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pathology, cell biology, and materials science will aid in overcoming the obstacles pertaining to the bioprinting of organoids. The
combination of bioprinting and organoids with a focus on structure and function can facilitate further development of real organs.
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1. Introduction

An organoid is a three-dimensional (3D) model, similar
to the source tissue or organ in vivo, of an in vitro cell
culture system.!"!. In addition, an organoid is a collection
of organ-specific cells that are developed from pluripotent
stem cells (PSCs) or adult stem cells (AdSCs). They can
self-form in a similar manner to the body through cell
sorting and spatially restricted lineage differentiation*
(Figure 1). At present, animal models are typically
used for experiments, such as drug screening, disease
modeling, and tissue regeneration and repair; however,
such models do not accurately reflect the physiological
characteristics of the human body®. The new in vitro
model organoid bridges the gap between animal models
and humans by replicating the cellular composition
and behavior of a normal organism meticulously to
recreate the physiological structure of human organs.
The construction of organoids offers the advantages of
individualization, short modeling times, high-throughput
genetic or drug screening, and the possibility of gene
editing!®. The organoid compensates for the shortcomings
of simple cellular models and complex animal models,
and provides an important experimental basis for studying
key functions of living organisms. Organoids have
become a current research hotspot with great theoretical
significance and broad development prospects in basic
biology research, drug testing, and molecular medicine!®.
However, the construction of organoids poses certain
limitations, such as the inability to fully simulate the
in vivo microenvironment, inadequate vascularization,
the slightly different size of the self-organization of
organoids from that of normal organs and lack of precise
spatial ordering, and unestablished co-culture system
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with other types of cells. Recent bioprinting techniques
have been used to overcome some of these shortcomings.

Bioprinting is an additive manufacturing technology
that can design and selectively distribute cells, bioactive
materials, and cytokines to construct 3D living organs
and tissues!”!. Bioprinting defines two types of fabricated
structural properties or smart surface properties of cell-
free constructs characterized by layering, which guides
cellular activity and cell-filled biological constructs!”.
Before the rise of biomanufacturing technologies, the
fusion of developmental biology and cellular self-
organization has emerged as a new paradigm for
advancing tissue engineering. The formation of self-
organizing multicellular modules is a key step in this
technology; however, the ability to assemble intermediate
modules into larger tissue units in a controlled manner is
a major challenge!®. Thus, the synergistic development
of bioprinting and cellular self-organization technologies,
working in tandem, can significantly facilitate the
functionalization of organ tissues. Bioprinting can apply
a specific spatial architecture design similar to actual
organs for PSCs or AdSCs so that the specific structure
of organoids can be quickly printed with high-precision
and high-throughput. Accordingly, they can self-organize
better and faster to form organoids. In addition, stem
cell suspensions can self-organize into millimeter-scale
structures, which contain only moderate complexity, and
can be further printed into more complex tissues and
organs, with the use of the resulting geometry to guide
organoid formation.

Here, we review existing bioprinting methods
and bioinks, highlight the recent success stories in the
field of organ bioprinting, and summarize strategies
and possible directions for future organoid bioprinting.
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Figure 1. Organoids can be identified based on PSCs or AdSCs that are created autotrophically. PSC-derived organoids need to pass through
the endoderm, mesoderm, or ectoderm, and then be induced and matured by applying certain growth signals and then differentiate into
the phenotype required for a particular organ. A few PSC-derived organoids may be determined from numerous distinctive germ layers of
cells. AdSC-derived organoids require segregation of tissue-specific stem cell populations, which are at that point implanted in extracellular
matrix (ECM) and engendered in combination with particular tissue development components.
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Organoid construction and bioprinting have become
research hotspots in the scientific community, and they
can facilitate the development of truly artificial organs
in the future, signifying a substantial step forward in the
field of regenerative medicine.

2. Technologies of organoid bioprinting

3D printing is also known as a layer-by-layer stacking,
additive manufacturing method, and the printing
technology associated with cell printing is known as 3D
bioprinting. According to different molding principles
and printing materials, existing bioprinting methods
can be classified into extrusion bioprinting (pneumatic,
piston, and spiral), inkjet bioprinting (temperature control
and piezoelectric), laser-assisted bioprinting, and photo-
curing bioprinting. Biological 3D printing techniques use
biomaterials, cells, and/or cytokines as bio-inks to build
human tissues and organs. However, to date, no biological
printing technology can produce synthetic tissues of all
sizes and complexities. The aforementioned four primary
biological printing techniques pose certain advantages,
disadvantages, and limitations (Table 1).

2.1. Inkjet-based bioprinting

The inkjet-based bioprinting method was the first
bioprinting method used to print cellsl. Tt is a contactless
printing process based on traditional inkjet printing
technology, which uses piezoelectric or thermal driving
nozzles to form a series of liquid droplets according to a
predetermined 3D structure of biological ink (a mixture
of hydrogels and cells). Inkjet-based bioprinting has
the advantages of high cell activity, fast printing
speed, higher resolution, and low cost!'%!!l, In addition,
inkjet-based bioprinting can use multiple nozzles
simultaneously, enabling the simultaneous printing of
different bioactive materials, cells, or cytokines. Using
inkjet-based bioprinting technology, scientists have
made significant progress in drawing the patterns of
molecules, cells, and organs. Researchers have reported
the use of inkjet-based bioprinting and fibroblasts to
design curved, vascular-like suspension structures
without scaffolds!’”. A method of applying high-
throughput inkjet printing to control cell attachment
and proliferation through precise, automated deposition
of collagen was also reported!'®. However, due to the
low driving pressure, inkjet biological printing cannot
print high-viscosity materials or high-concentrations of
cells. Therefore, it is often difficult to fabricate complex
biomimetic tissues or organoids with high cell density
using the inkjet bioprinting method. Low-viscosity
biomaterials can reduce the mechanical properties
of bioprinted structures but fail to provide a normal
or similar physiological environment for cells to the

extent that subsequent in vitro and in vivo cultures are
less effective. In addition, the nozzles are prone to wear
and clogging during inkjet bioprinting, and cells may
also suffer thermal or mechanical damage, limiting the
widespread use of inkjet-based bioprinting technologies.

