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Abstract: Three-dimensional (3D) bioprinting is an evolving technique that is expected to
revolutionize the field of regenerative medicine. Since the organ donation does not meet the demands
for transplantable organs, it is important to think of another solution, which may and most likely will
be provided by the technology of 3D bioprinting. However, even smaller parts of the printed renal
tissue may be of help, e.g. in developing better drugs. Some simple tissues such as cartilage have
been printed with success, but a lot of work is still required to successfully 3D bioprint complex
organs such as the kidneys. However, few obstacles still persist such as the vascularization and the
size of the printed organ. Nevertheless, many pieces of the puzzle are already available and it is just a
matter of time to connect them together and 3D bioprint the kidneys. The 3D bioprinting technology
provides the precision and fast speed required for generating organs. In this review, we describe the
recent developments in the field of developmental biology concerning the kidneys; characterize the
bioinks available for printing and suitable for kidney printing; present the existing printers and
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possible printing strategies. Moreover, we identify the most difficult challenges in printing of the
kidneys and propose a solution, which may lead to successful bioprinting of the kidney.

Keywords: organ biofabrication; bioprinting of kidneys; organoids; bioink; 3D bioprinters; printing
strategy

Abbreviations: ADPKD: autosomal dominant polycystic kidney disease; AKI: acute kidney injury;
CAD: computer-aided design; CIJ: continuous inkjet; CKD: chronic kidney disease; CT: computed
tomography; DBB: droplet-based bioprinting; dECM: decellularized extracellular matrix; DOPSsL.:
dynamic optical projection stereolithography; DOD: drop-on-demand; EBB: extrusion-based
bioprinting; ECM: extracellular matrix; ESRD: end stage renal disease; FDA: Food and Drug
Administration; FDM: fused-deposition modeling; HA: hyaluronic acid; hiPSCs: human induced
pluripotent stem cells; hPSCs: human pluripotent stem cells; HUVECs: human umbilical vein
endothelial cells; ITOP: Integrated Tissue-Organ Printer; LBB: laser-based bioprinting; LIFT: laser-
induced forward transfer; IR: infrared; LGDW: laser-guidance direct writing; MAPLE-DW: matrix-
assisted pulsed laser evaporation-direct write; MAPLE: matrix-assisted pulsed-laser evaporation;
MDCK: Madin-Darby canine kidney; MM: metanephric mesenchyme; MRI: magnetic resonance
imaging; NPCs: nephron progenitor cells; PAAm: polyacryl amide; PCL: poly(e-caprolactone); PEG:
polyethylene glycol; PEGda: poly(ethylene glycol) diacrylate; PKD: polycystic kidney disease;
PLCL: poly(L-lactide-co-caprolactone); qPCR: quantitative polymerase chain reaction; RGD:
arginylglycylaspartic acid; RPTECs: renal proximal tubule epithelial cells; SCID: severe combined
immunodeficiency; SLA: stereolithography; SMCs: smooth muscle cells; UB: ureteric bud; UBPCs:
ureteric bud progenitor cells; UCs: urothelial cells; VEGF: vascular endothelial growth factor; UV:
ultraviolet; 2PP: two-photon polymerization

1. Introduction

Every year, and only in Europe, 86,000 patients are added to the waiting lists for organ
transplantations and majority of them (81%) need kidney transplants [1]. Kidney disease can be
either acute or chronic, the latter progressively worsening over time to become an end stage renal
disease (ESRD)—a stage when kidneys are non-functional. At the present, the only treatment options
for ESRD are transplantation or dialysis, both of which have severe drawbacks in terms of morbidity,
mortality and the economic costs [2]. Moreover, the incidence of ESRD is rising annually, with more
than 3000 people added monthly to the transplantation waiting list, and therefore alternative
therapies are needed. Most people have two kidneys and even though it is possible to live with one
kidney, living donations are very rare while the organs from deceased donors do not meet the
existing demand for organs. Hence, a new approach to obtain organs for transplantations is needed,
and we see a great opportunity in three-dimensional (3D) bioprinting technology to provide those
desperately needed organs.

Organ biofabrication has significant potential. The 3D printing allows the generation of precise,
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customized, and complex structures, and it is expected to revolutionize the field of regenerative
medicine. The automation of bioprinting enables the creation of customized structures that can be
printed with extraordinary precision [3]. 3D printed plastic models of complex tumors, bone
fractures or other trauma, generated on the basis of images gained from computed tomography (CT)
or magnetic resonance imaging (MRI), have already been used in medicine to educate doctors and to
provide an excellent and super precise training platform before operating on the patient’s tissues [4].
However, bioprinted tissues present another level of difficulty, namely living cells. Some simple
tissues such as cartilage have already been printed with success [5]. However, the bioprinting of soft
tissues or complex organs, such as the kidneys, will require careful development and selection of the
“printing ink”—the combination of cellular material and biomaterials that support cell survival and
growth [6,7]. Nevertheless, some progress has already been made and recently 3D bioprinting of a
functional thyroid gland has been reported [8].

Kidneys are important organs that play vital roles in removing waste products from organisms
and their development has been studied for the last six decades [9]. Kidney development begins at
embryonic day (E) 10.5 when the ureteric bud (UB) grows from the Wolffian duct towards the
metanephric mesenchyme (MM). Once the UB invades the MM, it divides dichotomously and
induces MM to condense around the UB tips. This first contact starts the molecular crosstalk
between these two tissues where various genes and signaling pathways are activated. The MM cells
form condensates known as the cap MM, which undergo polarization and epithelialization processes,
leading to the formation of renal vesicles, which develop into Comma- and then S-shaped bodies.
The latter elongates and forms nephrons with glomeruli at the apical site, while the distal site
connects with the UB. During this process called nephrogenesis, the MM gives rise to the basic
functional kidney unit, the nephron, and the UB gives rise to the collecting duct system [10-12].
Well-developed nephrons filter blood and generate urine, which drains into the calyces and via the
ureter into the bladder where the process of micturition leads to its removal from the organism.

Kidneys are complex organs build from many different cell types composing those of kidney
and vasculature, and even though adult stem cells have been found in many organs [13], in kidneys
their capacity to regenerate an organ is very limited. On the other hand, embryonic kidneys have the
remarkable capacity to self-assemble and generate rather well-segmented nephrons [14-16] giving
rise to embryonic kidney rudiments during a reaggregation process. Specifically, the dissociated
kidney cells can form renal organoids, cell aggregates that contain more than one type of renal cells [17,18].
These organoids become vascularized upon transplantation under the Kkidney capsule of
nephrectomized athymic rats [19], and generate glomeruli with functional podocytes [20]. Similar
results have been obtained when renal organoids were transplanted subcutaneously [21].

In this review, we broadly present all main features and requirements for 3D bioprinting of the
kidneys, and optimistically look into the future, where 3D bioprinting is no longer a hype but hope
for many kidney patients.

2. Cellular component

When considering 3D bioprinting of the tissue, one needs to know the organ of interest
thoroughly as the living cells are one of the main components of bioprinting. Nephron is the

AIMS Cell and Tissue Engineering Volume 2, Issue 3, 119-162.



122

structural and functional unit of the kidney and it is composed of nine main parts, such as the
glomeruli, the convoluted proximal tubule, the straight proximal tubule, the descending limb of the
loop of Henle, the thin ascending limb of the loop of Henle, the thick ascending limb of the loop of
Henle, the straight distal tubule, the macula densa, and the convoluted distal tubule. The latter
connects to the collecting duct, which also builds up few levels of the kidney structures, such as the
renal pyramids, the minor calyces, the major calyces, the renal pelvis and the ureter. Each of these
parts is structurally different and contains at least three types of cells, each playing a significant and
very specific role during the urine production process. However, not only the great variety of cells
makes the organ complex, but also the number of nephrons, which per kidney, on average is one
million [22]. When we add the vascular network starting from the glomerular capillaries via the
peritubular capillaries ending at the vase rectae [23], the complexity of the organ increases
dramatically.

2.1. Printing with single cells

The vast variety of cells constituting the many nephrons of the kidney and the size of the organ
has proven to be challenging for 3D bioprinting. 3D bioprinting of the kidney using a single-cell
technique would require the differentiation and culture of many different functional cell types in
vitro. Moreover, it would require a very detailed 3D map of the kidney with all different cell types
appropriately positioned and a 3D bioprinter with several printing nozzles to enable an exact
positioning of each cell. With this process, even though automatized, it would take a very long time
to print an organ, not to mention the diversity of cells that need to be cultured beforehand. However,
currently the variety of human renal cells in culture (i.e. the cell lines) are limited to proximal tubules [24]
and podocytes [25], which is only a fraction of what would be needed for a fully functional kidney.

2.2. Printing with organoids

However, the nature provides an excellent alternative to the use of single cells. Dissociated and
re-aggregated embryonic kidneys are able to generate compact renal organoids, which contain
functional nephrons [15,16,26] with most of the required cell types present. Moreover, these
organoids in the form of spheres or clusters of cells represent several cell types typical of the organ
they mimic [17,18], in the case of the kidney nephrons or nephrons and collecting ducts. The
organoids follow the developmental process of the kidney development. Namely, first the pre-tubular
aggregate is formed, giving rise to the renal vesicle. Cells in the renal vesicle polarize and lay down
the basement membrane generating the Comma-shape body and the S-shaped body; the latter
elongates giving rise to the nephrons with the filtering unit—the glomerulus developing on the
proximal end and the distal end connecting to the collecting duct. However, in these organoids, the
collecting duct does not form a single compact system, but many disperse ones, therefore presenting
lack of drainage.

