposit cells at a density (<108 cells/ml)
with the resolution of a single cell per drop using a
laser pulse, at high speed.30,31,67 These features allow
LDW to create high-throughput laser patterning of
cells and biomaterials. LDW systems can be set up to
visualize cells in real time before and after they are
deposited, which no other approach offers. This
capability ensures speciﬁc cells can be chosen for
transfer and conﬁrmed visually post-transfer. By contrast, cells are randomly dispersed in a volume in inkjet
printing technique. The number of cells deposited is
therefore a function of the probability of the number
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of cells present in the dispensed volume. LDW is a
nozzle-free technique, therefore does not have the
problems of nozzle clogging with cells or materials,
which are major drawbacks of other bioprinting technologies. Therefore, LDW is compatible with a wide
range of biomaterial viscosity (1–300 mPa/s).
However, LDW may not be appropriate for every
application, and its limitations should be considered
with other printing approaches. Compared to inkjet
printing, LDW has lower throughput, as printing
multiple droplets requires movement of the ribbon and
receiving stages, and pulsing the laser. The speed of
stage movement can limit the rate at which single
droplets are deposited. Droplet volume is also generally smaller than droplets printed using inkjet techniques. Smaller droplet volume requires more droplets
to cover the same area, and this is also linked to
throughput, especially for larger areas.
Stereolithography
Stereolithography is a maskless lithographic technology that utilizes laser-controlled systems for 3-D
fabrication of photo-crosslinkable polymers. Stereolithography system consists of light source (laser or
digital light), moving stage platform (in z-axis), and
container for hydrogel precursor solution. Like other
cell printing techniques, stereolithography fabricates 3D structures through a layer-by-layer approach using
pre-deﬁned 3-D design. Ultraviolet (UV) light is illuminated on the photo-crosslinkable precursor solution
to solidify patterns of the ﬁrst plane on stage. Then, the
stage moved a deﬁned height in z-axis for the patterning of second layer. This step repeats to create a
desired 3-D construct. 2-D pattern on each plane can
be created by using either micro-mirror device or 3-axis
micro motor stage.84
Stereolithography allows rapid and complex fabrication with micrometer-scale resolution, and has been
vastly used for tissue engineering applications. However, the technique is only capable of using photosensitive materials, and UV exposure usually causes
damage to the embedded cells.
Newly-Developed Cell Printing Techniques
There are numerous cell printing techniques that
have been invented and improved for tissue engineering applications, however, researchers constantly develop novel cell printing techniques to overcome
limitations of current methodologies and to expand its
potential in bio-related ﬁelds. Most of newly-developed techniques are variations or combinations of
existing technologies, thus fall into categories mentioned above. A few examples of the most recent
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developments will be introduced in the following
paragraphs.
Hinton et al. developed a novel printing technique
using suspended hydrogel as a supporting material for
3-D extrusion printing.34 In their method, bioink extruded from the print head was injected within a secondary thermos-reversible hydrogel bath. This bath
contained suspended hydrogel (gelatin slurry in this
case), that provides biocompatible support for injected
bioink. 3-D structure was built through a layer-bylayer approach and, when completed, was released by
increasing temperature to 37C and melting the gelatin
slurry. The secondary supporting gel can be supplemented with crosslinking materials. For example,
thrombin was added to the bath for ﬁbrinogen printing. They successfully fabricated complex 3-D constructs such as bifurcated tube, embryonic heart
model, and human brain model using alginate, ﬁbrinogen, collagen, and matrigel with resolution of
~200 lm. During the procedure, the entire structure
was immersed in the hydrogel bath and no harsh
chemicals used. The hydrated and buffered slurry bath
prevents loss of moisture and other harsh situations,
which can damage cells during the fabrication process.
Co-axial extrusion technique is another novel
printing method that has been actively investigated
lately.9,24,100 Co-axial extrusion is an application of
micro-extrusion printing. The print head consists of
two needles, small internal needle and larger external
needle in co-axial position. Various ﬁber structures can
be fabricated by utilizing different materials for
external and internal needles. Alginate ﬁlaments with
built-in microchannel inside were created by using a
co-axial nozzle.24 In their experiments, alginate or
alginate-cell mixture was printed via external needle,
and crosslinking solution (CaCl2) was extruded via
internal needle, resulting a ﬁlament structure with
outer alginate layer and CaCl2 liquid inside. The ﬁlaments were printed into CaCl2 liquid reservoir for
instantaneous solidiﬁcation of outer alginate layer. The
resolution can be adjusted by controlling concentration and crosslinking densities of hydrogel precursor
polymers as well as injection speed. The printed ﬁlaments with hollow tube structure allows perfusion
through the inside microchannel, thus provide better
nutrient delivery for long-term tissue survival and
maturation. This approach has a great potential to
address vascularization issue in tissue engineering,
since endothelial cell seeding and dynamic perfusion
can be easily achieved using the embedded
microchannels.
Yu et al. utilized two types of extrusion nozzles for
scale-up tissue fabrication: a co-axial nozzle for
printing tubular vasculature; and a traditional micronozzle for printing tissue strands with cell aggre-

