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3D Tissue and Organ Printing—Hope and Reality

Assaf Shapira and Tal Dvir*

Three-dimensional (3D) bioprinting is an emerging, groundbreaking strategy
in tissue engineering, allowing the fabrication of living constructs with an
unprecedented degree of complexity and accuracy. While this technique
greatly facilitates the structuring of native tissue-like architectures, many
challenges still remain to be faced. In this review, the fruits of recent research
that demonstrate how advanced bioprinting technologies, together with
inspiring creativity, can be used to address these challenges are presented
and discussed. Next, the future of the field is discussed, in terms of expected
developments, as well as possible directions toward the realization of the
vision of fully functional, engineered tissues, and organs. Last, a few
hypothetical scenarios for the role 3D bioprinting may play in future tissue
engineering are depicted, with an emphasis on its impact on tomorrow’s
regenerative medicine.

1. Introduction

Since ancient times, humans have been fascinated by the
unimaginable complexity of living creatures. The orchestrated
function of multiple structures with incredible geometries ig-
nited the imagination of our ancestors, making them raise ex-
istential questions. The invention of the microscope further
enhanced this enthusiasm, revealing the existence of a new,
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concealed world of sophisticated, func-
tional, tiny bio-architectures. For medical
experts and clinicians, however, these obser-
vations were accepted with an ambivalent
feeling. On the one hand, they shed light on
the mechanisms that support life with far-
reaching implications on medical care. On
the other hand, they stressed the difficul-
ties one may face while trying to regenerate
such complicated, delicate systems. Never-
theless, the idea to artificially construct liv-
ing tissues, or even whole organs, has never
been abandoned, setting up the base for
the rising field of tissue engineering (TE).
The concept of TE is generally focused on
the construction of acellular or cellularized
patches that can be implanted alongside or
instead of a damaged tissue, leading to re-
generation of its hampered or lost function.

To achieve an optimal therapeutic effect, the engineered patch is
usually designed to mimic the native tissue in terms of the cel-
lular, biochemical, mechanical, and structural features.[1,2] While
numerous studies have demonstrated the feasibility of this con-
cept, in the vast majority of these cases the structure of the en-
gineered tissues is still considerably different from that of their
native counterparts. This can be largely attributed to the fact that
traditional fabrication methods do not provide an adequate capac-
ity to precisely control the spatial positioning of the building ma-
terials. Moreover, while some forms of basic biostructures can be
generated by spontaneous cellular organization processes, these
are very difficult to control and manipulate. Given the high com-
positional and structural complexity of living tissues, a fabrica-
tion method capable of precisely depositing different materials
and cells in pre-defined locations in the 3D space is highly desir-
able. This capacity was introduced with the development of tech-
niques for additive manufacturing (AM), commonly known as
“3D printing.”[3,4]

The “classic” AM/3D printing process can be described as a
procedure in which a 3D physical object is built, layer-by-layer,
on the basis of data from a computer-aided design (CAD).[4–6]

Traditionally used for the rapid prototyping of objects made of
industrial-grade plastic, glass, metal, ceramics, etc., the tech-
nique has recently been adopted and modified for the fabrication
of both acellular and cell-containing tissue-like structures made
of biocompatible, cell-friendly materials. This technology, termed
“3D bioprinting,” has revolutionized the field of TE by taking it
a step forward toward a new era in which the fabrication of com-
plex, composite bio-architectures is within reach.[7] Indeed, the
last years have been characterized by a massive burst of intrigu-
ing research and fascinating developments in this field. 3D bio-
printing techniques have been fine-tuned and refined so that they
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can now be used to deposit a growing diversity of meticulously
formulated biomaterials with unprecedented accuracy, without
compromising on the viability of encapsulated cells.[8–12] The fact
that 3D biofabricated tissue-like structures share more and more
features with their natural equivalents indicates the enormous
potential of the technology to bring us closer to the desired goal
of manufacturing functional replacement body parts. Neverthe-
less, there are still many challenges to overcome, some of which
relate to the printing technology itself, some to the structural and
supporting biomaterials, and some derive from the quality of the
biostructures to be printed. In this article, we briefly discuss sev-
eral of the prominent, recently published works in which inno-
vative approaches and advanced technologies were harnessed to
face some of these challenges. An emphasis is given to extru-
sion and photopolymerization-based fabrication strategies that
allow structuring with an exceptional degree of complexity and
accuracy.[12,13] After a short review of the state of the art, we bring
our own insights and vision for the near- and far-future of 3D bio-
printing and its foreseen impact on research and clinical practice.

2. Facing the Challenges

3D bioprinting techniques are based on similar principles to con-
ventional AM approaches, for example, extrusion, inkjet, and
light-based printing (which includes stereolithography (SLA),
two-photon polymerization (2PP), and laser-assisted printing
(LAP)). These techniques, however, have undergone modifica-
tions and adaptations dictated by the nature of the building ma-
terials, incorporated cells, and working environment.[9] That is
to say that the processes should be gentle enough so as not to in-
volve any steps that expose delicate printing materials and loaded
biofactors to conditions that may adversely affect their quality.
Things get much more complicated, though, when living cells
are present in the formulation (referred to as a “bioink”[14]). In
these cases, the process becomes even less forgiving, forcing the
user to work in a very narrow range of conditions. Last, to all of
these restraints is joined the challenge of performing the process
under sterile conditions. While bioprinting processes are, by far,
less permissive than the more common, conventional AM tech-
niques, they are not less capable of endowing the user with ex-
traordinary creative liberty. To realize this power and bring it into
practice, however, one should take advantage of the unique capa-
bilities of the specific working platform, while at the same time
confronting its challenges. By integrating biology with excellent
engineering, leading research groups have creatively used ad-
vanced, customized 3D bioprinting techniques to define the cut-
ting edge of engineered tissues and biostructures. We have cate-
gorized these recent works according to the way they addressed
three main challenges in the field: the complexity of the fabri-
cated structure, the accuracy of the printing, and the speed of the
process.

2.1. Making It Complex

Most of the work published during the earliest years of TE was
based on the fabrication of homogenous, porous scaffolds with
simple geometries. These scaffolds were either acellular or con-
tained unpatterned cells.[15] While this was acceptable at the time

as a proof of concept, the design of modern engineered bio-
constructs has evolved to better reflect the complex composi-
tion and architecture of native tissues.[16] A special emphasis was
given to the multiplicity of biomolecules and cell types, the spa-
tial arrangement of which is crucial for proper physiological func-
tion. An intuitive example in this regard is the human skin, where
the proper function depends on a particular arrangement of dis-
tinct layers, each dominated by a specific type of cells.[17–19] Re-
cent advances in mechanical and material engineering have led
to the accelerated development of extrusion-based 3D bioprint-
ers. These can be loaded with a wide variety of materials and
cells, which, when forced out through a printhead nozzle, form a
continuous strand.[13,20] When precisely deposited in pre-defined
positions according to a meticulously planned digital design, het-
erogeneous, composite, tissue-like structures can be fabricated.[8]

An example of a unique method for fabricating such structures
has been presented by Liu et al.[21] In this study, the authors devel-
oped a 3D bioprinter capable of fabricating structures with high
compositional complexity using a single printhead. The printer,
which consisted of a bundle of seven thin capillaries individually
connected to unique bioink reservoirs, enabled the extrusion of
multiple bioinks in a fast and continuous manner. In an impres-
sive eye-catching demonstration, cellular and acellular, sophisti-
cated, planar, and 3D patterns were printed using both individual
and simultaneous bioink injection modes (Figure 1A–G). Impor-
tantly, the constructs were fabricated at a speed that is up to 15
times faster than that which is achieved when printing using ex-
isting nozzle-based platforms without compromising either ac-
curacy or cell viability. Shape fidelity was degraded to some ex-
tent, though, as a result of partial collapse of large multi-layered
structures. With printing resolution of 100–200 µm and the abil-
ity to generate gradient structures that mimic those occurring in
natural tissues, this bioprinting strategy is definitely an interest-
ing choice for complex, multimaterial 3D structuring.[21]