Recently, big progress has been achieved in generating functional organoids from human
pluripotent stem cells (hPSCs) and human induced pluripotent stem cells (hiPSCs). The latter cells
present an attractive source for developing cell therapies or generating bioengineered kidney
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structures. They can be derived from a specific patient and therefore present lack of graft rejection
risk when injected back to the recipient patient. Various methods of hPSC/hiPSC differentiation
towards renal progenitors have been proposed and include differentiation in 2D or 3D settings or mix
of both, using application of various concentrations of growth factors (see Table 1). These protocols (see
Table 1) try to mimic the natural processes occurring during the renal development by inducing the
hPSCs/hiPSCs to differentiate through a few stages; first into a primitive streak, then into an
intermediate mesoderm and finally into nephron progenitor cells (NPCs). Although the NPCs have
been obtained with variable efficiency (10-92%), most of them generated organoids with several
nephron specific parts, although their maturity varied greatly [21,27-34]. Organoids generated in the
studies by Morizane [33,34] and Takasato [31] presented the best maturity and structurally resembled
the kidney orientation. Nephrons formed in these organoids presented a glomerular tuft-like structure
(nephrin and podocalyxin®) connecting with the proximal tubules (LTL"), which connected with the
distal tubule (cadherin®), which in the case of Takasato protocol, was also connected with the ureter
structures; some also presented the markers of the loop of Henle (QPCR data) [31].

Most of these protocols (Table 1) studied the potential of formation of organoids and their
functionality in vitro showing susceptibility to nephrotoxic agents such as cisplatin or
gentamycin [31-33]. The study about a mouse model of acute kidney injury (AKI) induced by
ischemia/reperfusion injury showed a therapeutic effect of injected hPSCs-NPCs under the kidney
capsule [30] while the subcutaneous injection of hPSCs-NPCs into SCID mice presented partial
maturation of glomerular structures and lack of teratoma formation [21]. However, small pieces of
the developing cartilage (which, similarly to the kidney, develops from mesoderm) were observed
next to the developing nephrons [21].

While the differentiation of hPSCs/hiPSCs into NPCs and their ability to form fully structured
and functional nephrons is quite seriously tested in organoids, the differentiation of hPSCs/hiPSCs
into ureteric bud progenitor cells (UBPCs) is not so popular. However, a protocol specifically
differentiating hPSCs/hiPSCs into the UB progenitor cells has been published (see Table 1) and it
derived UB cells that were able to generate chimeric UB structures and induced the nephrogenesis in
the MM [35].

The above-mentioned studies show that the generation of renal specific, functional organoids is
possible; that they actually have nephron organization and even are capable of mimicking the kidney
structure at some level. Hence, in the near future it might be possible to generate organoids
containing hPSCs/hiPSCs differentiated towards NPCs and UBPCs and therefore complete,
functional human organoids. Therefore, they might be the most feasible source of cells/tissue for the
purpose of 3D bioprinting. Researchers have already used spheroids generated from mouse thyroid
gland cells and 3D bioprinted functional mouse thyroid gland [8]. Similar technology could also be
considered when trying to 3D bioprint the kidneys by using renal organoids.

3. Bioink materials for kidney bioprinting

For bioprinting, the choice of the bioink material, i.e. the encapsulating material for cells, is
crucial, as it should mimic the complexity of the native ECM while having suitable physicochemical
properties for the printing process (printability). The printability refers to several material properties
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contributing to the effectiveness and accuracy of the printing process. Most importantly, the viscosity
of the bioink needs to be adjustable by either changing the temperature or via shear thinning, for the
bioink to be suitable for printing with different printing methods, for example to be dispensed out of
the print head nozzles. Secondly, the bioink should be in liquid form before printing to avoid nozzle
clogging, but it should also gel either by physical or covalent crosslinking fast after printing to
ensure structural integrity of the printed shape. In addition, it would be desirable that the bioink
would have a wide biofabrication window, which would allow the adjustment of the material
concentration and crosslinking density according to the application in question while still keeping
good printing fidelity [36,37].

Besides the perquisite for being easily printable, the bioink has to be biocompatible and
biodegradable over long-term in vivo implantation in order to facilitate cell attachment, proliferation
and differentiation, as well as being resorbed and replaced with natural ECM at a desired rate [37,38].
Optimal bioink should also minimize stress-induced damage to cells and biological components
during printing process involving localized heating or pressure-induced extrusion by exhibiting low
thermal conductivity or shear-thinning properties [39]. It is also desirable that the bioink material
would be commercially available and affordable. In addition, it would be beneficial that the
biomaterial is already approved by the Food and Drug Administration (FDA) for use in medical
device applications as biocompatibility testing required for obtaining the regulatory approval can be
expensive and time-consuming [40].

For soft tissue engineering, such as bioprinting of kidneys, hydrogels are the preferable
materials as they can mimic the elastic moduli represented in the soft tissues in the body [41].
Hydrogels are hydrophilic water-insoluble networks of crosslinked polymers capable of absorbing
more than 99% water in their network [37,42]. They can be based on either natural (such as collagen,
alginate, gelatin, chitosan and hyaluronic acid) or synthetic polymers (such as polyethylene glycol (PEG)
and Pluronic® F127). Natural polymers have the advantage of having inherent bioactivity and
similarity to the human ECM, but their downsides are weak mechanical properties and lack of
control in composition and molecular weight. Synthetic polymers are advantageous bioinks due to
their controllable and reproducible chemical structure and physical properties, which allows them to
be tailored to suit particular application [43].

Moreover, the decellularized extracellular matrix (dECM) from the kidney contains a variety of
proteins, proteoglycans and glycoproteins. It can be isolated from tissue by the removal of all the
cells leaving behind the native ECM scaffold [44]. Although decellularization itself is not a new
fabrication method, it has only recently been harnessed into producing a new class of hydrogels for
3D bioprinting. These printable tissue-specific dECM bioinks provide a native tissue-like
microenvironment for the cells and are thus much more biofunctional than hydrogels composed of
only a single component [45-47]. The biggest downside of dECM bioinks is their low viscosity and
thus insufficient mechanical stability, which worsens the printing resolution and shape fidelity [39].
As the bioprinting of kidney structures is still in its infancy, not many bioink materials have yet been
tested for this application. Thus, we represent here also hydrogel materials that have been tested for
3D renal cell culture purposes, such as culturing proximal tubule epithelial cells, and thus can be
potentially used as bioinks for bioprinting of kidney structures. The overview of the characteristics
and properties of each of the evaluated hydrogels is collated in Table 2.
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3.1. Synthetic hydrogels

Synthetic polymers, such as polyethylene glycol (PEG) and Pluronic® F127, are water-soluble
polymers that have been widely used as sacrificial materials (as fugitive ink or support material) for
bioprinting complex 3D structures [48,59]. PEG is biocompatible with reduced immunogenicity and
approved by the FDA for use in regenerative medicine [60]. However, PEG does not generate
hydrogel on its own; instead, it has to be chemically modified if used as bioink. PEG also lacks
inherent cell-binding sequences, such as RGD motif, and it is not biodegradable. Thus, to improve
their cell compatibility, PEG hydrogels have to be functionalized with cell-binding peptide
sequences and enzymatically degradable groups [61]. One of the most used approaches to achieve
PEG hydrogel is acrylation. Acrylated PEG (PEGda) can be crosslinked into hydrogel by
photoinitiator-mediated photopolymerization using UV-light [62]. However, the photoinitiator
should be selected with care, as it will have to be biocompatible, soluble in water, stable and
noncytotoxic [63]. Even the most widely used Irgacure photoinitiators are detrimental to cells at
concentration exceeding 0.5% (w/v) unless the excess initiator is leached out from the printed
structures [64]. PEGda can be used as bioink in all types of printer modalities, including extrusion-
based [65], droplet-based [66], and laser-based bioprinting [67].

Polyacryl amide (PAAm) is a synthetic, nonresorbable polymer widely used in ophthalmic
operations, drug treatment, and food packaging products [49,68]. PAAm has been clinically proven
as a nontoxic and non-immunogenic material and it has the FDA approval. It is hydrophilic in nature
and shows good mechanical stability [69]. Other advantages of PAAm include high rate of swelling,
high surface area and fast precipitation polymerization reaction leading to almost complete conversion
degree [70]. However, the residues of acrylamide monomer have been implicated as potentially
neurotoxic, genotoxic, reproductively toxic and carcinogenic, and therefore residual acrylamide
monomers must be detected and carefully purified before PAAm can be used as a scaffold [68,71].