gates.100 Two units of cell printing platform were used
to simultaneously control printing processes of two
distinct materials. The tubular strands for vasculature
were printed in a continuous single luminal form for
the ease of later perfusion. The tissue strands ﬁlled the
space between vascular channels, thereby created a
tissue assembly with perfusable vascular channels. 3-D
multilayered scaffold was fabricated by using co-axial
printing of alginate solution. The coaxial extruder allows forming gel ﬁbers that can be layered according to
pre-designed 3-D structure. Resolution can be adjusted
by controlling concentration and crosslinking densities
of hydrogel precursor polymers.
In another research, printing of two diﬀerent
bioinks through single print head has been demonstrated by utilizing microﬂuidic platform incorporated
in a cell printing system.9 This printing approach enables multi-material deposition with high resolution
using single extruder print head, thus increases the
versatility of cell printing technology for the fabrication of complex heterogeneous structures. The extruded strands consisted of two bioinks that touch
each other but do not mix together. In the cross-section of the printed strands, each bioink ﬁlled half of the
strand, showing clear semicircle form with a clear
boundary line.

BIOMATERIALS FOR CELL PRINTING
Cell printing technology can be easily applied to
create any cellular patterns to study cell–cell interactions (Fig. 2a). The printed cellular patterns can be
also utilized to develop experimental models for
investigating cell-scaffold interactions or cell-soluble
factor interactions. The technology also allows efﬁcient generation of 3-D organoid culture by printing
high-density cells to allow later cell fusion (Fig. 2b).
These micro-tissue models, mimicking the complex
cell–cell interactions of the in vivo tissues, can be used
for basic biology studies as well as high-throughput
drug screening. The real power of the cell printing
technology, however, is its ability to create 3-D tissue
structures which contain various cells and matrix to
mimic the native tissues (Fig. 2c). Besides a cell
compatible dispensing technology, successful implementation of bioprinting relies heavily on the integration with compatible biomaterials (scaffold
materials) that are responsible for supporting the
cellular components during and after bio-fabrication,
and that are also compatible with the cell printing
devices. Currently, there is no ideal material specialized for the purpose of cell printing. Most cell
printing applications adapt the same biomaterials
used in traditional bioengineering,80 and sometimes
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FIGURE 2. Applications of cell printing: (a) pattern the cell–cell interactions;21 (b) generate cell spheroids to induce cell fusion for
organoid culture;39 (c) create 3-D tissue construct by integrating biomaterial hydrogels.53

combine them in order to achieve the desired
crosslinking and mechanical properties.
With regard to the choice of materials for cell
printing, one needs to consider numerous factors such
as printability, rheological properties, polymerization
mechanisms, cytotoxicity, and the material’s compatibility with the printer that will be used. These factors
limit options for biomaterials. The biomaterials currently used for cell printing generally fall into two
primary categories: (i) curable polymers that form
mechanically robust scaﬀolds after solidiﬁcation, and
(ii) soft hydrogels that provide better microenvironment for residing cells. The curable polymers generally
involve a use of harsh polymerization conditions, thus
cells need to be seeded after fabrication and washing
steps. Soft hydrogels are cytocompatible in most cases,
but do not have the same level of mechanical properties as curable polymers. The characteristic properties
of printing materials, such as melting points,
mechanical properties, and available chemical modiﬁcations, and polymerization mechanisms determine the
material printability and eventually the quality of
resulting products.
Hydrogel is the primarily-used biomaterials for live
cell printing.63 Hydrogels are composed of polymer or
peptide chains. Hydrogels are printed in a liquid precursor form, and then cross-linked to form a solidiﬁed
macromolecular network. There are two major categories for hydrogel classiﬁcation: (i) synthetic hydrogels, which exploits polymers that are synthesized in