2.2. Laser-assisted bioprinting

Laser-assisted bioprinting utilizes laser direct-write and
laser-induced transfer technologies!'¥. A focused laser
pulse is used to generate high-pressure bubbles on the
ribbon absorption layer, and the suspended bioink is
pushed onto the receiving substrate and then cross-linked.
Compared with other printing techniques, non-nozzle
printing methods, such as laser-assisted bioprinting,
can avoid direct contact between the inkjet and bioink,
thereby preventing the cell/biomaterial from clogging the
nozzle and mechanical damage to the cell!®!. Thus, laser-
assisted bioprinting allows the printing of highly viscous
biomaterials as well as printing with a high cell density.
The constructed organoids exhibit high cellular activity,
high cell density, and improved functionality. The use of
laser-based bioprinting to prepare 3D patterns for spinal
cord repair with axon-like extensions and high cellular
activity has been reported!'®). Moreover, laser-assisted
bioprinting has been used to deposit human umbilical vein
endothelial cells (HUVECs) onto the surface of biopaper
using a simple crossover technique; these cells were
differentiated and stretched into a network of vascularized
tissues!!”l. However, laser-assisted bioprinting pose several
shortcomings. First, laser-assisted bioprinting devices are
difficult to commercialize because the cost is relatively
high, the control of the laser printing system is complex,
and there are limited hydrogel materials suitable for laser-
assisted bioprinting. Second, the printing efficiency is low,
and each layer of ink is coated repeatedly. In addition,
uniformity cannot be guaranteed, and the process is time-
consuming and laborious. This makes it difficult to apply
to complex structure printing. Moreover, the side effects
of laser exposure on cells are not fully understood, which
limits the use of this technology.

2.3. Extrusion-based bioprinting

Extrusion bioprinting is currently the most widely used
bioprinting strategy that uses air pressure or mechanical
stress to control the extrusion of bioink through a
nozzle. It can print high-viscosity biomaterials and high-
density cell suspensions!'. Tts greatest advantage is
that it features a wide range of printable biocompatible
materials, covering biomaterials with viscosities
extending from 30 to 6x107 mPa/s, particularly hydrogels
with shear diminishing, and fast cross-linking properties.
In contrast to the aforementioned two techniques, the
biomaterial or cell suspension is squeezed by continuous
squeezing pressure to form uninterrupted deposits of
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fibrillated filaments, rather than just individual droplets,
resulting in greater mechanical pressure, and shear
stress on biomaterials and cells. Therefore, using this
technique can reduce the survival rate of printed cells,
which is more obvious when printing bioinks with
high cell density. Extrusion bioprinting is currently a
common method used to construct organoids, and new
bioprinting methods have emerged based on traditional
extrusion bioprinting methods. Researchers have built
an extrusion bioprinter equipped with two nozzles and a
motorized X-Z robot. Using hepatocyte- and fibroblast-
loaded GelMA hydrogels, the feasibility of the technique
was demonstrated for bioprinting organoids or cellular
aggregates that maintained a certain level of cellular
activity over time!'?). In addition, a prominent study
has recently proposed a printing method referred to
as bioprinting-assisted tissue emergence (BATE) that
combines an extrusion printing system and a microscope
system to build a printing system with its own microscope
image for real-time observation and precise control of
tissue development temporally and spatially?”!,

2.4. Photo-curing bioprinting

Photo-curing bioprinting is a biological 3D printing
method based on surface projection, which is now often
subdivided into stereolithography (SLA) and digital
light processing (DLP). Both methods use light-induced
photopolymer molding. SLA applies this molding to
light-cure using laser light from point to line and line
to surface, while DLP uses a projector to irradiate the
photopolymer and light-cure it layer-by-layer?!, The
photo-curing printing device uses a digital light projector
to solidify the entire surface of the bioink with high
efficiency. Regardless of the complexity of the single-
layer structure, the printing time is the same, and the
printing accuracy is high??. The printer requires only
a vertically moving platform. Compared with other
methods, the device is relatively simple and easy to
control, and the printing mode without nozzles does
not cause problems, such as nozzle blockage and shear
force affecting cell activity™®]. Photo-curing bioprinting
is a promising printing method for cell assemblies and
organoid construction because of its ability to guide cell
self-organization and relatively controlled differentiation.
Creff et al. used SLA technology and a photosensitive
polymer hydrogel (polyethylene glycol diacrylate/acrylic
acid polymer) that supports the growth of intestinal
cell lines to construct intestinal epithelial structures,
demonstrating that these structures support small
intestinal epithelial cell proliferation and differentiation
for 3 weeks?. However, the disadvantage is that
ultraviolet light and its initiator can damage the cells.
Photo-curing bioprinting is a progressively imperative
part of cell printing strategies, and it is anticipated to

supplant extrusion bioprinting as the foremost standard
biological 3D printing in the future.