In addition to material and cell heterogeneity, another basic
feature of higher organisms is the presence of a vascular sys-
tem that ensures a constant supply of oxygen and nutrients and
removal of waste from each and every cell in the body. As a
requirement for the survival of cells in 3D structures, where
the rate of diffusive transport into the core of the bulk is in-
sufficient, vascularization has become a major aim for tissue
engineers.[22] Endothelial cells, seeded in engineered tissues, can
spontaneously organize into vessel-like structures that are able to
anastomize with the host. Nevertheless, this process is relatively
slow and cannot keep pace with the metabolic requirements of
newly implanted tissue.[23] For this reason, the strategy of gen-
erating pre-vascularized engineered tissues that can be rapidly
perfused upon completion of the fabrication process has gained
popularity. The last decade has been characterized by an abun-
dance of publications in which different concepts were applied
to accomplish this goal.[22,24–26] One common fabrication strat-
egy is to use fugitive/sacrificial materials, such as Pluronic F127,
gelatin, and carbohydrates, that temporarily define and support
the structure of the printed vessel network within the engineered,
surrounding parenchyma. Upon completion of the fabrication
process, the structure is cured while the sacrificial material is dis-
carded. This process generates voids that can be perfused with
oxygen and nutrient-rich cell-media throughout the whole vol-
ume of the construct.[27,28] A distinguished work that elegantly
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Figure 1. Printing of complex structures. Continuous multimaterial extrusion bioprinter. A) Schematic illustration of the mutimaterial printhead and
a photograph of a printed microfiber. B) Human organ-like structures bioprinted using multiple bioinks. Lower panel: C) A macroscopic image of a
multicomponent heart-like structure loaded with fluorescent microbeads and D–G) microscopic images of junction regions showing coexistence of
differently pre-labeled embedded cells. Adapted with permission.[21] Copyright 2016, Wiley-VCH. Sacrificial writing into functional tissue (SWIFT). H)
Process illustration. I) viability staining showing improved cell survival in channeled, perfused tissue (right) versus non-channeled tissue (left). Scale
bars: 500 µm. J) The left anterior descending (LAD) artery together with diagonal and septal branches were printed into septal-anterior wall wedge
of cardiac tissue matrix (right), with structural data derived from a 3D CAD model downloaded from the NIH 3D Print Exchange (left). Adapted with
permission.[29] Copyright 2019, AAAS. A 3D printed vascularized proximal tubule model. K) Model design. L) Printing of several model architectures with
an increasing degree of complexity (Scale bar: 10 mm). M,N) Immunofluorescence staining of a cellularized printed tissue stained for Na+/K+ ATPase
(Green, in proximal tubule lined with epithelial cells), CD31 (Red, in vascular channel lined with endothelial cells) and nuclei (Blue). Scale bars: 1 mm in
(M), 100 µm in inset, and in (N). Reproduced with permission.[31] Copyright 2019, National Academy of Sciences. Biofabrication of mechanically stable,
human-scale tissue constructs using integrated tissue-organ printer (ITOP). O) Illustration of the ITOP system designed to deliver multiple cell-laden
hydrogels, supporting PCL and sacrificial Pluronic-F127 and P) the basic patterning of a printed 3D architecture. Q) A representative 3D bioprinting
process from the data acquisition stage to a fabricated, engineered tissue product. Reproduced with permission.[32] Copyright 2016, Springer Nature.
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demonstrated such a strategy was recently published by Lewis
and co-workers.[29] In this work, the authors developed a bioman-
ufacturing method referred to as “SWIFT” (sacrificial writing
into functional tissue). At the core of this strategy, induced
pluripotent stem cell (iPSC)-derived organoids are grown and
harvested to generate organ-specific building blocks. These are
then mixed with extracellular matrix (ECM) solution and com-
pacted to yield a densely cellular, granular matrix. Next, a gelatin-
based sacrificial ink is deposited into the matrix, which embraces
and stabilizes the printed pattern by virtue of its self-healing, vis-
coplastic properties. Curing the matrix by incubating at 37 °C
and removing the liquefied, embedded, fugitive ink then yields a
channel system within the living construct. The resulting chan-
nels can then be perfused with endothelial cells that cover the
inner part and form a monolayer on the lumen, recapitulating
blood vessel endothelium. The researchers showed that SWIFT-
printed perfused vascularized structures resulted in a significant
improvement in cell viability compared to non-vascularized con-
trols. As expected, the most dramatic effect was observed at the
core of the constructs. The SWIFT method was then used to
demonstrate the fabrication of a perfusable, engineered cardiac
tissue that remained viable and beat synchronously over a 7-day
period[29] (Figure 1H–J). A second publication from this group
gave yet another example of mimicking the complex architecture
of native tissue. This time, the researchers focused on model-
ing the proximal tubule (PT) of the kidney. By using Pluronic
F127 as a fugitive ink, a PT model was fabricated, consisting of
an ECM-embedded, open lumen circumscribed by PT epithelial
cells (PTECs). A perfusable tissue chip was used to house the
model, providing it with physiological shear stresses. As demon-
strated, the resulting 3D PTs promoted the formation of a re-
nal tubular-like epithelium. This cell monolayer exhibited sev-
eral morphological features and functional markers akin to native
PTECs, including the presence of cilia, albumin uptake, and the
expression of Na+/K+ ATPase, Aquaporin 1, and K cadherin.[30]

In a follow-up study, the researchers enhanced the model to also
contain a second, adjacent, endothelialized open lumen that re-
capitulated a peritubular capillary (Figure 1K–N). The dually per-
fused construct enabled the investigation of selective reabsorp-
tion of solutes via tubular–vascular exchange, akin to the native
kidney tissue. This physiological-like behavior indicates the ca-
pacity of the platform to serve as a model to study kidney func-
tion under both homeostasis and disease conditions.[31] It should
be noted, however, that in the three aforementioned works, the
printed fugitive ink is embedded in casted media that eventually
becomes an integral part of the final construct. This may limit
the construct’s design, as the printer is unable to control either
the composition of this component, or its geometry, which is dic-
tated by the shape of the cast mold. In addition, a second step,
post-printing perfusion, needs to be introduced into the fabrica-
tion scheme in order to obtain cell-lined channels.

Another layer of complexity that characterizes the tissues
and organs of higher organisms is their geometry and macro-
structure. This constitutes a significant hurdle, especially for the
printing of large, volumetric structures, as many materials com-
monly used in bioprinting are soft. The weak mechanical prop-
erties of these materials are incapable of providing adequate self-
support, at least until the constructs are fully cured. This typically
results in a distorted geometry of multi-layered constructs that

may eventually collapse under their own weight. A similar prob-
lem also exists when the geometry of the structure dictates the
printing of bridges (when a material is deposited on “thin air”
without an underlying material layer) and/or overhangs (when
an underlying material layer provides only partial support). To
address this problem, several strategies have been implemented,
most of which are based on the integration of some sort of per-
manent or temporal support for the printed structures.[28] A com-
prehensive work performed by Kang et al. provided an excellent
example of such a strategy.[32] In this work, Pluronic F127 and
poly(𝜖-caprolactone) (PCL) were used as temporal and perma-
nent printing materials, respectively, to support the fabrication
of cellular, human-scale, tissue constructs. These materials were
loaded, alongside cell-laden composite hydrogels, into a multi-
functional system denoted as an “integrated tissue-organ printer”
(ITOP). The device, equipped with multiple extrusion-based car-
tridges, was used to fabricate porous, volumetric biostructures
on the basis of digital data acquired by medical imaging modali-
ties (Figure 1O–Q). Externally supported by the fugitive Pluronic
F127 and internally by PCL, structurally stable constructs of a
mandible and a calvarial bone, as well as ear cartilage and skele-
tal muscle, were fabricated. The viability of cells inside these con-
structs was maintained with a constant increase in cell num-
ber over a 15-day period. Importantly, in vivo structural robust-
ness, host integration and tissue formation were well evident in
animal-implantation experiments.[32] Another approach to sup-
port the biofabrication of volumetric structures composed of soft
materials has been proposed by Bhattacharjee et al. and Hinton
et al.[33,34] In two innovative works, the authors demonstrated a
technique in which free-form 3D printing is performed inside
non-thixotropic, particulate gel. This is achieved by virtue of the
capacity of the granular material to fluidize around the travers-
ing writing needle and at the point of injection, while rapidly
solidifying to embed the extruded material behind the moving
tip (Figure 2A). The transparent, granular support medium that
was developed by Bhattacharjee et al. was composed of jammed,
hydrogel micro-particles made of Carbopol, a cross-linked poly-
acrylic acid copolymer. Extrusion of a wide variety of soft materi-
als into this medium enabled the fabrication of complex, hierar-
chical structures with features ≈100 µm in diameter (Figure 2B–
D). Moreover, living cells could be deposited and grown inside
the particulate support material when prepared using growth
medium as a solvent. The printed construct, which was em-
braced and stabilized by the support medium throughout the
whole fabrication process, could be cured during or after the writ-
ing. As Carbopol cannot be liquefied or degraded by gentle, cell-
friendly treatments, extraction of the printout was performed by
washing.[33] It should be taken into account, however, that this
mechanical extraction step may jeopardize the integrity of deli-
cate structures. Moreover, removal of the support from narrow
or internal voids could be very challenging.