the laboratory, and (ii) naturally-derived hydrogels,
which are collected/puriﬁed from natural sources and
are often further manipulated in the laboratory.
To be considered as cytocompatible materials, these
hydrogels should not induce damages on cells, and
should provide cell-binding motif to allow cell adherence. Except the stiﬀest tissue, hydrogels can recapitulate a range of elastic modulus through manipulation
of chemistry, crosslinking density, and polymer concentration, thus mimicking the elastic moduli of most
the soft tissues in the body. Processing techniques to
generate crosslinking reactions can be designed to be
non-cytotoxic, allowing 3-D encapsulation of cells
within the hydrogel polymer networks at the time of
gelation. Because no single hydrogel can meet the
multiple requirements of the cell printing process,
several diﬀerent hydrogels can be combined as
a composite material to achieve the desired properties.95 For example, in one study, a bioink that combines the outstanding shear thinning properties of
nano-ﬁbrillated cellulose with the fast cross-linking
ability of alginate was formulated for the 3-D printing
of living soft tissue with cells. The shear thinning
behavior of the tested bioinks improved the printability and enable the construction of 3-D tissues.57
Polyethylene glycol (PEG)-based materials, such as
PEG diacrylate (PEGDA) or polyacrylamide (PAAm)
gel, are the most commonly used synthetic hydrogels
for the purpose of cell printing. In general, synthetic
hydrogels have advantages on ﬁne-tuning of gel
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properties by adjusting molecular weights, molecular
distributions, and crosslinking densities. However, due
to the lack of bioactivity through naturally occurring
peptide sequences or conformational motifs, PEGbased materials require additional modiﬁcations to
establish cell-material interactions that can support
biocompatibility and the integration of cells and tissues. In addition, although PEGDA hydrogels are
easily crosslinkable via UV exposure and their
mechanical properties can be tuned to match various
tissue stiffness, the materials are usually very brittle,
thus it is very difﬁcult to handle the materials surgically for clinical translation.
Naturally-derived hydrogels commonly utilized for
cell printing include collagen, ﬁbrin, alginate, and
Matrigel.29,70,78 The natural hydrogels have less room
for the control of physical properties, but often have
an innate bioactivity, which supports cell and tissue
integration and biocompatibility.1 To crosslink the
hydrogel after printing, use of non-cytotoxic
crosslinking method is especially desired. One example
is gentle photon-initiated reaction used for PEG-based
hydrogels but this may not work for some of the natural derived hydrogels. Recently, new photochemistry
methods have been developed to modify the natural
derived hydrogels such as methacrylated gelatin (GelMA) or hyaluronic acid (HA) so that they can be
photo-crosslinkable after printing to initiate phase
change and form 3-D structures.4,82
Regardless of advantages and disadvantages of
these hydrogels, neither the synthetic or naturally
derived hydrogels can properly replicate the complex
composition and architectures of native ECM. This
issue prevents the reconstitution of the intrinsic cellular
morphologies and functions. Common methods used
to overcome this problem include chemical modiﬁcations and creating mixture of multiple hydrogels. As
mentioned above, synthetic gels have advantages on
ﬁne-tuning the mechanical, chemical, physical properties. The biological features are often achieved by the
conjugation of functional components to the base
hydrogel materials. However, ﬁnding optimal properties is challenging because it varies largely depending
on the ECM features of target tissue, cell types, and
post-printing culture environment. Rutz et al. established a versatile method to create tunable bioinks that
permit adjustments of the mechanical, chemical,
physical, and biological properties of resulting structures.75 They demonstrated 35 formulations of bioinks
in order to optimize structural and biological performance while maintaining printability. These bioinks
consist of varying materials (PEG, gelatin, and/or
ﬁbrinogen), and can be customized with regard to
composition, polymer concentration, and crosslinking
densities.

Another research group used a blend of alginate
(calcium crosslinking) and GelMA (photo-polymerization) to develop a low-viscosity bioink for multimaterial deposition.9 In general, low-viscosity materials provides better environments for cell proliferation
and tissue maturation, as cells can degrade the surrounding matrix more easily and have more access to
biological interactions. However, low-viscosity materials often fail to support structural integrity during
printing procedure, thus it is challenging to secure the
printability of these materials while providing appropriate mechanical supports. The bioink mixture that
consists of alginate, GelMA, photoinitiator, and cells,
was injected into the calcium crosslinking solution
using co-axial needle extrusion platform. The bioink
was extruded via internal needle, while CaCl2 solution
was dispensed via external needle. Physically crosslinked alginate can support low concentration GelMA
without collapsing during fabrication process. After
printing, GelMA with embedded microﬁbers was
crosslinked by UV exposure. These modiﬁcation and
mixing approaches allows improving the printability of
bioink and to provide better functional and architectural features, therefore, to enable the formation of
complex heterogeneous structures aimed to meet the
requirements of desire tissues.
Decellularized matrix components have been recently suggested as a new type of bioink, as it allows
compensating for the lack of functionality to a certain
extent. Pati et al. introduced a bioprinting method that
utilizes decellularized extracellular matrix (dECM)
bioink to construct tissue structures.72 Using this
method, various tissue-speciﬁc bioprinted structures
such as adipose, cartilage and heart tissues have been
created, demonstrating the versatility of the tissuespeciﬁc dECM bioinks. The dECM bioink is capable
of providing essential cues for cells engraftment, survival and long-term revelation of biological functions.
The results bioprinting with dECM bioinks demonstrated high cell viability and functionality of the
printed tissue.71,72
Besides synthetic and natural-derived bioink, cellaggregates such as tissue spheroids, cell pellets or tissue
strands can also be printed. Tissue spheroids can be
considered as ‘‘living materials’’ with certain measurable, evolving and potentially controllable material
properties. Three-dimensional functional living macrotissues and organ constructs can be constructed using
tissue spheroids as building blocks. Closely placed tissue
spheroids undergo tissue fusion: a process that represents a fundamental biological and biophysical principle
of developmental biology-inspired directed tissue selfassembly.61 The mechanical properties of tissue spheroids can vary greatly depending on cell/tissue type,
seeding density, scaffold materials, culture period, and
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spheroid size. In general, it is challenging to stack
spherical shape of spheroids without using ‘glue’ materials. Hydrogels are commonly used as glue or scaffold
materials for successful embedment of tissue spheroids
within 3-D constructs. The pace of spheroid fusion
highly depends on tissue type, mechanical properties of
spheroids, glue materials, and culture condition. The
fusion or integration may take several days to several
weeks.61
Developments of novel printing materials also
inﬂuence on the invention of novel cell printing techniques. Typical 3-D cell printing technologies relies on
a layer-by-layer stacking approach of a planar pattern
(on x–y plane), due to printing mechanism or material
limitations. Print head that can freely move on all three
x–y–z axis may reduce total printing time, improve
biocompatibility during procedure, and allow fabrication of more complex structure. As mentioned above,
Hinton et al. developed a novel printing technology to
achieve the free movement of print head in 3-D
space.34 It was accomplished by changing physical
state of traditional hydrogel material (from solid gel or
liquid state to suspended ‘‘slurry’’ state). Other
approaches have been introduced to achieve same goal
by resolving limitations of bioink.33 Highley et al.
developed a cell printing approach in which shearthinning hydrogel bioink was directly printed into selfhealing supporting hydrogels. Both hydrogels are
based on modiﬁed hyaluronic acid (HA) conjugated
with adamantane (bioink) or b-cyclodextrin (supporting gel). The self-healing support gel is deformed when
extruder needle was inserted for shear-thinning bioink
injection. Then, the support gel rapidly recovers
around the injected bioink, resulting stably-retained 3D printed structure at high resolution (~35 lm) within
the supporting gel. With further HA modiﬁcation with
methacrylates and additional photo-polymerization
process, self-supporting 3-D constructs or hydrogel
structure with embedded microchannels can be fabricated using this approach.