3. Bioinks for bioprinting organoids

Bioinks are crucial for bioprinting. The ideal bioink
should meet certain printability requirements,
demonstrate suitable mechanical properties; and possess
sufficient levels of biodegradability, biocompatibility, and
cytocompatibility. For bioprinting organoids, the bioink is
selected based on the printability of the ink and its effect on
cell behavior. Printability implies that during bioprinting,
bioinks are required to exhibit proper flowability and
the capability to quickly mold into a shape after printing
and cross-linking (photo cross-linking, chemical cross-
linking, and physical cross-linking). Increasing the
hydrogel concentration can accelerate the curing time and
improve the hydrogel strength, which is conducive for
better forming. However, it reduces the gel water content
and narrows the micro-pore size inside the gel, which
is not conducive for cell survival and deposition of the
extracellular matrix (ECM). In addition, different types of
bioinks produce cells with different microenvironments,
affecting cell proliferation, differentiation, migration,
and self-organization. Therefore, bioinks have a suitable
printing window for printing complex geometric organ
shapes.

Both natural and synthetic polymeric materials can
be used as raw materials for bioprinting. The commonly
used bioinks are agarose-based, alginate-based, collagen-
based, hyaluronic acid-based, fibrin-based, cellulose-
based, silk protein-based, and ECM bioinks. Each
bioink possess its own advantages and disadvantages
(Table 2). Agarose, a marine polysaccharide extracted
from seaweed, exhibits suitable mechanical properties.
However, its ability to support cell growth is limited,
which is not conducive to organoid construction.
Therefore, its use often requires mixing with other
biomaterials to improve its biocompatibility. The earliest
reported strategy for bioprinting blood vessels by Norotte
et al. was the use of 300-500 um diameter blood vessels
and supporting cell spheres. These spheres were then
allowed to deposit on each other on molds printed with
agarose to form a single blood vessel®!. Alginate is a
negatively charged polysaccharide that can be transiently
cross-linked with divalent cations to form hydrogels.
However, it lacks cell adhesion sites®®®, and different
polymers, such as PCL and gelatin, are often mixed with
alginate to form different structures for 3D printed tissues.
Zhang et al. used alginate and nano-hydroxyapatite to
promote osteochondral repair?”. Collagen is the primary
component of the ECM, which exhibits appropriate
biocompatibility. It can be cross-linked by changing
the temperature or pH. Using a mixture of collagen and
alginate bioink produces a stronger effect than using
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Table 2. Performance comparison of different bioinks for organoids

Bioink types Cell types Printing methods Gelation Properties References
method
Collagen-based Human stem cell-derived Extrusion pH Better biocompatibility [33]
cardiomyocytes Slow gelation rate
Low mechanical properties
ECM-based Human induced pluripotent Extrusion Light Better biocompatibility [36]
stem cells (hiPSCs) Better functionality
Alginate-based HepaRG Extrusion Temperature/ Easy to prepare [52]
ion Fast gelation
Better cytocompatibility
Hyaluronic acid- Primary cell liver Extrusion Chemical Better biocompatibility [28]
based crosslinking ~ Slower gelation lower
Mechanical properties
Agarose-based Human umbilical vein Extrusion Chemical Good gel forming ability [25]
smooth  muscle cells crosslinking  Good mechanical properties
(HUVSMCs) and biological tolerance
Human skin fibroblasts Limited ability to support
(HSFs) cell growth
Fibrin-based Human adipose-derived Laser-assisted Thrombin Better  biocompatibility, [30]
stem cells (ASCs) biodegradability
Endothelial colony-forming Poor mechanical properties
cells (ECFCs)
Cellulose-based Human nasoseptal Inkjet Temperature ~ Environmentally sensitive [29]
chondrocytes cells (hNCs) Easy to gel
Gelatin-based ~ HepG2 cells Extrusion Light Better  biodegradability [31]

and remodeling

alginate ink alone. The application of bioink with two
or even three biomaterials will improve the stability of
polymer systems, tissues, and organoid constructs and will
be more beneficial for cell proliferation, differentiation,
and self-organization. Hyaluronic acid (HA) is a natural
ECM. HA gels slowly, have low mechanical properties
after gel formation, and are usually double cross-linked
or chemically modified to improve its mechanical
properties. Skardal et al. developed a versatile HA and
gelatin-based hydrogel system to print primary liver
spheroids®®. Carboxymethylcellulose (CMC) is a semi-
flexible polysaccharide derived from cellulose. CMC can
be converted into environmentally sensitive hydrogels
by changing its concentrations and molecular weights,
as appropriate. Markstedt e al. combined nanofibrillated
cellulose—alginate complexes and chondrocytes to prepare
ear-shaped and curved-moon scaffolds™. Fibrin is a pro-
coagulant protein. It is enzymatically thrombinized to
prepare hydrogels with adequate biocompatibility and
biodegradability. Gruene et al.P” used laser-assisted
bioprinting to produce stable vascular networks using
natural hydrogels composed of fibrin precursors and HA
as cell carriers and environmental materials. Gelatin is a

protein obtained by the partial hydrolysis of collagen and
is homologous with collagen.

Its strength depends on the concentration of the
solution. Gelatin exhibits sufficient degradability and
remodeling. ECM bioink, formed by crushing the
removed cellular tissue, dissolving it in buffer, and adding
other easy-to-form gels, is the most suitable bioink for
cell survival. Matrigel™, an ECM secreted from murine
Engelbreth—-Holm—Swarm tumors, is the most commonly
used ECM for bioprinting. Salvador et al. used hydrogels
composed of alginate, gelatin, and matrix gel-controlled
fractions for bioprinting tumor models to maintain and
prolong patient-derived tumor spheres in culture without
disrupting tumor sphere formation®!.