Pluronic® F127 is a trade name for synthetic tri-block copolymer composed of a central
hydrophobic sequence of poly(propylene glycol) flanked by two hydrophilic chains of poly(ethylene
glycol) (PEG). It has been approved by the FDA due to its enhancement of protein stability, lack of
myotoxicity, and excellent biocompatibility. Pluronic® F127 is used as a drug delivery carrier and as
an injectable gel for the treatment of burns and wounds [72]. It is a thermo-sensitive hydrogel
exhibiting solution-gelation transition in an aqueous solution at 15 to 35°C depending on the
concentration. The solution-gel transition temperature increases when the Pluronic® F127
concentration decreases [73]. Pluronic® F127 has great potential as a bioink for the extrusion-based
bioprinting process but it requires a thermally controlled nozzle system to heat the material above
20°C, where it changes from liquid to viscous and exhibits shear-thinning behavior. In addition, a
heated plate to maintain the temperature of the printed structure and to prevent it from melting and
losing its shape is also beneficial [59]. Despite its many good properties, Pluronic® F127 is
mechanically very weak and degrades in few hours limiting its use as such. Thus, it should be
chemically modified by blending with other polymers to improve its mechanical strength.
Alternatively, it can be used as a fugitive ink in complex structures as it can be dissolved away at 4°C
after printing. This yields to perfusable channels within the bulky constructs [50,74]. Due to its
thermosensitive nature and its high viscosity, Pluronic® F127 has not been used as bioink for
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droplet-based bioprinting. It is also incompatible with laser-based bioprinting, as it is not viscoelastic
and cannot transfer thermal energy to kinetic energy, which is a prerequisite for jet formation [75].

3.2. Natural hydrogels

Natural polymer, the gelatin, is a fibrous protein that is obtained by partial hydrolysis of the
triple helix structure of collagen into single-strain molecules [76]. Gelatin is a thermally reversible
hydrogel being solid below 37°C and liquefying under physical conditions. It is biocompatible,
non-immunogenic and completely biodegradable [77]. However, gelatin is rarely bioprinted in its
native form due to its poor mechanical properties, instead it is either chemically crosslinked with
crosslinking agents, such as glutaraldehyde, or used as a blend with other hydrogels, such as
fibrin [75,78]. Gelatin is not a popular bioink for droplet-based bioprinting, but it has been
successfully used for laser-based bioprinting due to its viscoelastic properties and stability [75].

Fibrinogen is a plasma glycoprotein, which in the presence of thrombin and Ca®* assembles into
stable fibrous insoluble fibrin gel [79]. It supports extensive cell growth and proliferation, and plays
major role in wound healing [80]. The drawback in using fibrin for in vivo tissue engineering is its
ability to induce severe immune reaction or transfer infectious diseases. However, this can be
avoided by producing autologous fibrin from the patient’s own blood or by producing fibrin as
recombinant protein by mammalian cells [81]. The practical use of fibrin is limited due to its lack of
structural integrity and rapid degradation. The non-shear-thinning nature of fibrinogen and thrombin
as well as the weak mechanical properties of precrosslinked fibrin makes the extrusion of fibrin
challenging. However, droplet-based printing of the two components is a good option, although
fibrin’s prolonged crosslinking time makes it difficult to print it into desired shape. Due to fibrin’s
delicate structure, it is not suitable bioink for laser-based bioprinting [75]. The printability of the
bioink and the mechanical properties of the printed structure can be improved by using the
combination of gelatin and fibrin (or fibrinogen). By this approach, a biocompatible and a stable
hydrogel blend for bioprinting can be developed. This blend is crosslinked by dual-enzymatic
strategy involving thrombin and transglutaminase upon printing by diffusion of these enzymes from
the surrounding matrix. Thrombin is wused to rapidly polymerize fibrinogen, whereas
transglutaminase being a slow-acting Ca**-dependent crosslinker is needed for long-term mechanical
and thermal stability [50,78]. In addition, the elastic modulus of the bioink (~3.5 kPa) mimics nicely
the modulus of the cortex of a healthy kidney (~4 kPa), which together with the suitable ECM-like
composition is important for the retention of tissue specific cell functionality [50].

Matrigel™ is an ECM protein mixture derived from mouse sarcoma cells and it consists of
collagen 1V, laminin, perlecan and growth factors, which are also found in the basement membrane
of normal tissues. The gelation of Matrigel™ is thermally reversible; it gels at 24-37°C in 30 min. It
promotes the differentiation of various cell types as well as vascularization [51]. As an animal
product, the disadvantages associated with Matrigel™ is the batch-to-batch variability and possible
occurrence of growth factors. Although being a mixture of ECM proteins, Matrigel™ does not
reflect the organotypic ECM of kidney, nor is it suitable for transplantation experiments [18]. For
extrusion-based bioprinting, Matrigel™ requires a cooling chamber as it needs to be printed before
being fully crosslinked. Also, a heating plate is essential, to speed up the crosslinking after printing
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and ensure shape maintenance. Matrigel™ has not been used as bioink for droplet-based bioprinting,
but it has been used as a substrate for printed cells. However, due to its thermal crosslinking
properties and optimal viscosity Matrigel™ is a feasible bioink for laser-based bioprinting.
Unfortunately, it is an expensive material, which can limit its use as a bioink [75].

Collagen type | fibril is triple helical protein that is the most abundant ECM molecule in the
body. It is widely used in tissue engineering as a growth substrate for 3D cell culture or as a scaffold
material for cellular therapies [52,82]. Collagen is highly conserved protein form species to species
causing minimal immunological reactions. The collagen matrix stimulates cell adhesion and growth
due to the presence of cell-binding RGD sequences in its backbone [75]. The fibril precursors of
collagen are acid-soluble and crosslink when the pH, temperature and ionic strength are adjusted
near physiological levels. After neutralization at a pH from 7.0 to 7.4, collagen polymerizes within
30-60 min at 37°C [83]. The slow gelation process makes bioprinting of 3D constructs from collagen
challenging as the deposited material remains liquid for over 10 min. The poor mechanical properties
and the slow gelation rate as well as the instability of collagen due to fast degradation may require
the use of supportive hydrogels for collagen structures. The mechanism of collagen crosslinking is
suitable for extrusion-based bioprinting, where the printing is started as soon as the collagen begins
to polymerize and extruded collagen is incubated until fully crosslinked [59]. Due to collagen’s
fibrous microarchitecture, its use as a bioink for droplet-based bioprinting is very limited. Instead,
due to collagen’s sticky nature it can be easily transferred using laser source enabling laser-based
bioprinting [75] or extrusion printers as it was used to 3D bioprint the thyroid gland by the 3D
Bioprinting Solutions Company using their Fabion 3D bioprinter [8].

In order to create more mechanically stable structures, collagen could be combined with
alginate as it provides fast ionic crosslinking in calcium chloride or calcium sulfate solutions and is
structurally stable with a wide range of concentrations offering superior mechanical
properties [53,59]. Alginate is a polysaccharide derived from algae or seaweed. It is composed of
two repeating monosaccharides, L-guluronic and D-mannuronic acids. The ionic crosslinking
process is reversible, so the printed structures cannot be maintained for long-term culture
applications [84]. Due to its biocompatibility, low price and fast gelation rate, alginate has been
extensively used as a bioink for extrusion-based bioprinting [59]. Alginate can be extruded either as
a precursor or as a pre-crosslinked solution by mixing it with low concentrations of a crosslinker [85].
Droplet-based printing of alginate is also feasible as long as below 2% concentration is used
allowing droplet formation [86]. In addition, laser-based bioprinting of alginate with different
concentrations has been successfully tested [86,87]. Despite the advantageous features of alginate,
cells are unable to interact with alginate matrix via surface receptors due to the highly hydrophilic
nature of alginate. Thus, cells inside the alginate gel are immobilized and have limited proliferation
capabilities. Improvement in cell adhesion, spreading and proliferation can be achieved by modifying
alginate with cell adhesion ligands containing RGD sequence or using alginate in combination with
collagen 1 [59]. A proprietary bioink called NovoGel® [55] is also based on alginate blended with
gelatin. This thermo-responsive bioink has been successfully used to print liver tissue and kidney
proximal tubule tissue models with extrusion-based NovoGen Bioprinter® Instrument (Organovo Inc.,
San Diego, CA) [54, 88].
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Methylcellulose does not occur naturally, instead it is derived from cellulose by replacing
hydroxyl residues with methyl groups. It is a linear chain of polysaccharide and can form hydrogel
by thermoreversible mechanism below 37°C [56]. Methylcellulose can be used as bioink, although it
requires a thermally controlled nozzle and a heating plate. Due to its unstable structure upon
exposure to cell culture media, methylcellulose is not suitable for long-term cell culture [89, 90].

Hyaluronic acid (HA), also known as hyaluronan, is a linear nonsulfated glycosaminoglycan
ubiquitous in almost all connective tissues [91]. It is widely used in tissue engineering due to its
excellent biocompatibility, minor cross-species variation, and ability to form flexible hydrogels [57,58,92].
However, the poor mechanical properties, slow gelation and rapid degradation are the major
disadvantages of hyaluronan as bioink [93]. The degradation rate can be controlled via chemical
modification. Yet, due to the slow gelation and poor mechanical properties hyaluronic acid is not
ideal bioink for extrusion-based bioprinting. Instead, it should be blended with other hydrogels to
enhance its bioprintability and gelling rate. Due to hyaluronan’s viscous nature and slow gelation
rate, droplet-based bioprinting of hyaluronan has not been demonstrated yet [75]. Laser-based
printing, however, has been successfully tried by combining hyaluronan with other hydrogels, such
as fibrin, to accelerate crosslinking [94].