Circumventing this difficulty, Hinton and colleagues intro-
duced a process termed “freeform reversible embedding of sus-
pended hydrogels” or “FRESH.” In this technique, a semi-
transparent support medium, composed of gelatin microparticle
slurry, embraces the extruded material and preserves the geome-
try of the plotted shape. The printed construct, which undergoes
curing concurrently with and/or after the completion of the writ-
ing process, can then be easily extracted by melting the granular
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Figure 2. Printing of complex structures (continued). Writing inside Carbopol microgel support bath. A) Schematic representation of the principle
behind printing inside a granular support medium. B) Printing of complex structures by extrusion of fluorescent microsphere suspension inside a
microgel support bath. C) A continuous network of hollow vessels made of photo-crosslinkable PVA before and D) after crosslinking and extraction
from the support. Adapted with permission.[33] Copyright 2015, Published by AAAS. 3D bioprinting using freeform reversible embedding of suspended
hydrogels (FRESH). E) Time-laps sequence of printing using FRESH. F) Perfused 3D vascular network, G) tri-leaflet heart valve and H) neonatal-scale
human heart printed from acidified collagen. The underlying digital models are shown above the pictures of the actual printed constructs. Adapted
with permission.[35] Copyright 2019, AAAS. I) 3D bioprinting using pepsinized ECM-based bioinks in particulate, alginate-xanthan gum hybrid support
media. The main panel shows an in-process image of a printed, small-scale cellularized human heart with major blood vessels fabricated using two
bioinks. Reproduced under the terms of the CC-BY license.[38] Copyright 2019, the Authors, Published by Wiley-VCH. Inset: A printed, acellular coronal
cross-section of the miniaturized heart. The structures were supplemented with colored microbeads for visualization. Scale bar: 1 mm. Adapted with
permission.[37] Copyright 2020, IOP.

gelatin support at a cell-friendly temperature of 37 °C. Using
the FRESH method for printing natural biopolymers, the re-
searchers demonstrated the fabrication of complex acellular bio-
architectures such as a femur, a coronary arterial tree, a heart,
and a brain.[34] In a follow-up study, the group proved the ca-
pability of the system to support the printing of acellular heart
components, ranging in scale from capillaries to a tri-leaflet valve
and finally to a full organ (Figure 2E–H). This was performed us-
ing acid-solubilized, high-concentration collagen ink that cured
while undergoing rapid neutralization upon extrusion into the
granular gelatin support. This rapid equilibration to physiolog-
ical pH was also found to allow for cells to be safely deposited,
in a second step, in close proximity to the collagen component.
Using a dual-material printing process with collagen ink as the
structural component and a high cell-density bio-ink, a contract-
ing, cellular model of a heart’s left ventricle was fabricated.[35]

The FRESH technique also served as the means for the fabrica-
tion of a synchronously contracting human chambered muscle
pump. This time, a photo-crosslinkable ECM formulation con-
taining human iPSCs (hiPSCs) was used as a bioink to print two-
chambered structures with a vessel inlet and outlet. The cells then
expanded and differentiated into cardiomyocytes (CM) within the
photo-cured structure. This in situ proliferation and differentia-
tion strategy resulted in enhanced cell density and tissue connec-
tivity, manifested as contiguous electrical function and pump dy-
namics. Nevertheless, it should be noted that this approach does
not allow for the generation of constructs containing more than
a single cell type since all the cells in the printout are inevitably
treated with the same differentiation protocol.[36]

It is worth noting that, while the ease of printout extraction
is a major strength of the FRESH method, the mechanism
behind it concurrently limits its application. That is to say, the
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heat-sensitivity of the gelatin particles restricts the use of
printing materials that require prolonged curing at elevated
temperatures, such as the commonly used pepsin-treated ECM-
derived collagen preparations. In contrast to acid-solubilized
collagen, pepsin-treated ECM-derived collagen remains soluble
at cell-friendly pH (and thus can be used to encapsulate living
cells) and gradually undergoes physical crosslinking at body
temperature.

Recently, our group presented a modified version of a sup-
port medium, specifically developed for the printing of cell-
containing, pepsin-treated, neutral, ECM-based bioinks. This
transparent, hybrid formulation, comprised of calcium-alginate
nanoparticles and xanthan gum, is thermally stable. Thus, it al-
lows the thermal curing of collagenous bioinks upon extended
incubation at 37 °C. Extraction from the support, in this case, is
performed by using a delicate treatment with alginate-degrading
enzymes, or, alternatively, by calcium chelation.[37] It should be
noted, however, that these extraction procedures require the ad-
dition of external reagents. In addition, they usually take longer
to accomplish than the above-mentioned FRESH technique. Tak-
ing advantage of the high printing accuracy that can be achieved
using this hybrid support medium, we were able to fabricate com-
plex multimaterial geometries and cellular anatomical-like struc-
tures. As a demonstration, we fabricated miniaturized cellular
human hearts containing the major blood vessels (Figure 2I). Im-
portantly, in this study, both the cells and the ECM-based compo-
nent of the bioinks were derived from a single human omentum
tissue.[38] It should be stressed that these organ-like structures
lacked internal branched vascular networks and were not tested
for electromechanical function. Nevertheless, the presented capa-
bility, although still far from realization in the clinic, represents a
significant step toward the 3D printing of fully personalized tis-
sues and organs.

Overall, the described studies demonstrate the potential of in-
novative extrusion-based bioprinting strategies to fabricate con-
structs with an exceptional degree of complexity. This potential
can be attributed to the ability of these methods to accurately de-
liver a diversity of materials and cells to pre-determined spatial
positions, whether on top of a substrate or within a surround-
ing medium. However, this versatile scheme has some points
of weakness stemming from the mechanism of dispensing ma-
terials through a nozzle. The first is the limited resolution that
can be achieved. As a rule, a higher resolution requires the use
of a finer dispensing nozzle. Unfortunately, narrowing the noz-
zle through which the materials pass results in the application
of increased shear forces that may eventually rupture the encap-
sulated cells. This restricts the extrusion of bioinks to nozzles
with an inner diameter of ≈150 µm, thus limiting the printing
resolution of cellular constructs to approximately this value.[13,39]

The second limitation relates to the process throughput, the ef-
fect of which is most pronounced when fabricating large objects.
This limitation results from the localized nature of the mate-
rial deposition mechanism, which relies on movements of the
printhead and/or printer’s stage for plotting the pattern of each
layer.[13]

The weaknesses of this printing strategy, as well as of other fab-
rication schemes that will be outlined below, may be addressed
by creative means and new concepts. These are discussed in the
“Future Perspectives” section below.

2.2. Making It Accurate

Sophisticated geometries and micro/nano-scale features are
basic properties of biological structures. Obviously, as reca-
pitulation of the native tissue architecture is fundamental for
regenerative medicine, vast efforts have been invested in the
development of accurate, ultra-high-resolution fabrication tech-
niques. When it comes to sketching with high accuracy, a creator
will tend to pick the finest writing implement that comes to hand.
In the case of 3D printing, light is definitely the sharpest pencil
in the box. SLA is a light-assisted 3D printing method based on
photopolymerization. In this method, a photo-sensitive resin
is successively cured, layer-by-layer, by either a point-scanning
laser beam (referred to as “direct/laser write” or “scanning SLA”)
or selective exposure to a projected image plane (referred to as
“projection-based stereolithography,” PSL).[12,40–42] An inspiring
demonstration of using SLA to create bio-mimicking structures
was provided by Chen and colleagues. In their research, the
group generated a 3D hepatic model containing hiPSC-derived
hepatic progenitor cells cultured with supporting endothelial
cells and adipose-derived stem-cells.[43] To recapitulate the native
liver module architecture, the researchers encapsulated the
cells in photopolymerizable gelatin methacrylate (GelMA) and
glycidal methacrylate-hyaluronic acid (GMHA) hydrogels. These
were then used as printing substances in a rapid, two-step fabri-
cation process, in which complementary shapes were generated
by exposure to patterned UV light. The procedure resulted in
constructs that consisted of microscale hexagonal lobule units
of liver cells and supporting cells (Figure 3A–C) that showed
improved morphological organization and higher liver-specific
gene expression in comparison to two-dimensional (2D) or
hepatic progenitor cells-only models. Moreover, the engineered
tissues exhibited enhanced metabolic product secretion and
induction of cytochrome P450, a family of key enzymes in
liver drug metabolism.[43] In a follow-up study, the researchers
used a similar printing technique to fabricate biomimetically
patterned cellular heart and liver tissue constructs.[44] In this
work, the hydrogels used for cell encapsulation were based on
photo-crosslinkable decellularized-ECM incorporating tissue-
specific, native biochemical constituents. These materials were
shown to provide the encapsulated hiPSC-derived cells with a
highly supportive environment for maturation and organization.
Importantly, this was done without compromising on design
complexity and printing resolution, thus allowing the fabrication
of structures with 30 µm features.[44] Overall, these meticulously
engineered tissues are definitely a step forward toward the de-
velopment of improved, physiologically relevant in vitro models
for disease studies, personalized medicine, and drug screening.
It should be noted, though, that the above-mentioned cellular
constructs were not designed as thick, multilayered structures.
Rather, they were built as low-profile microarchitectures with a
width and length of 3 mm and a thickness of only 250 µm. In
other words, while the cells indeed experienced a true 3D envi-
ronment, the macrostructure was more like that of a thin sheet.