4. Bioprinting organoids applications

Organoids and bioprinting are two of the most popular
areas of tissue engineering. Although the use of bio-3D
printers to print organoids is nascent, the combination of
bioprinting and organoids has demonstrated successful
examples, indicating their promising future. Here, we
present the current state of research on bioprinting of
organoids.
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4.1. Heart

The heart is one of the most important organs in the
human body, providing power to support the flow
of blood, supplying various nutrients and oxygen to
other organs and tissues, and eliminating the waste
products of metabolism so that the body can function
properly. A mature heart contains 9 billion cells,
including fibroblasts, cardiomyocytes, smooth muscle
cells, connective tissue cells, and immune cellsB233],
Furthermore, unlike other parts of the body, the heart
tissue cannot heal itself from damage. The current
challenge faced in bioprinting cardiac organs is that
the biomaterials used in bioprinting cardiac organs are
primarily the soft materials that possess low mechanical
strength and weak support, making it difficult to print
and shape layer by layer. Another challenge is the fact
that current cardiac organ constructs are either lacking
in cellsP**! or have no evidence of electromechanical
function and lack functionality®®!,

Certain studies have been conducted for heart
organoid construction. Ishino Fumitoshi’s team from
Tokyo Medical and Dental University developed a 3D
heart organoid, similar to the developing heart, using
mouse embryonic stem cells in the presence of FGF4 and
LN/ET complexest®”. Zweigerdt et al. of the Hannover
Medical School, Germany, encapsulated free-suspended
human PSCs in a matrix gel (Matrigel) in suspension

Sacrificial
layer+ EC

culture in response to the classical Wnt signaling
pathway, thereby effectively differentiating them into
highly purified cardiomyocytes and establishing a 3D
heart-like structure of a certain size with different cell
layer patterns and a foreground endoderm structurel®®!.
However, the organoid thus constructed successfully
replicates some aspects of heart tissue, including stromal
cells, endothelial cell network, and epicardial layer, and
even resembles to early heart developmental morphology,
but the macroscopic structure of the organoid moderately
differs from that of the real organ. The incorporation of
bioprinting has shown satisfactory results. In April 2019,
scientists in Israel successfully 3D printed an “artificial
heart,” which is the first successfully designed and
printed heart comprising cells, blood vessels, ventricles,
and atria (Figure 2A, B and C). Although the cells in
this heart appear to contract, they cannot beat and pump
blood like a normal heart?®. Recently, Professor Adam
Feinberg’s team at Carnegie Mellon University used
collagen as a freely embeddable suspension hydrogel
(FRESH) to bioprint heart organoids, combining MRI
images of coronary arteries and 3D images of the heart
to achieve fine structures at different structural scales
from capillaries to the entire heart organ, as well as
high-resolution printing of heart organoids with systolic
function.?¥ (Figure 2D, E, and F). Previously constructed
organoids are almost always millimeter-sized. However,

Figure 2. (A) Side view of the bioprinting concept and the unique cellular bioink. (B) 3D confocal image of a bioprinted heart (CM in
pink, EC in orange), scale bar =1 mm. (C) Bioprinted heart in a support bath. (D) A schematic diagram of fast cross-linking by squeezing
the collagen solution in a support bath with a pH of 7.4. (E and F) Magnetic resonance imaging (MRI) post-processed images of the heart
model, showing it has a coronary vascular network. (Adapted with permission from Lee et al, Science, 2019, 482487 (2019)**) and (from

ref.5% licensed under Creative Commons Attribution 4.0 license).
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researchers at the University of Minnesota in the U.S.
have recently 3D printed the first ever centimeter-sized
heart organoids. They optimized a specialized bioink,
made from ECM proteins and human stem cells, to print
into ventricular structures. The corresponding stem cells
were first expanded to high cell density on the ventricular
structures. Then, the cells were differentiated into
cardiomyocytes, with critical cell density and the ability to
make the cells beat like a heart®®. This is a major advance
in organoid studies of the heart to bioprint stem cells in
a tissue synergistic manner and to be able to direct their
differentiation into cardiomyocytes in similar situations
with in vivo stem cells adjacent to each other. While their
printed cardiac muscle models demonstrated encouraging
results in small kinetic models, this is insufficient in large
animal models with thicker myocardial walls and more
demanding vascularization; therefore, further exploration
is required.

4.2. Kidney

Kidney organoids primarily comprise metanephros
(MM) cells, which have been successfully used for
nephron-related disease modeling and drug screening.
Significant barriers in using the current systemic approach
persist, such as in experimental modeling and kidney
transplantation. scRNA-seq and transcriptomic studies
have identified renal organoids as a very premature renal
system. Cultured kidney organoids do not produce all
kidney cells, specifically a wide variety of mesenchymal
cells, and do not allow the formation of advanced renal
structures with a vascular system!*. Kidney organoids
cannot grow above the millimeter level because they
become necrotic internally as they develop and have
difficulty developing a higher form of the dermal medulla.
In addition, the main limitation of kidney organoids is the
lack of a functional vascular system.