3.3. Decellularized extracellular matrix

As none of the natural or synthetic hydrogel bioinks can mimic the natural ECM perfectly,
tissue-specific decellularized hydrogels have been tested as bioinks. Kidney-specific ECM increases
the proliferation and metabolic activity of the kidney stem cells compared with kidney cell cultures
in the bladder- or heart-derived ECM [18]. However, kidney-derived hydrogels have not been used
as bioinks yet [95]. There also exist several limitations related to the use of decellularized
ECM (dECM) as bioinks. Since the dECM is obtained via decellularization of the natural organs, the
achieved volume of dECM is quite small and a large volume of initial tissues is required to create
enough tissue for bioprinting. This of course increases the costs of the bioink. dECM also loses its
mechanical properties and structural integrity upon being crushed into small fragments, which calls
for the need to use a separate structural frame to prevent the printed dECM structure from collapsing [59].

Given the complex nature of the renal ECM (reviewed in [96]) finding a bioink that will
fulfill all the necessary criteria of 3D bioprinting, such as bioprocessability, biomimicry,
biocompatibility, biodegradability, tissue fusion permissiveness, shape maintenance after printing,
hydrophilicity, pro-angiogenicity, affordability and approvability by FDA (see Table 2), is a difficult
task. However, many studies of mixing synthetic hydrogels (providing mechanical structure) with
natural polymers (providing function) should be performed to find the best combination to support
the 3D bioprinting of kidney.

4. Bioprinting techniques and printing strategies

3D bioprinting techniques can be classified into three different categories according to their
working principle: extrusion-, droplet-, and laser-based bioprinting. The comparison of the 3D
bioprinting techniques is collated in Table 3 and the differences between printing strategies are
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depicted in Figure 1. A common feature for all of the bioprinter types is the utilization of
computer-aided manufacturing (CAM) to generate a toolpath plan providing the motion path for the
bioprinter to deposit bioink at proper time and location [97]. The toolpath can be created from a
computer-aided design (CAD) model representing the architecture of a tissue construct, however, the
current CAD-based modelling systems are highly time-consuming and computationally expensive
platforms. Thus, image-based design approach, which directly utilizes medical images to generate
the external anatomical shape of the tissue construct, has been widely used for the blueprint
modelling. The medical image-based surface model is finally filled with repeating unit cells found
from a database of porous architectures to generate the complete construct. As different bioprinters
work by different mechanisms, the toolpath plan varies from printer to printer. As the toolpath is
generated, it is translated into digital signals by the machine control software. These signals control
the motion and the dispensing mechanisms. Deposition of cells is performed in a medium called the
bioink using an external source of energy, such as a laser, mechanical, thermal, or pneumatic energy.
A robotic system prints the cells by depositing the cell-containing bioink, which is then solidified
and stacked layer-by-layer to yield a 3D structure [75].
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(A) (©)

Inlet

Syringe

barrel
Bloink

Rotating Mask
screw gear

Laser

Attenuator

Microneedle "

i

Extruded ﬂlamjl:) —<

Microscope
objective

(B) Thermal DOD Piezoelectric DOD

Bioink and l
pressurized air

Quartz support

A :Ir_ei:uzjif::erﬂrlc 3 Intermediate
= Bioink coating layer
' Cell-laden hydrogel

Bloink droplets * : ges
""" bk Substrate

Barrel

Thermal _
actuator

Figure 1. Different bioprinting techniques and their working principles. (A) Extrusion-based
bioprinting (EBB) systems are driven by either air pressure, a piston or a rotating screw. Instead of
droplets, a continuous filament of bioink is dispensed. (B) Thermal and piezoelectric drop-on-
demand (DOD) inkjet printing systems. In thermal DOD printers, thermal actuator heats the bioink
solution creating vapor bubbles, which in turn generate pressure pulse and force droplets out of the
nozzle. In piezoelectric DOD printers, an actuator changes its shape producing a pressure wave,
which ejects the bioink droplet. (C) Laser-induced forward transfer (LIFT) system, in which the laser
is focused on an absorbing intermediate layer creating a vapor bubble. As the bubble expands, a jet
of bioink is formed transferring bioink droplets onto a substrate.
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Table 1. Protocols to generate nephron progenitor cells and ureteric bud progenitor cells.

Cell source  Differentiation protocol Generation of organoids Special notes  Ref.
Dimensions Length Stages % NPC  invitro Injection Disease Place of Therapeutic
in vivo model injection effect
Nephron progenitor cells
hESC 2D 14-18 1) Primitive streak — 2 days with BMP7/Activin 10% - o B a B B [27]
days A or CHIRR in serum free APEL medium, Six2+
2) Intermediate mesoderm — 6 days with FGF9
in serum free APEL medium,
3) UB & MM cells — 6 days in serum free
APEL medium with no growth factors, but
replated to low density
hiPSC 3D 14 days 1) Embryoid body — 1 day with BMP4 in 62% yes o B 3 B B [28]
DMEM/F12 serum free medium, Six2+

2) Epiblast — 2 days with Activin A in
DMEM/F12 serum free medium,

3) Nascent mesoderm — 2 days with BMP4 and
CHIRR in serum free DMEM/F12 medium,

4) Posterior nascent mesoderm — 4 days with
BMP4 and CHIRR in serum free DMEM/F12
medium,

5) Posterior intermediate mesoderm — 2 days
with Activin A/BMP4/CHIRR in serum free
DMEM/F12 medium,

6) MM cells — 3 days with CHIRR & FGF9 in
serum free DMEM/F12 medium
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Cell source  Differentiation protocol

Generation of organoids

Special notes  Ref.

Dimensions  Length

Stages

% NPC

in vitro

Injection

in vivo

Disease

model

Place of

injection

Therapeutic
effect

hiPSC 2D 21 days

hiPSC 2D & 3D 28 days

hiPSC 2D 7 days

1) Primitive streak — 1 day with Activin A &
Whnt3a and 2 days with BMP4 & FGF2 in a
RPMI medium,

2) Intermediate mesoderm — 8 days with BMP7
& FGF2 & RA in RPMI medium,

3) Nephron progenitors — 15 days with BMP7
and FGF2 in RPMI medium

1) Embryoid body (3D) — 3 days with Activin
A & CHIRR in DMEM/F12 medium,

2) Mesendoderm (2D) — 3 days with BMP7 &
CHIRR in DMEM/F12 medium,

3) Intermediate mesoderm (2D) — 5 days with
TFGB1 & TTNBP in DMEM/F12 medium,

4) MM cells (2D) — up to 17 days with TGFb1l
& DMH1 in DMEM/F12 medium

1) Intermediate mesoderm — 4 days of CHIRR
in serum free APEL medium,2) UB & MM
cells — 3 days with FGF9 in serum free APEL

medium

38%
Six2+

32.8%
Six2/
Osrl+

No

yes

yes

No

yes

no

IR model

of AKI

Kidney
capsule

yes

- [29]

- [30]

Cisplatin [31]
nephrotoxicity
tested
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Cell source  Differentiation protocol Generation of organoids Special notes Ref.
Dimensions  Length Stages % NPC  invitro Injection Disease  Place of Therapeutic
in vivo model injection effect
hPSC 3D & 2D 5 days 1) Epiblast (3D) — 1 day with Rock inhibitor in yes o B B 3 Cisplatin and [32]
TeSR medium, 1 day in Matrigel™ forming gentamycin
spheres in TeSR medium, and 1 day suspended nephrotoxicity
in a TeSR medium, tested,
2) Mesenchyme (2D) - 1.5 days with CHIRR in Modeled PKD
RPMI medium
hiPSC 2D 3 days 1) Primitive streak — 4 days with CHIRR & Noggin in 320 yes o B B 3 Cisplatin and  [33,34]

advanced RPMI medium,
2) Intermediate mesoderm — 3 days with Activin
A in advanced RPMI medium,

Six2+ gentamycin

nephrotoxicity

tested
3) Nephron progenitors — 2 days with FGF9 in
advanced RPMI medium
hPSC 2D 12 days 1) Intermediate mesoderm - 3 days with yes yes o Subcutane  — Teratoma [21]
CHIRR in serum free APEL medium, .
ously formation
2) UB & MM cells — 9 days with FGF9 &
tested
Heparin in serum free APEL medium
Ureteric bud progenitor cells
hiPSC 2D 4 days 1) Mesoderm - 2 days with BMP4 and FGF2 in yes o yes B B Modeled PKD  [35]

DMEM/F12 medium,

2) Intermediate mesoderm — 2 days with
Retinoic Acid, Activin A and BMP2 in
DMEM/F12 medium,

3) UB cells — 2 days in mTeSR medium
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Table 2. Types and properties of bioinks.