A different approach for harnessing the power of SLA to accu-
rately fabricate sophisticated geometries was presented by Grig-
oryan et al.[45] In a colorful article, the researchers developed a
modified PSL scheme capable of printing at a high resolution of
50 µm. The fabrication technique was initially utilized to produce
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poly(ethylene glycol) diacrylate (PEGDA) hydrogels containing
intricate vascular architectures with functional internal topolo-
gies such as mixers and valves. Next, it served to explore the oxy-
genation and flow of human red blood cells (RBCs) during tidal
ventilation. To this end, the authors developed a bioinspired alve-
olar model, in which RBCs were perfused through ensheathing
vasculature that closely tracks the curvature of 3D airway topog-
raphy. Tidal ventilation with oxygen caused a distention of the
airway upon inflation, leading to the compression of adjacent
blood vessels and the redirection of fluid streams to neighboring
vessel segments. Furthermore, the perfused RBCs were found
to respond to the ventilation. Expectedly, they presented signif-
icantly higher oxygen partial pressure and saturation relative to
deoxygenated RBCs that were loaded at the inlet, or ventilated
with nitrogen gas (Figure 3D–F). Next, the authors used their cus-
tomized printing scheme to fabricate cellular structures made of
PEGDA:GelMA-based bioinks. To this end, lung-mimetic archi-
tectures were populated with human lung fibroblasts in the bulk
of the interstitial space, and human epithelial-like cells were at-
tached to the airway lumen. In another demonstration, human
mesenchymal stem cells within fabricated hydrogels were found
to maintain high viability for 24 h. The cells also showed os-
teogenic differentiation as a function of soluble factor delivery
via vascular perfusion. Last, implantation experiments were per-
formed in mice, demonstrating the in vivo survival and activ-
ity of engineered cellular hepatic tissues with an incorporated
perfusable vasculature.[45] The unprecedented degree of geomet-
rical intricacy achieved by this rapid, precise, and cell-friendly
process, constitutes a significant milestone in the production of
functional, vascularized, bio-mimicking constructs. This advance
may constitute the basis for the development of more accurate
and physiologically relevant tissue models, accelerating progress
in biomedical and pharmacological research. Limited composi-
tional complexity, however, is still a major downside of this print-
ing scheme, as will be elaborated further on.

While SLA is a preferred technique for printing accurate con-
structs at microscale resolution, it is by far the only strategy that
is commonly used for the precise fabrication of sub-micrometer
features. This can be optimally achieved by virtue of a distinct
type of laser-based direct writing system: the highly precise two-
photon polymerization (TPP/2PP) method. In this method, char-
acterized by a spatial resolution of down to 100 nm, a focused in-

frared or near-infrared light is emitted from a femtosecond laser
to induce polymerization inside a volume of photo-crosslinkable
substance. As the photon density required for polymerization is
reached only at the focal point, a defined 3D structure can be
patterned by moving the beam focus and/or the photo-reactive
material in the X, Y, and Z axes[46,47] (Figure 3G). Worthington
et al. described a photoreceptor cell replacement concept for the
treatment of retinal degenerative blindness using 2PP-fabricated
retinal cell grafts.[48] The group used 2PP to recapitulate the fine
natural structure of the outer retina, in which photoreceptor cells
are tightly packed and aligned parallel to the light path. Using this
precise fabrication method, non-degradable 3D scaffolds with
closely packed vertical pores 25 µm in diameter were fabricated.
Interconnected, 7 µm horizontal pores were introduced to these
1 mm-wide and 120 µm-high structures in order to facilitate the
diffusion of nutrients and oxygen. hiPSC-derived retinal progen-
itor cells were then loaded into the scaffolds, forming neuronal
processes that extended into and aligned with the vertical pores.
Cell bodies were also found to populate the structure’s columns,
with the latter providing them with a proper vertical guidance[48]

(Figure 3H,I). The design of these constructs constituted the ba-
sis for a follow-up study in which degradable, biocompatible,
two-photon polymerized PCL-based scaffolds were fabricated. No
inflammation, pyrogenicity, or other local or systemic toxicities
were observed following sub-retinal implantation of cell-free scaf-
folds, indicating their future potential in the treatment of retinal
degenerative diseases.[49]

The ultra-high-resolution capacity of 2PP has also been uti-
lized for structuring stackable micro-scaffolds comprised of syn-
thetic photoresist. These scaffolds were engineered to allow con-
fined cell growth in a specific, pre-determined spatial organiza-
tion. In these constructs, developed by Larramendy et al., blocks
of complementary, half-cell cages in the shape of truncated octa-
hedrons were designed as stackable structural layers.[50] Neuron-
like PC12 cells were then seeded and grown inside the hemi-
spherical containers, followed by stacking the cellular structures
one on top of the other. As the 50 µm-diameter containers were
designed as cages that restrain the cell bodies, cell-to-cell connec-
tions could only be realized between neurites. Indeed, neurites
were found to project from the hexagonal openings of the cages
and interact with those of neighboring cells, a first step toward
the establishment of a 3D neuronal network. Such a technique

Figure 3. High-accuracy printing. 3D bioprinted hepatic construct. A) Illustration of the two-step, projection-based stereolithography approach in which
B) sequential exposure to two complementary shapes of patterned UV light resulted in C) liver lobule-like structures containing hepatic cells (green)
and supporting cells (red). Scale bars: 500 µm. Reproduced with permission.[43] Copyright 2016, PNAS. Fabrication of complex, vascular architectures in
biocompatible hydrogels. D) Schematic representation of a 3D printing process based on projection stereolithography. E) Perfused, entangled vascular
networks printed within hydrogels. Scale bars: 3 mm. F) A scheme of a distal lung subunit (left), an actual printed structure during red-blood cells (RBCs)
perfusion and tidal ventilation (center), and a graph showing the RBC sensitivity to ventilation gas (right). Scale bar: 1 mm. Adapted with permission.[45]

Copyright 2019, AAAS. G) The two-photon polymerization (2PP) fabrication method. A focused infrared or near-infrared light is emitted from a fem-
tosecond laser into a volume of photo-crosslinkable substance to induce polymerization only at the focal point. Adapted with permission.[46] Copyright
2018, Royal Society of Chemistry. 2PP-fabricated retinal cell grafts. H) A scanning electron microscope image showing three scaffolds surrounded by a
retaining wall. Each scaffold presents a different vertical pore size (25, 20, or 15 µm) and a horizontal pore size of 7 µm. I) A fluorescence image of a
scaffold containing 25 µm vertical pores loaded with retinal progenitor cells (red). The bottom panel provides a side view, showing that the cells formed
neuronal processes that extended into and aligned with the vertical pores. Adapted with permission.[48] Copyright 2017, Elsevier. Generation of 3D cell
networks using 2PP-fabricated microcage-containing scaffolds. J) The concept of micro-scaffolds for confined cell growth. Blocks of complementary,
half-cell cages in the shape of truncated octahedrons are designed and printed. Cells are then seeded and grown inside the hemispherical containers,
followed by stacking the cellular structures one on top of the other. K,L) Scanning electron microscopy image of a tri-layer stack, with neurites projecting
from the cages (red arrows) to establish connections between neighboring confined PC12 cells. Adapted with permission.[50] Copyright 2019, The Royal
Society of Chemistry.
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thus holds potential for applications in which the formation of
controlled, 3D cellular networks is desirable[50] (Figure 3J–L).

While the exceptional capabilities of SLA in terms of ac-
curacy and resolution are unquestioned, this printing strategy
suffers from several weaknesses that deserve attention. In ex-
trusion and inkjet-based printing, for example, the materials
of choice are selectively deposited at specific spatial locations.
In contrast, SLA is traditionally based on the selective curing
of a single, homogenous photoreactive material. This signifi-
cantly limits the applicability of this method to the fabrication
of structures with low-compositional complexity, that is, a sin-
gle bioink. As demonstrated, multicomponent structures can be
fabricated by manually exchanging the photoreactive material be-
tween projections.[43] However, such non-continuous fabrication
processes can be tedious, slow, and inaccurate. Another consid-
eration that needs to be accounted for, especially in the context
of 2PP, is the process throughput. The highly confined region
of polymerization, which endows this fabrication method with
its phenomenal accuracy, also imposes an extended process du-
ration. This limits 2PP-fabricated structures to the millimeter
range, and even in this scale, fabrication can require days to
accomplish.[51–53] Recent works, however, indicate a trend toward
the development of faster 2PP printing platforms, as discussed
below.