3-D PRINTED LIVE TISSUE ANALOGS
3-D cell printing, with its ability to precisely control
the geometrical localization of the cells and biomaterials, is especially powerful to create complex 3-D tissue structures. Although there is a lot of work to be
done to accomplish a complete fabrication of fully
functional human-sized organs, there has been a great
progress in generating simpliﬁed tissues in smaller scale
to mimic the native tissues such as bone, cartilage,
skin, and blood vessel. 3-D printed tissue models are
valuable in a variety of applications such as tissue
regeneration, pathology modeling, drug development,

AND

G. DAI

and high-throughput screening. Here we will present
some examples of printed live tissues, focusing on the
fabrication methods, employed biomaterials, and biological outcomes.
3-D Tumor Model
3-D cell printing allows the direct assembly of cells
and extracellular matrix to form 3-D tissue models,
which are extremely useful for the understanding of
basic biology in 3-D environment, as well as for high
throughput drug screening. For example, cancer
research mostly relies on animal models. While these
in vivo models are extremely important, there are signiﬁcant difference in terms of cancer biology and
immunology between human and mice. Therefore,
many drugs that work in mice never work in human.
Besides, animal models are expensive and the discovery
process is very long. Use of the 3-D humanized tumor
model derived from individual patient, therefore, offers the tremendous opportunity to advance this ﬁeld
by signiﬁcantly lower the cost and shorten the time
frame of drug discovery. Recently, 3-D cell printing
was used to create an in vitro cervical tumor model.102
In this study, HeLa cells and gelatin/alginate/ﬁbrinogen hydrogels were used in 3-D printing to create the
tumor models (Fig. 3a), demonstrating >90% viability. It was demonstrated that there are signiﬁcant difference between the 2-D and 3-D tumor model. In 3-D
printed model, the cells proliferate faster and form
cellular spheroids, in comparison to 2-D culture. 3-D
printed models also showed higher MMP protein
expression and higher resistant to chemotherapy than
those in 2D culture. These results indicates the value of
the 3-D printing in creating the tumor models, and its
clinical signiﬁcance in drug discovery.
Bone
There are extensive studies of using 3-D printed
bone scaﬀolds without cells, such as incorporating
osteogenic factors (e.g., bone morphogenic proteins) in
3-D printed scaﬀolds, and development of osteoinductive 3-D scaﬀolds.54 However, large-size bone defects hardly heal without cell delivery, thus introducing
cells within the scaffolds are necessary. Bone tissue
requires the strongest mechanical properties among
human tissues. Synthetic hydrogels such as poly(caprolactone) (PCL),90 polylactic acid and polyglycolic
acid (PLGA),47 biphasic calcium phosphate (BCP),85
tricalcium phosphate (TCP),88 or combinations of
these hydrogels8,92 have been utilized for bone tissue
engineering. Although collagen type I is a major
component of bone tissue ECM, collagen I is not a
popular scaffold material for bone tissue engineering38
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FIGURE 3. Examples of tissue constructs created by cell printing. (a) 3-D tumor models were created using HeLa Cells printed in
gelatin/alginate/fibrinogen hydrogels, shown here is the top view of 3D HeLa/hydrogel constructs on day 0, day 5 and day 8. Scale
bar, 5 mm.102 (b) A porous constructs containing osteogenic and endothelial progenitor cells were printed, shown here is the
printed graft: 10 3 20 3 1 mm3; (left) endothelial progenitor cell-laden Matrigel part, (right) multipotent stromal cell-laden Matrigel
part with added biphasic calcium phosphate.20 (c) Bioprinting a cartilage structure, combining inkjet printing with a poly(ethylene
glycol) dimethacrylate (PEGDMA) solution containing cells in suspension with a simultaneous photo-polymerization process.
(lower panel) Light microscopy image of cell-containing polyethylene hydrogel printed into a defect formed in an osteochondral
plug (scale bar, 2 mm).11 (d) 3-D structure of bioprinted multi-layered skin structure consists of fibroblasts layer and keratinocyte
layer, shown here is the volume rendered immunofluorescent images of multi-layered printing of skin.46 (e) Multi-scale vascular
network was created within 3-D hydrogel using cell printing. GFP–HUVECs were embedded within fibrin part for microvascularization. RFP–HUVECs were seeded on the two fluidic channels to form vasculature with mm-scale of lumen size.49 (f) Bioprinting of
heart valve conduit with encapsulation of human aortic interstitial cells within the leaflets: (left) heart valve model designed by
Solidworks, (right) printed valve conduit.18 (g) Multicellular spheroids assembled into tubular structures, shown here is the fused
branched construct after 6 days of deposition.66
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because its mechanical strength is not as good as synthetic hydrogels. Most of the scaffold materials utilized
for bone tissue printing are in high concentration and