To construct kidney organoids, based on the finding
that Metanephric Mesenchyme (MM) Ureteric Bud (UB)
have distinctive roots, Taguchi et al. established a method
to extract MM from mouse ESCs and human iPSCs
cultured into 3D spheres and promoted the development
of mesoderm with Wnt agonists, retinoic acid, etc.,
thereby producing pedunculated, Bowman’s capsule
cells, and tubular epithelial cells™*!. Takasato et al. used
human embryonic stem cells in 3D spheroids to develop
kidney cells®*. They first performed induced culture in a
2D plane and then subjected the stem cells to aggregated
culture at a 3D level to produce human iPSC-derived
kidney organs containing renal progenitor cell-derived
podocytes, Bowman’s capsule, and tubules, as well as UB-
like cells, stromal cells, and endothelial cells. However,
kidney organoids constructed using these methods often
suffer from poor reproducibility and high inter-group
variability. This is true even in the case of a single iPSC

using a single protocol. Kidney unit patterns and cell ratios
may also fluctuate between experiments. In the field of
bioprinting, the construction of kidney organoids likely
yields satisfactory results. Jennifer et al. used bioprinting
to construct a functional 3D kidney structure containing
living human epithelial cells that form the surface of
the renal tubules™! (Figure 3A, B and C). Organovo
recently developed a proximal tubule-like tissue that
was bioprinted as a layered structure in a well membrane
by mixing fibroblasts and HUVECs with a proprietary
heat-responsive hydrogel. After 3 days of culture, renal
PTECs were inoculated onto the bioimprinted layer. On
maturation, the kidney cells exhibited a microvascular
network with tight junctions and cell polarization
(Figure 3D, E, and F). In nephrotoxicity tests of mature
tissues, the metabolism of renal cells and cellular
activity produced greater adverse effects with increasing
concentrations of cisplatin*l. Bioprinting facilitates the
precise control of cell deposition in a 3D space in terms
of the speed and scale, which could lead to a significant
reduction in variability between batches of constructed
kidney organoids and even a breakthrough in scale
from millimeters to centimeters. Recently, Melissa H.
Little’s team at the University of Melbourne, Australia,
reported the application of extrusion-based bioprinting
technology to rapidly prepare a large number of kidney
organoids. Extrusion bioprinting was used to prepare
human pluripotent stem cells (hPSCs) derived from renal
progenitor cells in 6-well and 96-well plates and they
developed into initial cellular microclusters of kidney
organoids, which were then cultured for 20 days to
obtain kidney organoids with morphology, cell type, and
gene expression levels comparable to those previously
reported for kidney organoids in artificial culture. This
study provides high-quality control of cell number,
tissue diameter, and cell viability through bioprinting*!.
Extrusion-based automated bioprinting has shown the
ability to produce kidney organoids with improved
throughput, controlled quality, and scale-up, signaling
the potential of this technique in the fabrication of kidney
organoids at the scale of actual kidney organs in future.

4.3. Liver

The liver is the largest gland in the body and contains
hepatocytes (HCs), hepatic stellate cells (HSCs), hepatic
sinusoidal cells (LSECs), Kupffer cells (KCs), and biliary
epithelial cells (BECs), which are densely and orderly
arranged in the hexagonal hepatic lobules™®!. Although the
liver has an innate ability to regenerate, the hepatocytes
survive only 2-3 days once they are removed from the
body and rapidly lose their characteristic self-replicating
proliferative function. With the rapid development
of the field of cellular biology, the 3D culture system
significantly promotes the maturation of hepatocytes
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Figure 3. (A) Schematic diagram of the proximal renal tubule. (B) Corresponding schematic diagrams of the different steps for making 3D
convoluted perfusable proximal tubules. (C) 3D rendering of a confocal image of the proximal tubule, with actin colored red and the nucleus
colored blue, scale bar = 200 um (D) Hematoxylin and eosin (HE) staining showed complete cellular organization as well as organization
of the mesenchymal and epithelial layers. (E) RPTECs form a monolayer and express cytokeratin 18 (red). (F) The interstitial layer exhibits
an extensive network of endothelial cell linings (red, CD31), scale bar = 20 um. (from ref.*¥! licensed under Creative Commons Attribution

4.0 license) and (from™** Creative Commons Attribution license).

in vitro. This implies that the spatial location, pressure
signals, and matrix adhesion information provided to the
cells in a 3D culture environment play an important role
in the survival and function of hepatocytes*’#), The use
of bioprinted liver tissue can better simulate the in vivo
static microenvironment and dynamic microenvironment
of the liver, which overcomes the limitations of 2D
cultures and can better simulate the complexity of the
in vivo microenvironment.

Over the past decade, researchers have demonstrated
that hepatocytes exhibit a high activity and functional
capacity when grown and differentiated in assembled
spheres!®!. Skardal et al. used a multifunctional HA and
gelatin-based hydrogel system to print specific primary
liver spheroids to create in vitro liver constructs with high
cell viability and measurable functional albumin and urea
output?®l. Conventionally, the most commonly used liver
organoids in 3D culture are spheroids. However, spheroids
are limited in size due to diffusion barriers in their dense
structure, limiting the supply of nutrients, and oxygen.
Recently, researchers have attempted to prepare liver
organoids using SLA. Grix et al. combined HepaRG and
human stellate cells using stereolithography to produce
bioprinted liver organoids which exhibited the basic
properties of liver®™. The highly vascularized complex
liver tissue is divided into lobes, lobules, hepatocytes,

26

and hepatic sinusoids, covering both microscopic and
macroscopic scales. To fabricate multiscale heterogeneous
tissues, Song et al. used a pre-defined extrusion bioprinting
technique (Figure 4A) to create arrays of liver lobules that
could simultaneously create heterogeneous, multicellular,
and multi-material structures® (Figure 4B). Liver
vascularization is an important aspect, which should be
considered when bioprinting liver models. Recently, Mao
et al. used a mixture of hepatocyte suspension and 4%
sodium alginate solution as bioink (cell density: 1x10%ml),
then printed and coated in a culture dish, collected the
printed structures, and prepared liver tissue layer-by-layer
to build liver organoids. Three-dimensionally printed
liver organoids formed clusters and exhibited the ability
to accumulate hepatic glycogen and transport indole
green and acetylated LDL. Remarkably, the mouse liver
spontaneously developed a vascular network system
14 days after transplantation®?. The study of 3D bioprinting
liver organoids holds great promise and significance. If 3D
printed liver organoids can be mass-produced and survive
in large quantities in vitro, expensive biologics, such as
albumin and clotting factors, can be left to them to produce.