Bioink type Name of the Characteristics of an ideal polymer for kidney printing Printing Gel transition Advantages Disadvantages Ref.
polymer 1 2 3 4 5 6 7 8 9 10  methods method
Synthetic Polyethylene + - + - - + + - + + Extrusion, Photopoly- Non-immunogenic, Potential  cytotoxicity [48]
glycol diacrylate droplet-based,  merization high transparency, caused by Uv-
(PEGda) and laser- tunable mechanical irradiation, low cellular
based properties, adhesiveness, and cell
functionalizable with  proliferation
various ligands
Polyacryl-amide + - + - - + + - + + Extrusion Covalent Tunable stiffness Toxic monomer, [49]
(PAAM) crosslinking nondegradable
Pluronic® F127 + + + + + + + - + + Extrusion Thermal High printability, Poor mechanical and [50]
crosslinking nonimmunogenic structural ~ properties,
rapid degradation
Natural Fibrin/ + + + + + + + + - + Extrusion and Enzymatic Gelatin: cell-adherent, Gelatin: unstable, [50]
Gelatin droplet-based  crosslinking biocompatible, fragile, weak
(fibrin), nonimmunogenic; mechanical properties at
thermal Fibrin: proangiogenic, physiological
crosslinking fast gelation, good temperature and poor
(gelatin) integrality; printability without
Blend: good modification;
printability, ECM-like Fibrin:  immunogenic,
stiffness and poor shape stability, low
composition, long- mechanical properties,
term stability limited extrusion
printability
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Bioink type Name of the Characteristics of an ideal polymer for kidney printing Printing Gel transition Advantages Disadvantages Ref.
polymer 1 2 3 4 5 6 7 8 9 10 methods method
Matrigel™ - - + +  + -+ + - - Extrusion and Thermal Promotes cell differentiation Batch-to-batch [32,51]
laser-based crosslinking and vascularization of variation, slow gelation,
construct, supports cell  which affects
viability, good bioprintability mechanical  stability,
requires cooling system
for EBB, expensive
Collagen 1 + + + +  + -+ + -+ Extrusion, pH-mediated High cellular adhesiveness and Fast degradation due [52]
droplet-based, and thermal promotion of cell migration and to cellular remodeling,
and laser-based  crosslinking proliferation, nonimmunogenic  slow gelation,
relatively low
mechanical integrity
Alginate + — 4+ + + + + — + +  Extrusion, lonic Low cost, rapid gelation, Lack of biomimicry, [53-55]
droplet-based, crosslinking nonimmunogenic low cellular
and laser-based adhesiveness, and
limited cell proliferation
and interaction
Methyl + -+ + o+ + + -+ + Extrusion Thermal High printability, biocompatible, ~Sensitive to  cell [56]
cellulose crosslinking nonimmunogenic culture media, unstable
Hyaluronic + + + + + -+ + -+ Extrusion and lonic or Promotion of cell migration, Slow gelation, rapid [57,58]
acid laser-based covalent proliferation and angiogenesis, degradation, low
crosslinking nonimmunogenic mechanical properties
and stability without
modification
Decellu- Kidney + + + + + — 4+ + - +  Extrusion Thermal Biomimetic, promotion of cell Slow gelation and lack [44]
larized organ crosslinking differentiation, proliferation, of mechanical
and long-term functionality properties
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Note: An ideal polymer for kidney bioprinting should fulfill all 1-10 criteria, which are as follows: 1—bioprocessable (dispersible and fast solidification), 2—biomimetic (similar to the one occurring in the

organ of choice), 3—biocompatible (nontoxic, promoting high cell viability), 4—biodegradable (removable on demand), 5—tissue fusion permissive (optimal physicochemical properties, such as the suitable

stiffness and removability immediately after tissue fusion), 6—shape-maintaining (preventing construct from melting and distortion), 7—hydrophilic (promoting efficient diffusion), 8—pro-angiogenic (permissive

for cell attachment, migration and proliferation as well as providing for host vasculature), 9—affordable (relatively low cost), 10—FDA approvable (non-cancerogenic and non-immunogenic).

Table 3. Comparison of different 3D bioprinting techniques.

Bioprinting technique  Additive Printer modality/ Actuation Nozzle configuration/ Advantages Disadvantages Ref.
unit method Working principle
Extrusion-based Cylindrical ~ Pneumatic pressure Valve-free Simple, widely used in commercial Low viscosity hydrogels may flow through the [59]
bioprinting filaments bioprinters, suites for hydrogels with nozzle
shear-thinning properties
Valve-based Suites for high precision applications
and low-viscosity bioinks
Mechanical pressure Piston-driven Better control over the flow of bioink [6]
through the nozzle, suitable for
dispensing fluids with low viscosity
Screw-driven Good spatial control, capable of Requires cleaning of mechanical parts, high
generating high pressure for dispensing pressure can be harmful to the loaded cells
bioinks with higher viscosities
Solenoid pulse Ferro-magnetic Enables dispensing of sub-pL droplets, Number of factors affecting the accuracy and [75]
plunger suitable for low-viscosity bioinks reproducibility
Droplet-based Droplet Thermal DOD Microheating element  Affordable, ideal for feasibility studies ~ Thermal stress (200-300°C) on cells during [41,75]
bioprinting for creating bioink droplet formation, difficult to clean as
vapor bubbles cartridges are designed for paper printing (2D)
Piezoelectric DOD Rapid shape change of Good control over droplet shape and Nozzle clogging, satellite droplets, mechanical [41,75]

a piezoelectric
material creates a

pressure wave

size, wide variety of inks can be printed
as the ink does not have to be volatile

stress on cells during droplet ejection
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Bioprinting technique  Additive Printer modality/ Actuation Nozzle configuration/ Advantages Disadvantages Ref.
unit method Working principle
Electrostatic DOD Temporarily increase Affordable, ideal for feasibility studies Limited cell types and clogging issues due [75,98]
of the fluid chamber to small nozzle diameter, mechanical stress
volume by deflecting on cells during droplet ejection
a pressure plate
Elecrohydro-dynamic jetting Voltage pulses Capable of dispensing droplets of < 10 um  Expensive, complete systems commercially  [99,100]
generate electric field in size, low mechanical stress on cells unavailable, unsafe for the operator, unable
between the nozzle during droplet formation, capable of to eject single droplets
and the substrate dispensing viscous bioinks
Acoustic bioprinting Ultrasound field Uniform droplet size and ejection Viscous bioinks with high cell concentrations [41,101]
ejects droplets from directionality, no nozzle clogging or are not dispensable, unavailability of complete
an air-liquid interface  mechanical stress on cells commercial systems
Microvalve bioprinting Electromechanical Affordable, capable of dispensing viscous Larger droplets as compared to other DBB  [75,102]
microvalves generate bioinks, interchangeable nozzles methods yielding to a lower resolution
droplets by opening
and closing due to an
applied air pressure
Laser-based Cured Photopolymerization-based An UV-laser solidifies Tissue constructs ranging in size from a  Cytotoxic photoinitiators, low resolution as  [41,103]
bioprinting bioink SLA the photosensitive  few hundred micrometers to a few it depends on the exposure conditions and
voxel bioink placed in a vat millimeters can be bioprinted, on the photosensitive material, limited
equipped  with a intermediate fabrication times choice of bioink materials
porous motorized table
Photopolymerization-based Solidification through Shorter  fabrication times, enables Limited selection of bioink materials, [41,75,104]

DOPsL

a digital mask

projected onto the
surface of the

photosensitive bioink

fabrication of scaffolds with complex
internal architecture

limited control on the layer thickness
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Bioprinting technique  Additive Printer modality/ Actuation Nozzle configuration/ Advantages Disadvantages Ref.
unit method Working principle
Photopolymerization-based Tightly focused Features with line width beyond the Not suitable for cell encapsulation unless [105,106]
2PP pulsed laser beam is diffraction limit ( < 100 nm) can be water-soluble photoinitiators are used,
scanned in the volume fabricated cell viability of only 25% around laser-
of the photosensitive exposed regions
bioink with a mirror
scanner
Droplet Cell transfer-based LGDW Laser-induced pulse High resolution, high cell viability due to Quite slow printing speed, viscous [75,107]
entraps cells due to only weakly focused laser beam bioinks are not printable
gradient forces and
propels them towards
a substrate
Cell transfer-based MAPLE- Laser fluence is used Viscous bioinks can be printed, nozzle- Thermal stress on cells, long fabrication [75]
DW to generate plasma free transfer of cells times due to manual preparation of the
bubbles that eject the ribbon, low cell viability at higher laser
coating material to a fluence, simultaneous deposition of
substrate multiple bioinks is difficult
Cell transfer-based LIFT Similar to MAPLE- Minimal effects of the laser exposure to Long fabrication times due to manual [108]

DW, but an energy-

absorbing IR-
transparent interlayer
is used

cells, viscous bioinks can be dispensed

ribbon

deposition of multiple bioinks is difficult

fabrication, simultaneous
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4.1. Extrusion-based bioprinting

Extrusion-based bioprinting (EBB) has evolved from fused-deposition modeling (FDM), which
was invented by Scott and Lisa Crump, the founders of Stratasys, in 1988 [109]. Since the expiration
of the original FDM patent in 2009, the global market has been opened for material extrusion. The
technique was adapted in 2002 for tissue engineering purposes to print porous scaffolds, i.e.
temporary housings for cells [110]. Later, extrusion-based printing technique has been started to be
used for bioprinting of cell-aggregates on hydrogel biopaper surfaces [111]. EBB functions by
robotically controlled extrusion of material, which is dispensed as cylindrical filaments onto a
substrate by an extrusion head. The dispensing system can be driven by a pneumatic-, mechanical-,
or solenoid-based system to overcome surface tension-driven droplet formation and draw the bioink
in the straight filament form. Pneumatic-based system uses pressurized air via valve-free or valve-
based configuration. The mechanical dispensing system is based on either a piston or screw-driven
configuration [6,59]. In general, EBB is very versatile and affordable printing method, and it has
greater deposition and printing speed than other methods, which facilitates the scalability of the
technique. Also, several commercial EBB printers are already available [75]. EBB is the only
bioprinting method allowing printing of high cell densities with reasonably small process-induced
cell damage. However, the resolution of the EBB technique is very limited as the minimum feature
sizes are generally over 100 pum [36], which is considerably inferior to other bioprinting techniques,
especially laser-based bioprinting [112]. The poor resolution makes it impossible to pattern the cells
precisely thus limiting the applicability of EBB systems. Although the resolution could be improved
by using smaller nozzle sizes, this would unfortunately also increase the shear stress and stress-
related cell death [75].