2.3. Making It Fast

As mentioned above, the presence of living cells constitutes a
limiting factor in bioprinting, profoundly narrowing the range
of compatible materials and fabrication conditions. Moreover, as
a rule, the conditions required to support long-term cell viability
cannot be optimally maintained during printing. For this reason,
the cells need to be transferred as fast as possible to an environ-
ment that supports their metabolic demands, with a replenish-
ing supply of oxygen and nutrients. Printing time, which is de-
rived from the printing resolution, printout composition, object
size, and fabrication technique, is thus a critical parameter that
may directly impact the fate of the incorporated cells. The signif-
icance of printing duration is especially prominent in the gen-
eration of large, volumetric constructs composed of numerous
thin layers. Projection-based stereolithography presents a huge
advantage over direct-write SLA and extrusion-based printing, as
it enables fabrication in a layer-at-once fashion instead of tracing
a set of coordinates for each layer.[12,40,54] While using this strategy
spares a considerable amount of processing time, it is still based
on the conventional approach of consecutive material layering.

Recently, a new paradigm in photopolymer-based additive fab-
rication has been proposed by Spadaccini and colleagues, en-
abling the fabrication of 3D geometries on a time scale of
seconds.[55] This incredible processing speed is achieved by the
superposition of patterned optical fields from multiple beams,
projected at orthogonal directions into a photo-sensitive resin.
The region in which the beams intersect defines the object’s
geometry, where the energy of the absorbed light overcomes a
curing threshold. Using this unique holographic patterning sys-
tem, a variety of 3D shapes made of PEGDA have been fabri-
cated by a single light exposure of up to 10 s (Figure 4A–F).
These structures, however, were limited in their geometry due to

the prismatic nature of the overlapping beams.[55] To overcome
these limitations, another novel approach denoted as “computed
axial lithography” (CAL), has been developed. This technique,
pioneered by Taylor and co-workers, enables ultra-fast printing
of large and geometrically complex objects within a matter of
seconds.[56] This was achieved by using an innovative volumet-
ric printing approach inspired by the image reconstruction pro-
cedures of computed tomography. The method is based on the
concurrent printing of all points within a given 3D geometry
by projecting a set of 2D images through a rotating tank con-
taining a photo-sensitive resin. The superposition of exposures
from multiple rotational angles eventually reaches an energy
dose that is sufficient for curing the geometry of choice. The non-
crosslinked photo-sensitive resin is then washed away, leaving be-
hind a solid 3D printout (Figure 4G,H). In addition to speed, this
unique “volume-at-once” type of fabrication also offers several
advantages over layer-based printing. First, the fabricated objects
present a smooth surface and are devoid of anisotrophic mechan-
ical performance that may result from material layering. Second,
the technique can be applied on high-viscosity fluids and even on
solids, such that the cured structure remains embedded in the
surrounding material with minimal relative motion between the
two. This eliminates the need to support the structure during the
fabrication process, enabling the printing of bridges, overhang-
ing elements, and disconnected parts. Third, the technique al-
lows printing around preexisting objects, enabling the incorpora-
tion of external elements into the fabricated construct. Using this
technique, the group demonstrated the fabrication of a large array
of geometries and centimeter-scale objects made of acrylate poly-
mers and GelMA. The structures, containing features as small
as 300 µm, were fabricated in an extremely short time frame of
30–300 s.[56] A later publication by Loterie et al. demonstrated to-
mographic volumetric printing of acrylic and silicone parts with
improved geometric fidelity. This was achieved by using an op-
timized projection source with an integrated feedback system,
allowing high-resolution fabrication of centimeter-scale objects
with features as thin as 80 µm in less than 30 s.[57] In an intrigu-
ing study, Bernal et al. demonstrated the use of such volumetric
printing techniques to biofabricate structures that are difficult to
reproduce through conventional AM processes[58] (Figure 4I–K).
Using GelMA as a photocurable resin, the group printed a flu-
idic ball-cage valve with free-floating elements and a human au-
ricle model, both of which were fabricated in less than 23 s. To
prove the biocompatibility of the system, an anatomical trabecu-
lar bone model loaded with mesenchymal stromal cells was gen-
erated. This living construct, which contained an interconnected
porous network, was reproduced with the smallest resolved fea-
ture measuring ≈145 µm. Printing speed was extremely high,
with less than 13 s being required to complete the fabrication of
an 8.5 × 9.3 mm structure. High cell-viability of more than 85%
was maintained throughout a 7-day period, during which the cul-
ture was primed with osteogenic medium so as to mimic the os-
teoblast population within native bone. Vascular endothelial cells
were then introduced into the pore network of the structure, lead-
ing to the formation of early angiogenic sprouts that began to in-
vade the bone compartment of the construct. Finally, to assess
the capacity of printed cells to synthesize new tissue matrix, the
researchers fabricated a meniscus-shaped implant in which ar-
ticular chondroprogenitor cells were encapsulated at a density of
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Figure 4. High-speed volumetric printing. Holographic 3D fabrication. A) Prism mirrors direct beams at orthogonal directions into a photo-sensitive
resin that B) is consequently cured at the region of intersection. This results in generation of 3D shapes C–F) by a single short exposure of up to 10 s.
Scale bars: 2 mm. Adapted with permission.[55] Copyright 2017, AAAS. Computed axial lithography (CAL). G) Graphical illustration of the CAL approach.
A set of 2D images is projected through a rotating tank filled with photo-sensitive material. The superposition of exposures from multiple rotational
angles eventually reaches an energy dose that is sufficient for curing the geometry of choice. H) The printed object, generated in less than 1 min, after
extraction from the uncured material. A sequential view of the process is presented at the bottom. Scale bars: 10 mm. Adapted with permission.[56]

Copyright 2019, AAAS. Tomographic volumetric bioprinting. I) A cell-laden biocompatible resin in a rotating tank is J) projected by 2D light patterns
from multiple rotational angles. K) The resin then solidifies in selected areas where the accumulative absorbed dose overcomes a gelation threshold
(Main: structure rendering. Inset: the actual printed structure). Scale bar: 2 mm. Reproduced with permission.[58] Copyright 2019, Wiley-VCH.
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107 cells mL−1. The cells, which exhibited high long-term viability
and metabolic activity, were found to synthesize neo-ECM. This
newly synthesized matrix increased the compressive modulus of
the graft from ≈15 to ≈265 kPa, comparable to native human
fibrocartilage.[58]

Altogether, these innovative volumetric printing schemes,
which allow the fabrication of large, geometrically complex struc-
tures at unimaginably high speeds, are nothing less than game
changers. Importantly, the ability to generate such constructs
with densely packed, viable cells is an important milestone and
a significant breakthrough in TE. Without a doubt, this tech-
nology is expected to play a central role in modern biofabri-
cation, with far-reaching implications on future developments
and applications. It shares, however, a major drawback with
the other above-mentioned photopolymerization-based printing
techniques. Namely, as volumetric printing is based on the se-
lective curing of a single type, homogenous, pre-casted material,
the printed construct inevitably presents low compositional com-
plexity.

3. Future Perspectives

TE has taken enormous steps forward in recent years, with the lat-
est advances in biofabrication techniques being a major driving
force. The progress that has been made and the innovations de-
scribed above address important aspects and bottlenecks in the
field, speeding up its evolution. They also, however, reveal new
complications to be overcome and further raise the bar for fu-
ture developments. In the sections below we discuss potential di-
rections for progress in the 3D bioprinting domain. An outlook
on the impact of this emerging discipline on next-generation re-
search and medicine is also brought and discussed.