highly-viscous. For this reason, extrusion printing
technique is often chosen as a fabrication method.
Sintering-based techniques are also popular for scaffolds with even higher mechanical properties.6,54 To
promote bone formation, Osteoblasts47,85,88 and mesenchymal stem cells (MSCs)8,92 can be embedded
within the scaffolds during printing procedure or seeded on the scaffold surfaces. Growth factors such as
BMP-247,85 and VEGF are also commonly incorporated with the scaffolds to enhance bone formation
and bone angiogenesis.6
In an in vivo study, highly porous BCP bone implants were fabricated using 3-D printing and ectopically implanted in the back of rats. The incorporation
of osteoblasts seeding and BMP-2 encapsulation created a synergic effect and enhanced bone formation.85
In another study using hBMSCs (human bone marrow
MSCs), 3-D-printed b-TCP/PLGA scaffolds with
bBMSCs seeding were implanted subcutaneously into
nude mice for 6 weeks. The results demonstrated that
biomechanical stiffness, radiological densities, and
bone ECM accumulation were signiﬁcantly enhanced
after 6 weeks.92
Anatomically shaped PCL scaﬀolds with varying
porosities were fabricated based on medical imaging
data, then used to support the induction of seeded
human adipose-derived stem cells to form vascularized
bone to repair mandibular and maxillary bone
defects.90 The ﬁndings of this study illustrate the
potential of 3-D cell printing technology in engineering
autologous, anatomically-shaped bone grafts, which
can match the actual defect of patients.
To improve the functionality of the bioprinted
structures, multiple cell types can be included in the
printing process. In one study, porous constructs
containing embedded osteogenic and endothelial progenitor cells were printed together (Fig. 3b). Functional osteogenic and endothelial progenitor cells with
proper spatial organization were observed within the
printed grafts after subcutaneous implantation in immune-deﬁcient mice. It was demonstrated that cell
differentiation leading to the expected tissue formation
occurs at the site of the deposited progenitor cell type.
While perfused blood vessels were formed in the
endothelial progenitor cell-laden part of the constructs,
bone formation was taking place in the multipotent
stromal cell-laden part of the printed grafts.20
Cartilage
Cartilage is aneural, avascular tissue with zonal
structure. Articular cartilage shows heterogeneous tis-
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sue compositions that vary in diﬀerent regions, which
diﬀers in cell density, morphology, glycosaminoglycan
contents, biosynthetic activities, and mechanical
properties. The ability to generate precise spatial patterns is one of the advantages of 3-D printing, and can
be applied to create zonal gradient of cartilage tissue.
It can be achieved by controlling the each printing
layer with varying biomaterial properties and cell
types. The feasibility of fabricating anatomic cartilage
structures was demonstrated by delivering chondrocytes and PEGDA to the precise 3-D locations for
mimicking diﬀerent zone structures of articular cartilage (Fig. 3c).11,12,14,25,26
3-D ﬁber deposition of PCL- or PEG-based materials was utilized to create cell-laden, heterogeneous
hydrogel constructs for potential use as osteochondral
grafts.11,12,14,20,25,26,51,87 Scaffolds with varying porosity and elastic modulus were yielded by changing ﬁber
spacing or angle of ﬁber deposition. Human chondrocytes and osteogenic progenitors were incorporated
within different zone regions to mimic the osteochondral tissue structure.19
Mesenchymal stem cells have also been introduced
in the 3-D bioprinted construct for cartilage tissue
engineering. A composite of poly-e-caprolactone and
hyaluronic acid (HA) was fabricated and seeded with
human bone marrow stem cells (hMSCs). An overlaying layer of poly(ethylene glycol)-based hydrogel
encapsulating hMSCs or hMSC-derived chondrocytes
was molded into anatomic shape. After 6 weeks of
subcutaneous implantation in athymic rats, hMSCs
generated substantially more angiogenesis, whereas the
hMSC-derived progenies yielded more mineralized
tissue in micro-channels and glycosaminoglycan matrix in the cartilage-like layer.51
In addition to physical distinctions between different zones, a biochemical gradient can be incorporated by printing nanoliter droplets encapsulating
human MSCs, bone morphogenetic protein 2 (BMP2), and transforming growth factor beta1 (TGF-b1).
The addition of growth factors enables to more
closely mimic an anisotropic biomimetic ﬁbrocartilage microenvironment. The resulting printed tissue
constructs displayed multiphasic anisotropy of the
incorporated biochemical factors. This leads to
simultaneous diﬀerentiation of MSC populations
into osteogenic phenotype and chondrogenic phenotype.32
In order to create geometrically-reliable patientspeciﬁc cartilage tissues, imaging techniques such as
MRI or micro CT has been combined with 3-D cell
printing. In a study, 3-D printed mold was created
using MRI and micro CT images and alginate scaﬀolds
with meniscus cells were injected to fabricate a geometrically-accurate meniscus disc.2,35