4.2. Droplet-based bioprinting

Droplet-based bioprinting (DBB) relies on either thermal, acoustic or electric energy to print
cells encapsulated in the small droplets of bioink. Droplet techniques can be further categorized into
four groups: inkjet, electrohydrodynamic jetting, acoustic droplet ejection, and microvalve
bioprinting. Furthermore, inkjet bioprinting can be classified into continuous inkjet (CIJ) and drop-
on-demand (DOD) inkjet printing systems, and drop-on-demand inkjet systems are divided into
thermal, piezoelectric, and electrostatic printers [75]. The inkjet bioprinting originated from
commercial 2D inkjet printing [113]. The idea of printing biological components was developed by
Klebe in 1987, when he used a commercially available Hewlett-Packard thermal inkjet printer to
deposit collagen and fibronectin [114]. Furthermore, in 2003 Boland used a modified thermal inkjet
printer to deposit living cells [113], thus introducing the concept of inkjet bioprinting [115]. In fact,
the necessary equipment for DBB can be easily remodified from a 2D inkjet desktop printer, making
this technique widely available for researchers worldwide and relatively inexpensive [41].

CI1J bioprinters are based on forcing the bioink solution under pressure through a small diameter
orifice, and the resulting jet breaks up into a stream of droplets due to the Rayleigh-Plateau
instability phenomenon [116]. In this physical phenomenon, a thread of jet breaks up into droplets in
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order to minimize its surface tension [75]. DOD bioprinters operate similarly to the traditional 2D
inkjet printers, i.e. drops are generated only when required by propagating a pressure pulse in a fluid
filled chamber [116]. DOD bioprinters are preferred over CIJ bioprinters for tissue engineering
purposes. In models relying on thermal actuation, the bioink is heated with a microheating element to
create vapor bubbles. When the vapor bubble collapses, an acoustic pressure pulse is generated for
ejecting the droplets. In piezoelectric actuation, a rapid change in the shape of a piezoelectric
material generates a pressure pulse in the fluid forcing a droplet out of the nozzle [41]. Electrostatic
bioprinters are identical to piezoelectric printers and they form droplets by temporarily increasing the
volume of the fluid chamber by deflecting a pressure plate with a voltage pulse applied between the
plate and an electrode [98]. In the electrohydrodynamic jet bioprinting, an electric field generated
between a positively charged needle and a negatively charged substrate pulls the bioink droplets
through the orifice [99,100]. Acoustic bioprinting employs a gentle ultrasound field to eject droplets
from an air-liquid interface of an open pool. Acoustic radiation is capable of ejecting cells from an
open pool without clogging the nozzle or damaging the cells, however, viscous hydrogels with high
cell concentrations may not be printed [41,101]. Microvalve bioprinters use a set of
electromechanical microvalves consisting of a solenoid coil and a plunger to generate droplets by
opening and closing the valve via an applied air pressure [102]. When a voltage pulse is applied, the
valve coil is magnetized and the plunger is pulled upwards thus unplugging the nozzle. Generally,
microvalve bioprinters dispense larger droplets as compared to other DBB methods yielding to a
lower resolution [75].

4.3. Laser-based bioprinting

Stereolithography (SLA) is the oldest 3D printing technology; it was invented by Charles W.
Hull, who patented the technique in 1985. It allows for the fabrication of arbitrarily shaped structures
in assembly-free manner by focusing an ultraviolet light on a spot in a photosensitive liquid enabling
selective solidification of the material according to predefined path [117]. Although SLA has been
used for the fabrication of tissue scaffolds, living cells have generally been seeded on the scaffolds
after printing. In 2004, Boland and his coworkers used a commercially available SLA system to
bioprint human cells and succeeded in fabricating highly complex scaffolds that cannot be fabricated
using EBB or DBB modalities [118]. However, 2D patterning of living cells using laser-assisted
technology was introduced already in 1999 by Odde and Rehn [119]. Since then, several groups have
started to use laser energy for printing living cells [120-122]. The fabrication of 3D tissue constructs
became feasible with the invention of laser-assisted bioprinting as an extension of matrix-assisted
pulsed-laser evaporation (MAPLE). All of these laser energy based techniques can be classified
under laser-based bioprinting (LBB) [75].

LBB is capable of fabricating highly accurate tissue constructs, but its intricate setup has limited
its commercialization; currently there exists only one company worldwide using LBB for the
fabrication of tissues and no LBB setups capable of printing living cells have yet been
commercialized. However, various research groups have acquired components of the LBB setups
and built their own customized printers. LBB techniques can be classified into two major subclasses
including processes involving photopolymerization and processes based on cell transfer. Furthermore,
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photopolymerization processes include SLA, dynamic optical projection stereolithography (DOPsL),
and two-photon polymerization (2PP). Cell transfer processes can be further classified either as
laser-guidance direct writing (LGDW), matrix-assisted pulsed laser evaporation-direct
write (MAPLE-DW), or as laser-induced forward transfer (LIFT) [75]. DOPsL is a maskless
printing method, where a digital mask is projected onto the surface of the photocurable bioink using
a digital light procession technique allowing the solidification of the entire bioink layer at once [41,104].
See Table 3 for more details on each type of LBB printing.

The overall resolution of SLA depends on the focal spot size and is limited by diffraction,
which in theory should result in feature sizes equal to half of the applied laser wavelength. In
practice, the achieved resolution is in the range of a few micrometers [103,123]. The resolution can
be improved by using 2PP technique, where a tightly focused pulsed laser is used to initiate
polymerization reaction within the focal volume as the photoinitiator molecules absorb two photons
simultaneously [106]. As 2PP is able to produce scaffolds with nanoscale resolution, it could be
beneficial to couple it with some other bioprinting modality into a hybrid bioprinting platform, and
use it for the fabrication of nanosize features to control cell adhesion.

LBB processes based on cell transfer offer the direct deposition of materials on a free surface
based on the “aim-and-shoot” principle. The setups typically consist of a laser-absorbing metal layer
coated on a laser transparent support, called the ribbon, a feeding layer of cell-laden hydrogel
beneath, and a receiving substrate. During the aim step, a laser pulse is focused on the laser-
absorbing layer and a vapor pocket is generated in the feeding layer resulting in the formation and
transfer of the cell-containing droplet from the ribbon to the receiving substrate (the “shoot” step) [124].

LGDW was the first LBB technique used for bioprinting of living cells [119]. MAPLE
technique was developed at the US Naval Research Laboratory in the late 1990s. The organic
compound is first dissolved in an alcohol solvent and the solution is frozen at -196°C to form a laser
target. The solvent toxicity makes it impossible to encapsulate living cells within the matrix and the
cryogenic setup is not hospitable environment for cells. Thus, the technique was further modified by
encapsulating cells into a bioink solution and by forming a thin coating of the hydrogel on the
bottom side of the print ribbon. The new method was called MAPLE-DW, in which a range of laser
fluences below the ablation threshold of the bioink material is used to generate plasma bubbles that
eject the bioink to a substrate [75]. In an advanced version of MAPLE-DW, called LIFT, cells are
also encapsulated in coating material and are transferred to a substrate, which is in close proximity
with the coating material. In contrast to MAPLE-DW, in LIFT, an energy-absorbing IR-transparent
interlayer is used to diminish the detrimental effect of the intensive UV light to cells [108]. As
nozzle-free approaches, LBB techniques circumvent several limitations that EBB and DBB
techniques face, such as the shear stress-induced cell damage or nozzle clogging. The major
advantage of LBB is its high resolution, being below 10 pm in its best [125].