4.4. Intestinal tract

Intestinal organoids are derived from intestinal tissue
stem cells or PSCs and possess a 3D structure. Organoids
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Figure 4. (A) Schematic diagram of the pre-set extrusion 3D bioprinting technique for liver lobule printing. (B) MIX and preset structures
were compared to assess liver function, and immunostaining for CD31 (red), albumin (green), MRP2 (green), and DAPI cell nuclei (blue)
was performed; scale bar = 200 um. (Adapted with permission from Kang et al, Small, Copyright 2020 Wiley-VCH Verlagi®!).

of the intestine are widely used in scientific research and
drug development because of their stable culture system
and relatively well-defined developmental processes. At
present, intestinal organs, particularly small intestinal
organs, are widely studied models, and the establishment
of intestinal organs provides a basis for the establishment
of other organs. By adding growth factors for the
growth and development of different organs based on
the intestinal organ culture system, other organs derived
from the digestive tract epithelium, such as the livert*”
and pancreas®’l, have been established, in addition to
other epithelial organs from non-digestive tract sources,
such as the prostate™ and breast™. Intestinal organs can
simulate the relationship between cells in vivo and can be
used to study the characteristics of stem cells; they are
also widely used in studying ulcerative colitis (UC)* and
other intestinal diseases.

Deng et al. constructed a new intestinal organ
culture system that can simulate the regeneration process
of proliferative crypts after intestinal epithelial injury and
revealed the key role and mechanism of two epigenetic
regulators (VPA and EPZ6438) in regulating regeneration
after intestinal injury (Figure SA and B)7. Meanwhile, a
novel engineered plant-based nanocellulose hydrogel was
recently reported as a culture medium for small intestine
organoids, which has the advantages of clear composition
and low cost compared with the currently used organoid
culture medium, Matrigel®® (Figure 5C). However,
many questions remain unanswered. For example, there
are multiple phenotypes (symmetrical, budding, mixed,
etc.) that can occur during the culture of human intestinal
organoids, and varying phenotypes make experiments
less reproducible®’. The introduction of bioprinting has
improved the function and structure of intestinal organoids
and reproducibility of experiments. The intestinal surface
possesses a microvilli structure that provides a large
surface area for efficient digestion and absorption. Using

collagen and cell-loaded bioink from the submucosa of
the small intestine, microscale villi structures with better
permeability coefficients and glucose uptake were prepared
through a vertically moving bioprinting method®”. To
overcome the limitations of current 3D culture systems,
researchers have attempted to use bioprinting technology to
prepare 3D intestinal tissues composed of human primary
small intestinal epithelial cells and myofibroblasts. These
tissues possess physiological barrier function and damage
response to toxicity and inflammation®®. In the past
decade, researchers have cultured intestinal organoids that
often assemble hepatocytes into micrometer to millimeter
spheres. In a recent study, however, researchers prepared
centimeter-sized intestinal organoids using bioprinting
technology. Jonathan et al. developed a unique 3D
bioprinting technique referred to as BATE, which is a
combination of a microscope and an extrusion printing
system”, Using microscopy for continuous monitoring
of the process, the researchers combined organoid
technology to deposit intestinal stem cells approximately
a few centimeters long into the gel to obtain centimeter-
scale gastrointestinal tissues with self-organizing features
(e.g. lumen, branching blood vessels, and crypt and villi
structures of the tubular intestinal epithelium). This study
provides new tools for drug discovery, disease diagnosis,
and regenerative medicine research.

4.5. Tumor model

Stem cells used in tumor organoid model cultures can
be derived from tissue stem cells and PSCs!®?, as well
as from tumor stem cells. The tumor organoid model
provides a new approach for personalized cancer
treatment. It not only simulates tumor characteristics [*]
and tumor cell heterogeneity® but also better reflects
human changes compared with traditional animal
tumor models. Bioprinting has been applied to alter
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the tumor microenvironments by precisely controlling
the combination of tumor-associated cells and ECM
components and organizing them into well-defined spatial
distributions. As the field of precision medicine and the
development of organoid culture techniques continue to
advance, tumor organoid models are being studied at an
increasingly rapid pace.!*¥

Recently, various tumor organoid models have
been successfully established. Clevers et al. described a
strategy for producing 3D prostate organoid cultures from
healthy mice and human prostate cells (single lumen and
basal cells sorted in bulk or FACS), metastatic prostate
cancer lesions, and circulating tumor cells®®!. This strategy
allows for the growth of intraluminal and basal prostate
epithelial cell lines, as well as that of advanced prostate
cancer. Fujii ef al. established a model library containing
55 colorectal tumor organoids (including different tumor

subtypes) that can help in the understanding of the genesis
and pathogenesis of colorectal tumors, and provide
insights for promoting patient-centered treatment(®l,
However, the currently established tumor models do not
accurately simulate the natural ECM components and
interactions between tissue, cell, and matrix molecules.
The introduction of bioprinting has slightly enhanced
the structure of blood vessels and lymphatic vessels in
tumor models, as well as the lesion characteristics. Zhao
et al. used bioprinting to construct the first in vitro 3D
tumor model of HeLa cells (a type of cervical cancer
cell)!®”., The tumor model better reflected the growth
and development of the tumor in vivo and approximated
the lesion characteristics of the cancer cells in vivo