3.1. What Is in the Pipeline?

Obviously, current biofabrication protocols are far from provid-
ing the capacity to generate transplantable, functional, complex
tissues and organs. From a technical point of view, this may re-
sult, in part, from the fact that each fabrication method is char-
acterized by an inherent set of strengths and weaknesses. That is
to say, a technique that excels in fabricating specific types of ma-
terials and structures will probably give sub-optimal results for
different kinds of compositions and geometries. As discussed,
tissues and organs are generally composed of an assortment of
cells, materials, and architectures. Thus, low efficiency and/or
reduced performance and building quality are to be expected
during the fabrication of some elements of the final printout.
With this in mind, it is reasonable to expect future 3D bioprint-
ing developments in which attempts will be made to broaden
the applicability of existing fabrication protocols. Indeed, scien-
tists have already begun to develop modified printing schemes
that compensate, to some extent, for the inherent shortcomings
that characterize their underlying working principles. For exam-
ple, stereolithographic bioprinting can give excellent results in
terms of accuracy. However, as mentioned, it usually yields con-
structs that are made of a single bioink. To address this limi-
tation, the printing device may be re-configured to enable easy

and rapid in-process exchange of the photocurable resin. Such
a configuration has been proposed by Khademhosseini and col-
leagues, who developed a stereolithographic bioprinting platform
with an integrated microfluidics device. The novel system en-
ables projection-based printing with the option to quickly and ef-
ficiently switch between different bioinks during the process. Us-
ing this automated system, multimaterial and multicellular mi-
crostructures and biomimetic heterogeneous tissue constructs
were continuously fabricated, at high-resolution, within a time-
frame of seconds[59] (Figure 5A–D). In a later work, Mayer et al.
demonstrated the use of a microfluidics system integrated into
a 2PP-based laser lithography apparatus. Using this setup, the
authors printed multimaterial, fluorescent, 3D security features
based on four emission colors. While this research did not as-
sess the functionality of the system for working with biomateri-
als and cells, it elegantly proved that integration with microfluidic
systems can also greatly increase the complexity of 2PP-printed
structures.[60]

As with compositional complexity, improvements in printing
speed can also dramatically broaden the applicability of fabrica-
tion methods that do not excel in terms of throughput. For in-
stance, the production rate of the accurate (yet slow) 2PP method
can be greatly enhanced if polymerization is executed in a layer-
by-layer, instead of point-by-point, fashion. This concept was re-
alized in a work conducted by Saha et al.[61] In this study, the
performance of a novel parallel process, based on femtosecond
projection, was compared to the commonly implemented point-
by-point writing scheme. Using layer-by-layer projection of digi-
tal masks, the group succeeded in increasing the throughput up
to three orders of magnitude compared to that achieved by ex-
isting serial techniques. Importantly, the improved printing rate,
reaching 8.7 mm3 h−1, was attained without compromising the
characteristic 2PP sub-micrometer resolution.[61]

In addition to 2PP printing techniques, extrusion-based fabri-
cation procedures would benefit from improved process through-
put, especially when applied to the construction of large ob-
jects. This can be achieved, for example, by parallelizing sev-
eral multimaterial deposition processes. An intriguing approach
in this direction was presented in a recent study by Lewis and
colleagues.[62] The group developed a unique setup in which a
single printhead is capable of depositing up to eight different ma-
terials (modeled in this work by silicone, wax, epoxy, and gelatin-
based inks). The different materials flow through independent
channels that eventually merge into a single ink flow, immedi-
ately before the nozzle outlet. High-frequency switching between
the printing materials allows extrusion of filaments composed of
distinct volume elements (voxels) along their length. When adja-
cently deposited, in a layer-by-layer manner, a multimaterial 3D
structure is formed, with a voxel volume approaching that of the
nozzle diameter cubed. The printing heads can also be designed
to contain multiple nozzles as a 1D array (e.g., 4 nozzles in a
1 × 4 setup) or 2D array (e.g., 16 nozzles in a 4 × 4 setup) (Fig-
ure 5E–H). This multimaterial, multinozzle design thus consid-
erably boosts printing throughput, not only by avoiding the need
for an individual printhead for each material, but also by paral-
lelizing the fabrication process. To demonstrate the performance
of this setup, a soft robotic walker equipped with sixteen 12 mm
x 12 mm x 17 mm actuators was printed within 17 min using stiff
and flexible silicone inks.[62]
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Another strategy for speeding up extrusion-based fabrication
processes may be based on our vision of an “inside-out” printing
scheme. In this hypothetical mechanism, the object is simulta-
neously fabricated by multiple three-axis controllable dispensing
tips that follow distinct, non-intersecting paths. In contrast to the
canonical printing scheme, the fabrication begins from the core
of the object and continues, in a layer-by-layer fashion, toward its
periphery. This process is theoretically feasible due to the pres-
ence of a support medium that envelops the extruded material
and holds it in place, simulating printing in a zero-gravity envi-
ronment. By printing inside a support bath that is considerably
larger than the printout, each dispensing needle can approach the
object from a different angle, including from the bottom. In this
way, the fabrication time of large, volumetric structures could be
considerably reduced as a function of the number of simultane-
ously operated dispensing tips.

While boosting the processing speed is highly advantageous,
the major limitation of extrusion-based 3D fabrication is the
printing resolution. As discussed above, the intuitive strategy
of decreasing the diameter of the dispensing tip is limited due
to the increasing shear stress, to which the cells will eventually
succumb. Thus, in this case, alternative, out-of-the-box think-
ing is highly desired. An interesting approach would be to use
“smart materials” as inks for the fabrication of structures that
can transform their shape in response to stimuli. Such a tech-
nique, denoted “4D printing,” could be utilized for the fabrica-
tion of structures with an attainable resolution using a standard
extrusion-based printer. Upon stimulation, however, the printout
would undergo a structural transformation to attain dimensions
that are beyond the building capability of the underlying fabrica-
tion method.[6,63–65] A proof for the feasibility of this approach
was provided by Kirillova et al., who used photo-crosslinkable
methacrylated alginate and hyaluronic acid as shape-morphing
hydrogels.[66] The materials were loaded with cells and used
as bioinks for the extrusion-based printing of 2D, rectangular
shapes. Following photo-crosslinking at 530 nm, mild drying,
and immersion in aqueous media, the printed layers instantly
folded into tubes with an internal diameter of as low as 20 µm
(Figure 5I–L). This value is on the scale of the internal diame-
ters of the smallest blood vessels, the geometries of which are ex-
tremely challenging to reproduce using existing extrusion-based
printing techniques. Notably, neither the printing process nor the

post-printing treatment adversely affected the cells that survived
for at least 7 days without any decrease in their viability.[66]

Another strategy for overcoming the limitations of using a par-
ticular fabrication technique is to synergistically combine several
complimentary printing schemes into a single platform, whereby
the strengths of one cover for the weaknesses of the other. An
intriguing example of the implementation of such a strategy
has been presented by Shanjani et al.[67] In this work, PSL and
extrusion-based printing techniques were combined for the fab-
rication of complex, multimaterial cellular constructs. The struc-
tures were composed of extruded, thermoplastic PCL that formed
a porous, rigid scaffold, combined with soft, photo-crosslinkable
PEGDA hydrogel that contained living endothelial cells and mes-
enchymal stem cells. The fabrication was based on a repeating
process in which strands of molten PCL were deposited on the
build platform, followed by immersion into the pre-polymer so-
lution and photo-curing of the regions that needed to be gelled.
Using this scheme, various complex designs were generated, in-
cluding cellular scaffolds with integrated perfusable conduits.[67]

For more information and insights on such multi-technological,
hybrid fabrication methods, we recommend the readers to peruse
these two recently published articles.[68,69]

Aside from improving established printing methods, or com-
bining them into integrated platforms, the future of the field
also depends on the development of new 3D biofabrication
techniques. While not in the scope of this review, it is worth
mentioning that the last several years have been characterized
by the emergence of a variety of innovative printing schemes
and concepts. These include, among others, procedures that
involve magnetic and acoustic-based printing, electrohydrody-
namic processing, and new methods for the 3D patterning of
spheroids/organoids. Most of these techniques are still in their
infancy and require further development and tuning. Neverthe-
less, a taste of their performance can already be obtained from
recently published works.[9,68,69] An intriguing example of such
a technique was recently presented by Lotolf and colleagues.[70]

In their work, organoid-forming stem cells were used as build-
ing blocks that can spatially self-arrange according to a pre-
defined geometry. The process was based on the deposition of
high-density cell suspensions into liquid precursors of ECM
hydrogels that facilitated effective cellular self-organization. Us-
ing this approach, termed bioprinting-assisted tissue emergence,