Despite the high resolution, processes based on photopolymerization suffer from prolonged
fabrication times, the interaction of cells with damaging laser light, expensive setup prices, and lack
of photocrosslinkable bioink choices. On the other hand, cell transfer-based processes face
challenges due to laser shock related thermal- and mechanical induced cell deformation, the random
placement of cells in the precursor solution, and expensive fabrication setups [75].
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5. State-of-the-art in bioprinting of kidneys

Currently, the fabrication of a complex and large-scale 3D kidney is not possible. Hence, the
research has been focused on 3D bioprinting of small-scale structures based on mini-tissue building
blocks. Organs, such as kidney, consist of these smaller, functional building blocks, which can be
defined as the smallest structural and functional component of the organ, such as a nephron. Mini-
tissues, or more specifically tissue spheroids, can be fabricated and assembled into larger constructs
via natural tissue fusion process or directed tissue self-assembly. In this scaffold-free approach,
macrotissues can be achieved without any instructive, supporting, and directing solid scaffold simply
by using tissue spheroids of different compositions and organizations as the bioink, which is
bioprinted using layer-by-layer placement on tissue fusion permissive hydrogel (the biopaper) [126].
To bioprint organs, such as the kidneys, in clinically relevant volumes, EBB modalities are preferred
over DBB and LBB methods. In fact, EBB enables bioprinting of various types of bioink materials,
such as cell spheroids [127], cell-laden hydrogels [128], microcarriers [129], and decellularized
matrix components [130], whereas other techniques only facilitate printing of cell-laden hydrogels.

Small-scale functional renal tissue structure has been recently achieved at Harvard’s Jennifer
Lewis’ Lab as the researchers re-created a proximal tubule segment of a nephron [50]. 3D
convoluted proximal channels were bioprinted using a custom-made EBB setup equipped with four
independently addressable printheads mounted onto a 3-axis, motion-controlled gantry. Inks were
housed in separate syringe barrels to which nozzles varying in sizes from 50 um to 410 pum were
attached. Air pressure was used to deposit materials through nozzles. 3D proximal tubule was
fabricated within a perfusion chip by first casting a base ECM layer (fibrinogen & gelatin) on the
bottom of the perfusion chip, and then printing the fugitive Pluronic® F127 ink on the base in the
form of a convoluted tubule. The top layer of ECM was then cast over the printed tubule. Finally, the
temperature was lowered to 4°C to liquefy the fugitive ink leaving behind the open conduits, which
were seeded with human immortalized proximal tubular cells.

The tissue engineering company Organovo Inc. (San Diego CA, USA) has partnered with the
Murdoch Children’s Research Institute for bioprinted kidney research. It has generated kidney tissue
constructs (3D PT ExVive™ Human Kidney Tissue) for compound screening and disease modeling
by using their proprietary 3D bioprinting platform (http://organovo.com/tissues-services/exvive3d-
human-tissue-models-services-research/exvive-kidney-tissue/) The construct is a fully cellular
human in vitro model of the proximal tubule interstitial interface. Cultured renal fibroblasts and
human umbilical vein endothelial cells (HUVECS) are suspended in thermos-responsive NovoGel®
Bio-Ink and bioprinted with NovoGen Bioprinter® Instrument (Organovo Inc., San Diego, CA) onto
polyester membrane inserts in a 24-well plate [54,88]. The bioprinting is based on mechanical
extrusion from multiple nozzles. After three days in culture, primary renal proximal tubule epithelial
cells (RPTECs) are seeded on the printed tissues to form an apical monolayer on top of the basal
multicellular interstitial layer composed of primary human renal fibroblasts and HUVEC cells [54].

Also, Anthony Atala’s group at the Wake Forest Institute for Regenerative
Medicine (Winston-Salem, NC, USA) has been working towards bioprinting of transplantable
kidneys. In fact, they have already successfully printed an early stage kidney prototype using an EBB
setup called Integrated Tissue-Organ Printer (ITOP) [6]. The ITOP system is capable of bioprinting
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multiple materials at the same time, such as cell-laden composite hydrogels, supporting poly (e-
caprolactone) (PCL) polymer, and sacrificial Pluronic® F127 hydrogel. The system consists of three
major units: three-axis motorized stage, dispensing module with multiple air-pressure controlled
microscale nozzles combined with cartridges, and a closed acrylic chamber for temperature and
humidity control. In addition, one of the nozzles is equipped with a heating unit for dispensing
PCL [131].

Just like Organovo’s Novogen Bioprinter®, the FABION 3D bioprinter developed by 3D
Bioprinting Solutions (Moscow, Russia) is targeted exclusively for internal use. Their
objective is to print a functional and implantable human organ in the near future. In fact, they
are currently co-operating with the University of Oulu and 3DTech Oy to bioprint a mini-kidney using
kidney organoids (https://3dprint.com/181528/3d-bioprinting-solutions-thyroid/). As a proof of
concept, the company has already printed functional thyroid glands and transplanted them into
mice [8]. FABION is equipped with five deposition nozzles allowing precise dispensing of
tissue spheroids in hydrogel biopaper. Three nozzles are for dispensing bioink consisting of
spheroids, cell suspension, or other materials. The number of tissue spheroids to be dispensed,
the thickness of the printed layer and other parameters can be set independently for each nozzle.
The other two nozzles are for dispensing biopaper, which can be polymerized by UV
radiation (http://www.bioprinting.ru/en/investors/projects/fabion/).

Yet another company pursuing to bioprint functional kidney structures is Nano Dimension
Ltd.’s subsidiary Nano Dimension Technologies Ltd. (Israel). It has filed an U.S. patent application
for 3D inkjet printing of living cells and supporting structures for the fabrication of nephron-like
functioning structures. Their inkjet printing platform is capable of bioprinting multiple materials
almost in parallel and on a wide area, which could make it suitable for the fabrication of complex
tissue structures. Their initial plan is to 3D print structures composed of biomembranes that are
composed of a few cell layers with each cell in direct contact with the blood
supply (https://www.engineering.com/3DPrinting/3DPrintingArticles/ArticlelD/14380/From-3D-
Printing-Circuit-Boards-to-Organs-Nano-Dimensions-CEO-Discusses-New-Bioprinting-Subsidiary.aspx).

6. Challenges

Kidney is a rather big and quite complex organ to be printed as a whole at one attempt. The variety
of cells required to complete this process, and size of the organ make this task very difficult. Therefore,
the only way to approach is to 3D bioprint small pieces, mini-tissue building blocks, which could be
put together after printing to form bigger organ. Both of these challenges, the size of the organ and
the variety of cells, could be tackled by using organoids for printing (see the next chapter “7.
Possible solution—vision of the 3D bioprinting of the kidney”). However, there are far greater
challenges to be solved first, such as the vascularization of the kidney and the essential ductal system
to drain the urine out, both of which are essential to provide the function/functionality to the organ.

6.1. Vascularization
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Vascularization or printing of vascularized organs is one of the most important and still
unsolved problems in tissue engineering and 3D bioprinting technology. It is obvious that only well
vascularized bioprinted thick tissues and organs could survive after implantation. There are several
excellent reviews on the significance of vascularization in tissue engineering [132-136], all of which
highlight the need for the appropriate perfusion of the vascular network and the generation of an
adequately dense system to limit the distance between capillaries to the required 200 um. Moreover,
it has been shown that the progression of the chronic kidney disease (CKD) depends on the
remodeling of the vascular network [23]; therefore, the correct vasculature in newly engineered
kidneys is important for the later health of the recipient.

During the last decade, several promising technological breakthroughs have been achieved, but
still there is no clear and realistic vision on how the bioprinted kidney could be effectively
vascularized. This unsolved problem of the vascularization remains as the main impediment on our
way to bioprint functional human kidney. In the case of the kidney, the vascularization is especially
important because it plays a crucial role in two main kidney functions, i.e. in filtration and
reabsorption, which are intimately connected with blood flow.

Theoretically, kidney vascularization could be implemented by two main ways: it could be
either done after implantation using sprouting angiogenesis from the pre-existing vasculature of host
organism or generated in the bioprinted kidney by vasculogenesis from endothelial progenitors
before implantation. Indeed, it has been demonstrated that the kidney organoids can be effectively
vascularized and even enable glomerulogenesis after implantation under a highly vascularized
kidney capsule [19,20] or subcutaneously [21]. Moreover, the omentopexy or vascularization of an
organ by mobilization and attachment to highly vascularized and angiogenic omentum tissue is a
standard surgical practice [137,138]. However, such approach is effective only in the case of
transplantation of the relatively small volume of renal tissue, such as the developing
metanephroi [138]. Even though the metanephros undergoes vascularization by the host and
develops mature and filtering glomeruli, it is not realistic to create a kidney with an intra-organ
hierarchically branched vascular system including large diameter vascular segments suitable for
surgical suturing using only sprouting angiogenesis from the recipient organism.

However, the development of renal vasculature from an intrinsic population of endothelial
progenitors has been reported in many publications [139-144]. Nevertheless, only the early steps of
renal vascularization, preceding the formation of glomerular tuft, could occur in the absence of blood
flow [139,145]. It was shown that blood circulation is crucial for the formation of vascularized
mature glomeruli [146], which is in agreement with the data obtained with transplanting renal
organoids [19-21]. Therefore, in order to enable the glomerular vasculature formation, the flow of
culture medium through perfused endothelial vessels has to be provided to the bioprinted kidneys,
for instance by the means of microfluidics.