(Figure 6A, B, C and D). To accurately simulate the
complex microenvironment of a tumor, Zhang et al.
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designed a coaxial bioprinting technique to construct a
tumor organ model with perfusable hollow blood and
lymphatic vessels closed at one end and integrated a
gelatin hydrogel gel containing breast cancer cells to form
a pair of tumor organs containing both blood vessels and
lymphatic vessels (Figure 6 E and F)!®®, To better simulate
the tumor microenvironment, tumor models must be
constructed by focusing on the establishment of gradients
of physical and chemical properties. Researchers printed
tumor cells, vascular endothelial cells, and porcine-
derived brain tissue ECM into concentric cancer-stromal
rings to form a regionalized structure of vascular matrix
surrounding tumor tissue and an oxygen gradient within
the tumor tissue'®’. The use of bioprinting technology to
construct 3D tumor microenvironments has shown some
advantages in reconstructing cellular functions, signaling
pathways, and drug screening.

4.6. Brain organoids

Brain organoids are microscopic organs of embryonic
stem cells (ESCs) or PSCs that are artificially cultured
and have a functional structure similar to that of brain
tissue. Brain tissue is composed of tightly packed glial
and neuronal cells, and the ability of cells to self-organize
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depends mostly on the influence of component gradients
and intercellular interactions!’®”!1, Brain organoids can be
used to study neurophysiology and neurodevelopment
and can mimic various neurological diseases.

The development of human PSCs into brain
organoids encompasses the formation of embryoid
bodies, neural induction, neuroepithelial expansion, and
maturation of the organoid. In a new study, Trevino et
al. constructed human forebrain organoids for the first
time using PSCs in a 3D culture and increased their
lifespan for up to 300 days’ (Figure 7A). However, the
challenge with current 3D organoid and spheroid models
grown in culture dishes is the insufficient control over
cellular localization and diversity. Accordingly, Jodat et
al. recently designed a photocrosslinkable bioink and
a thermotherapeutic support bath using embedded 3D
bioprinting to distribute heterogeneous neural populations
with neurospheres and glial cell specificity while
supporting the formation of self-organizing spheroids in
3D network structures’¥). Bioprinted brain organoids can
be used for drug target screening in neurological diseases.
Moreover, researchers described how bioprinting could
provide a high-throughput and reproducible preparation
of neural tissue, as an alternative to expensive animal
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Figure 6. (A) Schematic diagram of the method of 3D bioprinting tumor models with HeLa cells. (B) The plan of the 3D HeLa/hydrogel
builds. (C) Both 3D HeLa/hydrogel constructs and 2D planar samples were incubated for 5 and 3 days with/without paclitaxel. The final
results were compared. (D) Composition of bioink for bioprinting of blood vessels and lymphatic vessels. (E) Multi-layer coaxial nozzle
design for bioink printing as well as cross-linking. (F) Two different hollow tubes were bioprinted using a perfusable hollow tube that mimics
a blood vessel and an end-blind hollow tube that mimics a lymphatic vessel. (Adapted with permission from Yu Zhao et al, Biofabrication,
2014, 6 035001!%"") and (Adapted with permission from Cao X, Ashfaq R, Cheng F, et al., Adv Funct Mater, ©2019 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim(®®).
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experiments, to screen potential drug targets for treating
Alzheimer’s disease. In the past, the act of culturing
brain-like organs often produced only one cell type of
interest when transcription factors were overexpressed,
rather than the multiple cell type structures found in
natural tissues. Therefore, Mark et al. used a multi-
material bioprinting technique in which they differentiated
on-demand orthologous regions composed of neural
stem cells, endothelium, and neurons from a mixed class
of embryos overexpressing transcription factors and
wild-type human induced stem cells (hiPSCs)l. When
conducting drug screening, a protocol that is simple to
operate and highly reproducible is required. Recently,
researchers printed PCL scaffolds to culture brain-like
organs and designed them into structures with favorable
diffusion conditions for engineered flat brain organoids
(efBOs) (Figure 7B). The efBOs were fabricated in a
highly simplified manner. In addition, this was the first
study to report the preparation of an in vitro model of
neural tissue with an intrinsic gyrus!’.

4.7. Other organoids

The cornea possesses a complex structure. It is divided
into five layers from anterior to posterior: the epithelial
cell layer, preelastic layer, stromal layer, posterior elastic
layer, and endothelial cell layer. Therefore, culturing
corneal organoids poses certain challenges. Considering
the complex spatial structure, bioprinting may have
some advantages. Isaacson et al. designed corneas
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with the structure of natural human corneal stroma by
obtaining stem cells from the corneas of healthy donors
and mixing them with gel (Figure 8 A)l""). The pancreas
is a relatively small organ, but its functional and
structural complexity have always made it difficult to
make mechanistic breakthroughs. Kim et al. attempted
to develop pancreatic tissue constructs enriched with
3D islets for use as a source to enhance key functions
of pancreatic tissue!”®. The formation of lung organoids
begins with the differentiation of hPSC into a stereotyped
endoderm, followed by differentiation into a foregut
endoderm, and finally into lung organoids. Recently, Han
et al. constructed the first lung organoids for the study
of COVID-19 and screened therapeutic agents!”). In a
previous report, Grigoryan et al. used stereolithography
as a 3D bioprinting technique to create a small 3D printed
lung model with a multivessel network and “breathing”
function (Figure 8B)®’. Conventional breast organoid 3D
culture involves mixing dispersed mammary epithelial
cells in an ECM matrix before gelling and subsequent
self-organization into organoid structures®!%2l. However,
there is a large variation between batches of such
fabricated mammary organoids. To address this issue,
John et al. reported the bioprinting of mammary organoids
in collagen with minimal variation from batch to batch
(Figure 8C and D)®I. More recently, more bionic
assemblies have been proposed based on the concept
of organoids. Professor Kunyoo Shin’s team at Pohang
University of Science and Technology in South Korea