Figure 5. Emerging concepts. A stereolithographic 3D bioprinting platform with an integrated microfluidics device designed for fabrication of multimate-
rial and multicellular microstructures. A) Illustration of the setup. B) Operation of the microfluidics device that enables quick switching between different
bioinks with intermediate washing steps. C) Schematics of the cyclic, 4-steps bioprinting process inside the microfluidics chip. D) A single component
and a three-component structure made of PEGDA. Adapted with permission.[59] 2018, Wiley-VCH. Multimaterial, multinozzle 3D printing of voxelated
matter. E) Four-material printheads with a single nozzle, F) four nozzles at a 1 × 4 1D setup, and G) 16 nozzles at a 4 × 4 2D setup. H) Voxalated matter
is extruded from a four-material, 2D printhead with 4 × 4 nozzle setup. Inset: Operation of a two-material nozzle that produces a continuous voxelated
filament at different material switching frequencies. Adapted with permission.[62] Copyright 2019, Springer Nature. 4D bioprinting of shape-transforming
structures. I) Layers of printed acellular or cell-containing shape-morphing hydrogels J) undergo photo-crosslinking and mild drying and K,L) instantly
fold into tubes upon immersion in aqueous media. Reproduced with permission.[66] Copyright 2017, Wiley-VCH. Bioprinting-assisted tissue emergence
(BATE). M) Illustration of the BATE concept. The fabrication process is based on deposition of high-density cell suspensions into liquid precursors of
ECM hydrogels that facilitate effective cellular self-organization into macrostructures. N) Tube evolution of BATE-printed intestinal tissue with lumen
and budding structures formed at day 6 and crypts at day 9. Scale bars: 200 µm. Adapted with permission.[70] Copyright 2020, Springer Nature. En-
doscopic additive manufacturing. O,P) Illustration of the intracorporeal TE concept in which 3D printing is performed on the patient’s internal organs
by minimally invasive procedures using miniaturized printing platforms. Adapted with permission.[74] Copyright 2020, IOP. Q–S) A microbioprinting
platform can be installed on an endoscope to treat gastric wall injuries. Scale bar: 1 cm. Adapted with permission.[75] Copyright 2020, IOP. T–W) Printed
stackable microcage modules for manual assembly. Printed rigid stackable microcage scaffolds with 1 × 1, 2 × 2, and 4 × 4 designs can be manually
assembled and scaled to adopt a desired geometry. Additionally, each microcage can be loaded with a cargo of choice, such as cells and/or therapeutics
(demonstrated in (W) using fluorescent microgels). Scale bars: 1.5 mm. Adapted with permission.[79] Copyright 2020, Wiley-VCH.
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centimeter-scale epithelial, connective, and vascular tissues were
fabricated. Importantly, the printed biostructures were character-
ized by native-like features such as lumens, crypts, and branches
and responded to chemical stimuli, indicating their high physio-
logical relevance[70] (Figure 5M,N).

Also worth mentioning is the evolving approach of patient-
specific in situ 3D printing, in which constructs are printed, in
vivo, directly at the target site.[71–73] A subset of this approach, the
newly emerged concept of intracorporeal 3D printing, or endo-
scopic AM, is performed by minimally invasive procedures us-
ing miniaturized printing platforms[74,75] (Figure 5O–S). Either
way, as the constructs are fabricated on or inside the patient’s
body, which serves as a living bioreactor, there is no need for
an in vitro maturation phase. Another approach that targets a
clinical need is the production of “off-the-shelf” tissue substi-
tutes. At the heart of this concept is the ambition to provide
clinicians with a pool of available, readily transplantable, pre-
prepared, engineered body parts. The advantage of this approach
is clear: malfunctioning tissue might be repaired or replaced
without going through tedious preliminary design and manu-
facturing processes. One of the major obstacles in this concept,
however, is the limited capacity to personalize the pre-prepared
tissue so that it matches the patient, both structurally and im-
munologically. Currently, resolving the problem of immune re-
jection of cell-containing implants requires complicated proce-
dures (i.e., cellularization of the implant with patient-derived
cells,[76] Human Leukocyte Antigens (HLA) matched[77] or en-
gineered, “universal,” hypoimmunogenic cells[78]). The process
of structural matching, on the other hand, could be significantly
simplified. This could be done, for example, by enabling the
clinician to produce patient-specific geometries from pre-printed
building blocks without the need for special equipment or long
training. Such an approach was elegantly demonstrated by Sub-
biah et al.[79] The group used lithography-based 3D printing to
construct a microcage scaffold assembly system for regenera-
tion of hard tissues. The rigid, miniaturized, stackable microcage
modules could be manually assembled and scaled by the user
to generate the required geometry. Moreover, as each module
is amenable to loading with a cargo of choice, cells and ther-
apeutic agents could be patterned in 3D within the composed
construct[79] (Figure 5T–W).

Finally, it should be pointed out that the described progress
and future advances should go hand in hand with the continuous
improvement of printing materials, design tools, process algo-
rithms, and post-printing culturing and maturation techniques.
While not thoroughly discussed in this review, it must be remem-
bered that these elements are inseparable from the printing pro-
cess. Information on the latest advances in these important dis-
ciplines can be found in recent reviews.[8,80–84]

A summary table that presents some of the key features of
the printing methods covered in this review can be found below
(Table 1).

3.2. The Future of Printed Tissues and Organs—At the Crossroad
of Reality

So, what should we expect to see in the near and far future? What
will be the impact of the evolving 3D bioprinting field on modern

healthcare, biotechnology, and academic research? In this sec-
tion, we try to depict three hypothetical scenarios. Reality will
most probably navigate its way somewhere in between.

The first is an ideal scenario for tissue engineers and is gov-
erned by technology and know-how. That is to say, progress in
the 3D biofabrication field will be dictated mainly by our capacity
to build more advanced printing machines, formulate improved
bioinks, and efficiently expand cells and culture the printed struc-
tures. In this scenario, the basic assumption is that biology will
not pose an obstacle that cannot eventually be overcome on the
journey toward engineered functional tissues and organs. Con-
trariwise, given a precise spatial positioning of the proper cells in
meticulously formulated materials and under specific controlled
conditions, the printed living components will organize and ma-
ture to form the desired structures. This does not mean that the
cellular component of the engineered tissues will not require spe-
cial preparation, guidance, and care. Rather, the biological knowl-
edge that will be gained as the field evolves will suffice to fuel
the progress. Under these hypothetical conditions, it is not too
ambitious to assume that our ability to 3D fabricate basic, phys-
iologically functional biostructures will mature in the foreseen
future. Such a capacity will enable the production of the core con-
stituents of animal and human tissues to a level at which most,
or almost all, of the functionality of the native components is
mimicked by the printed counterparts. Obviously, the progress
must be accompanied by the development of advanced bioreac-
tors and supporting accessories that enable controlled, long-term
cultivation of the living constructs. Such achievements will boost
biological research, facilitating a much deeper investigation of
the molecular, developmental, and physiological processes that
are at the heart of life. They are also expected to revolutionize
the fields of pharmacology and drug screening that currently rely
on less reliable models such as 2D cell cultures, organ-on-a-chip
models, 3D non-vascularized cellular constructs, and animals.
Successful fabrication of 3D hierarchical tissue structures con-
taining heterogeneous cell populations and supportive vascula-
ture will gradually trigger attempts to use them for regenerative
purposes. Animal models will first be used to prove the capac-
ity of engineered tissues seeded with autologous cells to inte-
grate into the host and to maintain long-term activity. Follow-
up experiments will then be conducted to test whether a printed
implant can regain the functionality of a defective tissue, or at
least compensate, to some extent, for the loss of its activity. An
array of integrated microsensors and actuators may be used to
provide these crucial data, together with an indication of the tis-
sue’s activity and physiological state during maturation and post-
implantation. Such an integrated electronic system will work in a
bi-directional way, also allowing on-demand intervention by elec-
trical excitation or release of active compounds into the implant’s
surroundings.[85] After confirming a therapeutic benefit in ani-
mal models, a race toward the development of clinical applica-
tions will start. First, cooperation will be established between,
on one side, academia and the biotechnological industry and,
on the other side, healthcare providers and hospitals. The lat-
ter will then set up their own bioprinting centers in which the
whole process will take place. A typical procedure might begin
with the harvest of cells and/or biomaterials from the patient, fol-
lowed by their being processed into bioinks. Alternative sources
of immune-compatible cells, such as iPSC banks or “universal”
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iPSC lines, can also be used.[76–78] In the next step, the engineered
tissue will be fabricated on the basis of data extracted from 3D
imaging of the patient’s own anatomy, or from a generic model
that will undergo personalized adaptations. When the integral
sensory system and additional complementary assays indicate
the maturation of the tissue, transplantation will be performed.
The patient will then be continuously monitored by the health-
care provider with the assistance of wireless communication be-
tween the integrated electronics and an extracorporeal receiver.
From this stage, the next significant step will be toward a higher
level in the hierarchy, which is the level of the organ. Since con-
structs’ volumes will greatly increase in the 3D bioprinting of
full-size human organs, the integration of ultra-fast fabrication
techniques may be required. Nevertheless, as speed will prob-
ably still come at the expense of printing resolution and com-
plexity, such methods should be used in combination with other
complementary, more accurate fabrication procedures. A repre-
sentative scheme may be based on a hybrid platform in which
an organ’s parenchyma is fabricated at high speed around accu-
rately pre-printed organ-specific microstructures and branched
vascular system. After printing, the engineered organs will be
connected to computer-guided bioreactors that will constantly
monitor their culturing environment and physiological status.
The recorded data will be processed to generate a feedback loop
that ensures a proper supply of oxygen, nutrients, essential bio-
factors, and external stimuli to the living organ. When the or-
gan is functional and fully mature, it will be transplanted instead
of, or in parallel to, its faulty natural counterpart, to regenerate
function. Optionally, as discussed above, the engineered organs
may be designed to maintain reciprocal communication with a
medical specialist by virtue of integrated arrays of sensors and
actuators. The integrated electronics may also be controlled by
an internal feedback loop that can automatically intervene in the
transplant’s activity in cases of rapidly emerging, life-threatening
complications.