Printing of Three-Dimensional Tissue Analogs for Regenerative Medicine

Skin
In skin tissue engineering, unlike traditional strategies,
3-D cell printing of skin takes into consideration of the
subtle cell–cell interactions as well as cell–matrix interactions and precise cell layer positioning. Thus, 3-D cell
printing could potentially have better performance than
the traditional methods. Collagen I, ﬁbrin, and commercially-available acellular dermal substitute (such as
Matriderm) are some examples of popular scaﬀold
materials for skin tissue engineering. Most of skin printing approaches incorporate keratinocytes, ﬁbroblasts,
and/or stem cell-derived skin cells.5,43,44,46,53,54,58,81
Recently, Lee et al. created a 3-D printed skin tissue
constructs using an inkjet-based bioprinter. Collagen I,
keratinocytes, and ﬁbroblasts were printed in a layerby-layer manner, mimicking multi-layer structure of
skin tissue (Fig. 3d). Followed by 2 weeks of air–liquid
interface culture, the printed skin presented a multilayer structure of dermis and epidermis.46,53
Koch et al. used a laser-assisted cell printing technique
to fabricate 3-D skin grafts consists of collagen, ﬁbroblasts, and keratinocytes.44 The formation of the basement
membrane and intercellular junctions was observed after
in vitro culture. The engineered skin tissue was subsequently tested in vivo, employing the dorsal skin chamber
in nude mice. The printed keratinocytes formed a properly-differentiated multi-layered epidermis with stratum
corneum. In the mice, some blood vessels were found to
grow from the wound sites in direction towards the
printed cells, suggesting an integration of the bioprinted
skin with the host tissue.58

Vascular
The vascularization of tissue constructs is crucial for
survival of thick human-sized tissue or organ. However, the integration of vessels or vessel-like structures
within tissue-engineered constructs still remains a major challenge. Cell printing-based approaches for
solving this issues utilize sacriﬁcial/fugitive materials3,48,50,59 or construct free-standing tubular structure66 to create hollow channels. The channels can
later be seeded with endothelial cells, remodeled into
endothelial tubes over culture period. Norotte et al.
have used bioprinting to print cell aggregates in a
scaffold-free substrate to form branched vessels
(Fig. 3g) and have demonstrated that the cells will remodel and form a construct similar to a blood vessel.66
Another study used 3-D bioprinting to create vessellike constructs using hyaluronan hydrogels crosslinked with tetrahedral polyethylene glycol tetracrylates.83
Both inkjet and laser printing have been employed
to print vascular cells in hydrogels to form vascular