Regular organoid efBO

DAPI NES

200 um

DAPI NES 200 pm

Figure 7. (A) Schematic representation of the flow of human induced PSCs developing into forebrain cells. (B) Comparison of tissue core
between regular brain organoids and efBOs. Immunohistochemical staining of NES and TUBB3 was performed to visualize cells. DAPI
was used as counterstain. (Adapted with permission from Trevino AE, et al., Science, 367: eaay1645, Copyright 2020, The American
Association for the Advancement of Sciencel”) and (Adapted with permission from Theresa S P Rothenbiicher et al., Biofabrication,

2021,13 011001, IOP Publishing Ltd"*).
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Figure 8. (A) Schematic diagram of the bioprinted cornea process. (B) Photographs of printed hydrogels containing distal lung subunits
during red blood cell perfusion when the balloon is ventilated with oxygen, scale bar = 1 mm. (C) Images of red fluorescent protein-positive
(RFP+) MCF12A cells forming a large mammary circular organoid at 14 days after printing. (D) Example of a large mammary round-like
organ with a diameter of approximately 4 mm at 24 days after printing, scale bar = 500 um. (from ref."” licensed under Creative Commons
Attribution 4.0 license), (Adapted with permission from Grigoryan B, et al., 2019, Science, 364:458—64, Copyright 2019, The American
Association for the Advancement of Sciencel®”) and (from ref.®¥ licensed under Creative Commons Attribution 4.0 license).

used bio-3D printing technology to reconstruct bladder
assemblies and develop patient-specific bladder tumor
assemblies that accurately mimicked the pathological
features of tumors in vivo®.,

5. Future outlook for bioprinting organoids

Bioprinting is a developing technology that has the
potential for tissue and organ development because of its
capacity to accurately control the spatial dissemination
of cells and encompassing microenvironment. Organoids
are 3D cellular self-organization cultures exhibiting some
key characteristics of the corresponding organs and are
uniquely similar to actual human organs®-*I. Since the
first successful cell bioprinting experiment in 2003%,
organoid construction and bioprinting have brought
hopes, although significant efforts are required before
bioprinting of organs actually is put into practical use.
There are numerous problems with the current
construction of organoids. Organoids are millimeter-
scale 3D culture systems formed by intercellular self-
organization. However, certain structural features of
organs range from a few hundred microns to a few
centimeters. In addition, a large gap remains in the
scale of actual organs. Vascularization is crucial for
organoid construction. Oxygen and nutrients may
successfully sustain organoid development in the early
stages of 3D organoid culture. However, in the later
stages, a single vasculature may fail to keep up with
the organoid’s requirements by supplying sufficient
nutrients and oxygen!®. Therefore, a complex vascular

system is required. Traditional organoid construction
also suffers from variation between culture batches and
is less reproducible. The yield of the corresponding
organoids is then limited. Bioprinting addresses
these problems to some extent. As a breakthrough in
addressing the traditional 3D culture-scale limitations,
bioprinting has been reported for producing centimeter-
level intestinal organoids®®*#. Bioprinting can also
build complex vascular systems for organoids®!'®4,
and increase the yield of organoids by a factor of nine,
while reducing the size variability of organoids, that is,
only 1-4%!4393,

There are a series of difficulties in bioprinting
organoids. For example, although bioprinting
technology can effectively control the deposition
process of cells in 3D space, it is impossible to construct
macroscopic tissues through cellular self-organization.
To address the current issues pertaining to the scale size
of organoids, future studies will focus on how to print
small functional units of organoids and then how to
deposit and assemble these functional units into larger
structures. Therefore, we should find a balance between
the architecture of space, vascular network, and self-
organization of organoid cells in the bioprinting
process. In the precise arrangement of cells, sufficient
resolution is also required. However, a considerably
high resolution indicates an increase in the density of
cells, and an extremely high shear force will aggravate
cell damage. In the future, with breakthroughs in
bioprinting technology, biomaterials, and a better
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understanding of the molecular mechanisms of organ
development, more bioprinting strategies for organoid
development will emerge. We believe that the future
of bioprinting research will revolve around the studies
on early developmental stages of organs and tissues.
Bioprinting organoid technology will potentially play
an extraordinary role in developmental biology, disease
pathology, cell biology, regenerative mechanisms,
precision medicine, and drug screening.

6. Conclusion

Both bioprinting and organoids are intriguing research
topics in the field of regenerative medicine. Bioprinting
emphasizes on the reconstrution of tissue structures,
while organoids fouces on the rebiulding of biological
functions. When these two technologies are combined,
bioprinted organs with both physiological function
and structure may come into reality in the near future.
Although organoid bioprinting is still in its infancy phase,
this technique has brought us one step closer to truly 3D
printing personalized organs.
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