While the scenario depicts an optimal outcome, it presumably
will not be realized in the near future. This is due to the long
list of associated biological and technological challenges that will
probably require prolonged research and development. An exam-
ple of such a challenge is the current absence of efficient cell ex-
pansion techniques. The human adult heart, for instance, con-
tains ≈4 billion muscle cells (CM). Hence, a huge number of
these cells first needs to be attained in order to print a full size,
transplantable, cellular organ. As adult human CM exhibit a very
limited self-renewal capacity, an enormous population of patient-
specific stem cells must first be established and differentiate ac-
cordingly. This requires execution of complicated procedures for
attaining a highly pure CM culture with the proper phenotype.
Unfortunately, these procedures, in their current form, are par-
ticularly costly and very demanding for scaling up.[86–90] Another
challenge that has largely stayed out of focus, is the innervation of
engineered tissues and organs. While not essential for tissue or-
ganization and survival, its role in organ development, function-
ality, and regeneration is increasingly being recognized. Address-
ing this issue adds another layer of complexity that may require
expanding both knowledge and laboratory practice.[91] A wide per-
spective on the challenges presented by whole organ bioprinting
and future directions for the field can be found in a recent com-
prehensive review.[92]

In the next hypothetical scenario, biology is much less cooper-
ative. Referred to here as the “glass ceiling” scenario, it depicts a
situation in which most of the complex engineered cellular con-
structs will not reach an adequate level of functional resemblance
to the native tissue. In other words, although fabricated to pre-
cisely mimic the composition, architecture, and hierarchy of the
native tissue, and albeit treated with the most updated differenti-
ation and culturing protocols, the vast majority of printed tissues
will display only limited functionality. Thus, while still being able
to provide substantial benefits for research and biotechnological
applications like basic drug screening, cultured meat, bioproduct
production, etc., the non-ideal performance of printed biostruc-
tures will prevent their clinical use. That being the case, what
could be the reason that the engineered tissue does not organize
and perform like a native one? If we precisely recapitulate the
composition and spatial position of the tissue’s elements, intro-
duce the cells into a supportive environment and provide them
with appropriate cues, what else is required for the formation of a
native-like, functional tissue? Two possible options are time and
the sequence of events. The reason we choose to focus on these
specific parameters is that they are prominent during natural de-
velopment, but are not reflected, or taken into consideration, in
current 3D bioprinting protocols. During the natural develop-
ment of higher organisms, complex biological structures are pro-
gressively generated in time frames that are significantly longer
than the course of an average 3D bioprinting session. These
processes are also characterized by an orchestrated sequence of
events with a defined hierarchy in terms of onset times. More-
over, cells that initially reside in one location may migrate to an-
other, and the whole process may include additional spatiotempo-
ral events of cell differentiation, proliferation, and death. In con-
trast, the common 3D bioprinting schemes are based on rapid
patterning processes in which materials and cells are positioned
at their final, desired location. Although post-printing cell differ-
entiation, proliferation, and even migration can be induced and
manipulated to some extent, the native time frame and order of
events will probably not be recapitulated. The nature of these pa-
rameters, in terms of their effect on the end result of tissue for-
mation processes, still needs to be investigated. It is clear, how-
ever, that if the course of the process, by itself, plays a substantial
role in the functionality of the tissue, it will be challenging to use
3D bioprinting for regenerative medicine purposes. In any case,
it is reasonable to assume that there are variables in developmen-
tal biology that are either well concealed or too complicated to
be recapitulated or managed by current technology. Obviously,
there is also no guarantee that the required know-how will be at-
tained in the foreseeable future. Considering the complexity of
living systems, with their interwoven signal routes and numer-
ous feedback loops, it may not be unrealistic to consider a situa-
tion in which biology will eventually put a glass ceiling above our
heads. While this may considerably hinder progress toward clin-
ical application, it should be remembered that 3D bioprinting is
a means, not an end. That is to say that if regenerative medicine
is an ultimate goal, maybe fabrication of functional substitutions
for malfunctioning tissues and organs will eventually be realized
via alternative technologies.

The third scenario depicts a situation in which technologies
other than 3D bioprinting will eventually dominate TE, or at
least some of its derived clinical developments and applications.
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For instance, let us assume that highly functional, 3D bioprinted
complex tissues and even organs can be fabricated, but only by
a process that requires an enormous amount of resources, mak-
ing them inaccessible to healthcare providers. For example, we
mentioned the huge number of cells required for the construc-
tion of engineered human organs. While reaching these num-
bers may not be a completely uncrossable barrier, it may require
an exceptionally prolonged and costly process in the absence of
much improved culturing technologies. Another example in this
regard is the recapitulation of the fine architectures that charac-
terize living tissues. As discussed, the rapid advances in fabri-
cation techniques endow researchers with the capacity to gener-
ate complicated geometries at very high resolution. These tech-
niques, however, suffer from a low throughput and composi-
tional complexity. Thus, scientists largely rely on spontaneous
cell-organization processes to create, for instance, the finest cap-
illary networks in small, engineered cellular constructs. Indeed,
such processes may take place when providing cells with a rough
spatial guidance and proper biochemical cues. It is also known
that such processes rapidly and efficiently occur as part of the
natural response to tissue damage.[25] We cannot be sure, how-
ever, that these processes will suffice to establish a proper blood
vessel infrastructure that is capable of supporting full-size, engi-
neered, functional organs. And, in case they do not, ultra-high
resolution printing procedures, which will probably be adapted
in the future for higher compositional complexity, may be the
only available solution.[24] Nevertheless, the cost of massive use
of these techniques, required for generating full-scale organs for
transplantation, may make the process practically unattainable
for most patients.

Thus, if top-notch, state-of-the art 3D bioprinting technology
does not yield affordable, transplantation-ready engineered body
parts, what solution will modern medicine offer to patients with
failing tissues and organs? If artificial means for mimicking
or bypassing developmental processes are not the answer, nat-
ural developmental processes may be harnessed for this pur-
pose. While still immature and ethically controversial, somatic
cell nuclear transfer techniques enable the generation of a ge-
netic clone of an adult animal.[93,94] It may be possible that in
the future, this technology will allow scientists to initiate devel-
opmental processes that yield functional organs without the ne-
cessity of generating a conscious, living, whole organism. An-
other intriguing option is to use animals as a source of trans-
plantable tissues and organs (xenotransplantation), with recent
interesting research performed on genetically modified pigs.[95]

An entirely different direction may be the construction of arti-
ficial, synthetic organs.[96–98] Although currently not sufficiently
developed to provide fully functional implantable or wearable re-
placements for malfunctioning organs, the technology may reach
that point in the future.

With that being said, we believe that 3D-bioprinting of func-
tional tissues and organs will continue to develop, even in the
case where it is not the method of choice for manufacturing body
part substitutes. This is because research may substantially ben-
efit from the ability to control the structure and composition of
these native-like structures. For instance, 3D bioprinting may en-
able the incorporation of genetically modified cells expressing a
reporter gene at specific locations in an engineered organ. It may
also allow the integration of actuators and sensors that will shed

light on hard-to-detect physiological processes and activities. This
freedom of design, not offered by the described alternatives, may
rise above the cost of production, maintaining the demand for
these functional printed bioconstructs.

4. Conclusions

3D printing is an ingenious concept and a groundbreaking tech-
nology that impacts a wide range of disciplines such as archi-
tecture, industrial design, manufacturing, and art. Owing to its
power to grant users the exceptional capability to quickly and ac-
curately convert a digital design into a 3D physical object, 3D
printing gradually caught the attention of tissue engineers. To-
day, 3D bioprinting is one of the most desirable tools in TE, of-
fering an advanced means (and in many cases the only means)
for the construction of complex biostructures. Major efforts are
now being made to refine the process, aiming to improve print-
ing accuracy and speed as well as the complexity of the result-
ing printout. Indeed, the latest works overviewed in this article
prove that motivation and creativity can be combined with knowl-
edge and talent to achieve these goals. Aided by knowledge in cell
biology and the expected advances in our understanding of de-
velopmental processes, 3D bioprinting may be the spearhead in
the future of TE, taking it to new and higher levels. Obviously,
any major advances in this field will open new gates, expedite
developments, and accelerate progress in applicative regenera-
tive medicine. Will 3D bioprinting be the technology of choice
for generating transplantation-ready, complex engineered tissues
and organs? Or, should we humbly ask, will any technology bring
us to this point in the foreseeable future? We believe that biology
holds the key. It may or may not comply with attempts to con-
trol and manipulate it according to our needs and desires. But
while we wonder if and when the transplantation of complex bio-
fabricated constructs will become a routine clinical procedure, it
seems that 3D bioprinting technology is rapidly evolving toward
the realization of this vision.
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