like patterns. In one study, micron-sized ﬁbrin channels were fabricated using a drop-on-demand polymerization. Human microvascular endothelial cells
were printed in conjunction with the ﬁbrin, and the
cells aligned themselves inside the channels and proliferated to form conﬂuent linings.10 In another study,
the biological laser printing was used to fabricate
branch structures of human umbilical vein endothelial
cells (HUVEC) and smooth muscle cells.94
New materials and novel cell printing techniques
have been continuously developed in order to address
the vascularization issue. Miller et al. developed an
extrusion printing technology that can dispense rigid 3D ﬁlament networks of carbohydrate glass. Cell-laden
soft hydrogels were subsequently casted to form thick
tissues in millimeters- to centimeters-scale. The carbohydrate glass ﬁber served as a sacriﬁcial template
and was dissolved by buffer solutions or culture medium later, resulting perfusable inter-connected channel
networks. The channels with endothelial cell seeding
were perfused with blood under high-pressure pulsatile
ﬂow. The perfused vascular channels sustained the
metabolic function of hepatocytes in the vascularized
tissue constructs.59
In another proof-of-concept research, bio-printed
agarose ﬁbers were used as a sacriﬁcial material to crease
microchannel networks for vascularization.3 2–8% of
agarose gel was printed using Organovo extrusion
printer at 80C to create microchannels in a 2-D planar
orientation or in 3-D lattice architectures. The diameters
of microchannels ranged from ~150 to ~1000 lm. Photo-polymerizable hydrogels (GelMA, SPELA, PEGDMA, and PEGDA; with or without cells embedded)
were casted to fully cover the agarose ﬁbers, and then
crosslinked by UV light. The agarose ﬁbers are individually removed with a light vacuum or manual pulling.
MC3T3 cell-embedded hydrogel with channels presented higher viability and ALP activity level than one
without microchannels after 7–14 days of culture.
Perfusable microchannels can be eﬃciently created
by this method without template dissolution or use of
harsh chemicals using Bertassoni’s method.3 Other
types of hydrogel (pH-sensitive, chemically-crosslinkable) can be used as surrounding hydrogels, since
photo-polymerization has a limitation of UV length
for gel constructs with larger dimensions. In their
approach, the agarose ﬁbers need to be removed
individually and it may be an obstacle for fabrication
of more complex closed-loop network. Although this
proof-of-concept research presented a potential of
perfusable live tissue fabrication, an actual dynamic
perfusion has not been shown in the study.
Newly-developed bioinks with encapsulated HUVEC was deposited using co-axial needle extrusion
system.9 The cells migrated to outer regions of the
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printed ﬁbers and formed EC monolayer-covered
channels after 10 days of culture. After printing this
pre-vascularized structure with endothelial cells, cardiomyocytes were seeded on the surface of the structure. The 3-D HUVEC scaffold supported
cardiomyocyte beating, showing its applications for
other cell/tissue type.
The vascular printing methods mentioned above
presented great results in maintaining tissue viability
and representing certain tissue functions. However,
integrating vascular hierarchical structures spanning
from arteries down to capillaries has been challenging.
Lee et al. suggested a cell printing methodology to ﬁrst
create larger vascular channels (0.5–1 mm),48,52,53,69,101
and then, to create adjacent capillary network through
a natural maturation process (Fig. 3e). This printing
approach provides a feasible solution to connect the
capillary network to the large perfused vascular
channels. In the model, microvascular bed was formed
in between two large ﬂuidic vessels, and then connected
to the vessels by angiogenic sprouting from the large
channel edge.49
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geometry, 3-D printing has a particular advantage in
making the anatomically correct cardiac valves tailored for individual patient. Because cardiac valve
tissue needs strong mechanical properties for proper
function, only biomaterials that have adequate
strength can be used. For this type of biomaterials,
micro-extrusion bioprinters is often used to create
cardiac valve structures (Fig. 3f).17,35 Duan et al.
applied an extrusion-based bioprinting technology into
the construction of tri-leaﬂet heart valve conduit,
composed of hybrid hydrogel of hyaluronic acid and
gelatin and human aortic valve interstitial cells.18 The
printed tri-leaﬂet heart valve conduit is highly viable
and demonstrates great potential for remodeling at
7 days. Subsequent study fabricated an anatomically
complex living aortic valve conduit using alginate/gelatin hydrogel containing aortic root sinus smooth
muscle cells and aortic valve interstitial cells. These
studies demonstrated the possibility that cellularized
tissue valves can be created using the bioprinting
technology for eventual clinical use.17,18
In Situ Bioprinting For Clinical Application

Cardiac Tissue
There is very little success in 3-D cell printing for
cardiac tissue regeneration due to many signiﬁcant
technical and biological challenges. In one study,
HUVEC and MSC were patterned on a polyester-urethane-urea cardiac patch fabricated using the laser
induced cell printing technique. The patches were
transplanted to the infarction zone of rat heart,
resulting increased vessel formation and integration of
the transplanted human cells into the connected vessels
of the host vascular system.21 For the purpose of
myocardical tissue repair, Gaetani et al. bioprinted 3D structures that contain a mixture of human cardiomyocyte progenitor cells (hCMPC) and alginate
hydrogel. In their in vivo study, the printed cells retained their commitment for the cardiac lineage and
expressed the genes of the early cardiac transcription
factors.22 In their subsequent study, 3-D bioprinted
cardiac patches were fabricated using hCMPC and a
hyaluronic acid/gelatin-base matrix and applied on
in vivo model for the evaluation and its therapeutic
potential. The application of the patch induced a signiﬁcant reduction in faulty remodeling, preserved
cardiac performances, and supported the long-term
in vivo survival and implantation of hCMPCs.23
Cardiac Valve
With the frequent damage associated with various
pathological conditions, there is great need to develop
tissue engineered cardiac valve. Due to the complex

Besides building 3-D tissues in the lab for culturing,
cell printing technology can also be applied in clinical
situations.5,68,92 In situ bioprinting enables the fast
fabrication of thick tissue. With an aid of medical
imaging, the architecture of printed tissue can be designed to ﬁt into the defects. Various cells, hydrogels,
and soluble factors can be precisely deposited inside
defects with desire distributions. The direct printing of
tissue constructs into defect sites can minimize the gap
space between implant-host interfaces and provide
more deﬁned structural stability during the healing
process, thus eventually eliminate the need for preshaping or re-shaping the scaffold based on the defect
geometry. It also allows the growth of thick tissues in
critical defects with the help of vascularization driven
by nature in lesions, where patient’s body systems act
as a natural bioreactor. With appropriate chemical/
mechanical cues, the printed tissue can effectively recruit desired cell types from surrounding tissues, lessening a burden of cell source and supply issues.
In situ bioprinting of skin defects and calvaria defects have been tested in mouse model.41,80 Stem
cell-derived cells have been directly printed into the
large burn wounds on mouse using collagen and ﬁbrin
as scaffold materials, demonstrating the potential of
in situ skin printing as an effective treatment for largescale wounds and burns.80 In another preliminary
proof-of-concept study, nano-hydroxyapatite was directly printed into the mouse calvaria defects using
computer-assisted laser direct writing technology.41
The results showed the feasibility of in situ bioprinting
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and its potential applications for regeneration of various body sites, such as dermal wounds, calvarial or
craniofacial defects.

CURRENT ISSUES IN 3-D CELL PRINTING
TECHNOLOGY AND PERSPECTIVES
Cell printing technology has a great potential in 3-D
tissue engineering. Despite of extensive researches, the
tissue constructs created by current printing techniques
are relatively simple in terms of architectures, compositions, and biological functions. When it comes to
clinical or preclinical studies, 3-D printed tissues tend
to be further simpliﬁed and most studies are primarily
focusing in bone and tooth regeneration, all of which
are primarily hard materials. In this type of application, biomaterials can be printed at anatomical
geometry and implanted in vivo directly for further
remodeling or cells are seeded afterwards in vitro and
then implanted in vivo. For bioprinting of soft tissues
which contain live cells within the construct, it is still at
very early stage. Many obstacles need to be overcome
in order to broaden in vivo, in vitro, and clinical
applications of 3-D cell printing.
Each of the cell printing technologies has its own
strengths and limitations, thus it is important to ﬁnd
ideal applications for each printing technology. However, as the needs for more complex tissue fabrication
increases, the limitations in regard of resolution, speed,
biocompatibility, and reproducibility need be resolved
to meet the needs. One solution to overcome printerspeciﬁc disadvantages is to combine diﬀerent printing
technologies.27 For instance, both inkjet-based printing and micro-extrusion printing can be utilized for
printing of single tissue. Inkjet printer enables fast
fabrication of architectures in millimeter- or centimeter-scale. Micro-extrusion that requires longer printing
time can be used to construct micro-scale features of
the same tissue. This concept of integrating multiple
techniques can be expanded to handle different biomaterials with distinctive printing properties such as
viscosity, sensitivity to pressure (relevant to cell viability), or gelling mechanism.
Biomaterials, especially scaﬀold materials used to
support 3-D structure, play an essential role in cell
printing. However, current choice of printable materials is very limited and existing materials are not capable of fully mimicking the native ECM compositions,
which have complex combinations and gradients of
numerous ECM types. Therefore, it is crucial to develop new printable biomaterials that can (i) support
easy manipulation of structural/functional features by
cell printing technology, (ii) maintain structural integrity and cytocompatibility during gelation/

crosslinking and later tissue culture. Hard materials
without cell embedment are much more developed via
processing various polymer scaffolds. However, the
available materials for soft tissue bioprinting are very
limited. Current 3-D bioprinting of soft tissue uses
hydrogel materials such as collagen, ﬁbrin, PEG,
alginate, gelatin, hyaluronic acid, etc. The bioprinted
constructs from these hydrogel materials, however, are
very fragile and are not able to withstand the surgical
manipulation and high pulse pressure when implanted
in vivo. Therefore, developing biomaterial hydrogels
that can be printed together with live cells and at the
same time possesses adequate mechanical properties
(such as elasticity) for handling is critically needed.
From the basic science point of view, the understanding of the matrix environment in various tissues
needs to be improved. To do so, developments of
imaging methods will be required to map the physiological ECM components. In addition, there are also
needs for establishing methods to reproduce the ECM
compositions of native tissues, in order to mimic the
native ECM environments. It is also required to improve our understanding of the heterogeneous cell
types and their interactions within a speciﬁc tissue.
Obtaining proper cell types in quantity is another signiﬁcant issue in cell printing as well as in tissue engineering.
The preclinical and clinical applications of 3-D cell
printing are limited due to technical factors such as the
survival and directed diﬀerentiation of introduced
cells, the ﬁdelity of operating steps, and an insuﬃcient
rate of vascularization. 3-D printing has the potential
to create anatomically matched construct for individual patient. However, its application in clinical setting
is still at early stage. Especially for soft tissue bioprinting, the available biomaterials that are suitable for
handling are very limited. Recently, Dr. Atala’s group
has developed a new method to create human-scale
tissue constructs with mechanical stability by combining cell-laden hydrogels together with biodegradable polymers in integrated patterns. The polymer
provides mechanical support while the hydrogels provide cellular environment. Using this method,
anatomical shapes representing clinical imaging data
can be printed and the printing capability is demonstrated by fabricating mandible and calvarial bone,
cartilage and skeletal muscle.40 This hybrid method
may be a more practical approach to solve the problem
of mechanical fragility in soft tissue bioprinting before
better hydrogel materials are developed speciﬁcally for
this purpose.
Despite the obstacles, 3-D cell printing technology
would be a great help to translate regenerative medicine from lab discovery into the stage of practical
application, as it enables a rapid prototyping of pa-
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tient-speciﬁc tissues and also allows a more eﬃcient use
of given cells and other biomaterials. Tissue fabrication requires a large number of cells and this cell source
issue has been mentioned as one of major challenges in
tissue engineering and regenerative medicine. 3-D cell
printing may be the most eﬃcient technique for tissue
fabrication, since its capability of precise deposition
can economize the use of biomaterials. The multidisciplinary collaborations between biologists, bioengineers, and physicians will be required to meet these
needs and to further apply 3-D cell printing for the
ﬁeld of drug discovery and regenerative medicine.
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