Rapidly developing microfluidic technology allows to biofabricate vascularized
mini-tissues [147,148]. Microfluidic technology has, for example, been successfully used to
biofabricate vascularized tumor spheroids [149]. It opens a realistic possibility to generate
vascularized human kidney organoids using human endothelial cells. Vascularized kidney organoids
could be a powerful research tool for studying human nephrogenesis and glomerulogenesis in a real
time at single-cell resolution. Moreover, the implementation of automation and robotization will
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enable scalable biofabrication of vascularized human nephrons sufficient for the bioprinting of
human kidney. However, this approach has only started to be explored and certain time is needed for
its successful realization, especially in a large scale.

Introduction of the concept of sacrificial (or removable) hydrogels opens a new interesting
approach for vascularization of thick 3D tissues and organs by creating tunnels in the 3D bioprinted
tissue constructs, which could be seeded with endothelial cells after removal of the sacrificial
hydrogels [78,150,151]. However, this approach has two main limitations. It works very well for
biofabrication of small diameter microvascular networks but it does not allow creating the relatively
thick wall of large diameter vessels, which could be surgically connected with the recipient’s large
arteries. Currently, it is also not clear how the vascularized parenchyma of the kidney could be
bioprinted using this approach. Most recently, by using the sacrificial hydrogel technique, functional
kidney tubules have been bioprinted by the Jennifer Lewis’ group, however, without the glomeruli
and the surrounding microvessels [50].

Another elegant and potentially promising approach for kidney vascularization has been
recently introduced by Anthony Atala’s group [152]. The sacrificial vascular corrosion casts of
intra-organ kidney vascular systems were used as a temporal support for the biofabrication of a
collagen-based hydrogel coating of a tubular scaffold, biomimicking the kidney vascular system.
After the removal of the corrosion casts, the collagen hydrogel generated a branched tubular system
that was coated with endothelial cells. It remains to be seen how the parenchymal renal tissue could
be incorporated and bioprinted around this vascular construct. From the technical point of view, it is
practically impossible to bioprint a kidney organ construct inside already existing 3D vascular
construct. The robotic placing of mini-tissues or tissue mini-blocks needs an open space, but the pre-
existing 3D scaffold does not allow the implementation of this approach. It is also unknown, if the
material properties of large diameter segments, such as the artificial kidney vascular constructs, are
strong enough for surgical suturing. 3D bioprinting of the intra-organ branched vascular system and
the parenchymal tissue must be made simultaneously using the general principles of layer-by-layer
additive biofabrication.

Thus, the main challenge in solving the problem of vascularization of bioprinted kidney is not
just bioprinting of multiple kidney nephrons and small kidney fragments or kidney tissue modules
with microvascular network. Instead, the major challenge involves the bioprinting of a kidney
construct with a built-in intra-organ hierarchically branched vascular system, including large
diameter vascular segments suitable for surgical suturing.

6.2. Urine drainage system

The main product of the functional activity of the kidney, the urine, is excreted through the
sophisticated ductal system. The bioprinting of the complex renal ductal system is another unsolved
challenge in 3D bioprinting of human kidney. The multiple attempts of tissue engineering (not 3D
bioprinting!) of ureter, bladder and urethra are beyond the scope of this review and can be found
elsewhere [153-156].

In the recent elegant study, it was demonstrated that in vitro tubulogenesis of Madin-Darby
canine kidney (MDCK) spheroids occurs spontaneously when specific cell number (400-1500 cells)
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and scaffold gel concentration (1-2%) are used [157]. MDCK cells form elongated tube structures
through aggregation processes in these conditions, while in other conditions they are only able to
form spherical aggregates. It is also interesting that cell proliferation is not required for the tube
elongation. These results strongly suggest that the MDCK cells, during the aggregation process,
interact with each other via mechanical forces transmitted by the scaffold gel, leading to the
spontaneous tube formation. Thus, by combining proper cell concentration and hydrogel stiffness it
is possible to biofabricate and perhaps even bioprint desirable tubular structures, which would mimic
the authentic renal collecting tubes.

Anthony Atala’s group reported for the first time about successful 3D bioprinting
of urethra with biodegradable polymers and dual autologous cells in fibrin hydrogel [158]. In this
study, the 3D bioprinting technology was used to fabricate cell-laden urethra in vitro with different
polymer types and structural characteristics. PCL and poly(L-lactide-co-caprolactone) (PLCL)
polymers and spiral scaffold design were chosen in order to mimic the structure and mechanical
properties of natural urethra of rabbits. The cell-laden fibrin hydrogel was used in order to provide
better microenvironment for cell growth. Using an integrated bioprinting system, tubular scaffold
was formed from biodegradable polymers. The urothelial cells (UCs) and smooth muscle
cells (SMCs) were delivered evenly into the inner and outer layers of the scaffold separately, within
the cell-laden hydrogel. The PCL/PLCL (50:50) spiral scaffold demonstrated mechanical properties
equivalent to the native urethra in rabbit. It was shown that the UCs and SMCs maintained more than
80% viability even at 7 days after printing. Both cell types also demonstrated proliferation and
maintained the specific cell and tissue biomarkers. This shows that 3D bioprinting of urethral
constructs, mimicking the mechanical properties and cell bioactivity of natural urethral tissue, is
feasible [158]. Taken together these data provides a strong foundation for the future studies on 3D
bioprinted urethra and other ductal systems, for example the one of the kidneys.

7. Possible solution—vision of the 3D bioprinting of the kidney

Adult kidney is a very complex organ consisting of millions of cells of hundreds different types.
Bioprinting of individual cells is technically impossible at present and even if it would be possible,
printing of such a complex morphological structure is an extremely challenging task. We suppose,
that the fabrication of kidney by bioprinting will rely on utilizing the renal developmental program.
Remarkable of the embryonic kidney is its potential for autonomous development in vitro [15,26].
Yet more intriguing is the potential of primary or even in vitro differentiated iPSCs to differentiate
into renal cells to form functional nephrons by self-assembly in organoids [27,31,34]. Limitation of
this potential, however, is inability of the renal structures to recapitulate the overall morphology of the
kidney. Here, we propose to apply bioprinting to restore the overall order by the arrangement of
different morphological units (nephrons, ureteric epithelium and vasculature) by the means of bioprinting.

While some challenges remain, we strongly believe that it is possible to 3D bioprint the kidney
using tissue spheroids/organoids as building blocks for bioprinting; this strategy considers all
required parts: the vasculature, the main kidney mass and the ductal system. For printing vasculature,
this concept has already been outlined in several reviews and papers [159,160]. Moreover, several
groups have bioprinted large diameter vascular segments suitable for surgical suturing [161-163].
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Recently, we have introduced a novel concept of sacrificial vascular tissue spheroids, which enable
the bioprinting of large lumenized vascular segments. The intermediate diameter vascular segments
could be biofabricated and robotically bioprinted using lumenized vascular tissue spheroids [164,165].
The vascular network could then be formed from endothelial cells embedded in fibrin and collagen
hydrogels by using the vascular endothelial growth factor (VEGF) [166-168]. Finally, the isolated
segments of the vascular tree or endothelial spheroids have capability to fuse together into
microvascular network in vitro and in vivo [169,170]. Thus, it is logical to assume that the
combination of solid vascular tissue spheroids, sacrificial vascular tissue spheroids, lumenized
vascular spheroids, endothelial spheroids and endothelial cells in bioprintable hydrogels will enable
the bioprinting of complete built-in intra-organ hierarchically branched arterial and venous vascular
systems consisting of the sequential segments of the vascular tree. Moreover, with rapid progress in
the iPSC differentiation field, the endothelial cells for the 3D bioprinting of the vasculature could be
derived from the patient’s iPSCs [171].

When considering the kidney mass, the protocols to differentiate hPSCs/hiPSCs into NPCs and
UBPCs (Table 1) already exist and therefore soon it might be possible to generate organoids
containing only cells derived from patients. Moreover, these organoids may be able to fuse together
upon printing in close proximity, just as the organoids derived from primary mouse MM cells
do (Figure 2A), enabling the formation of larger complexes. The derivation of UBPCs from
hPSCs/hiPSCs is also a promising technique, as it would enable avoiding the use of non-human
cells (e.g., MDCKSs) for printing the ureter structures.

Once 3D bioprinted, the small kidney unit and the vascular units, would have to be placed in a
microfluidic chamber (Figure 2B) that would provide the flow and enable the functionalization of the
kidneys. The bigger vasculature units would handle the main flow, and the flow would enable the
rearrangement of the endothelial cells in close proximity to the kidney units, where they would form
capillaries, which would enter the renal organoids and vascularize the developing glomeruli.
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. ; . : ~9
Figure 2. Possible technologies to 3D bioprint and functionalize the kidney. (A) Renal
organoids generated from primary mouse MM cells, placed in close proximity to each
other in Matrigel™ , fuse together already after 1 day of culture. (B) Left image:
Microfluidic chamber with seeded HUVEC cells, which under the influence of an
applied flow generate connections (red intercalated line), and in the right image, a flow
outlet is marked with a white arrow.

8. Practical applications
While the main goal of the regenerative medicine is to enable production of rejection-free

organs for transplantation, the smaller units of the 3D bioprinted functional kidneys may already be
useful in other areas of biomedicine or pharmacology (Figure 3).
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Figure 3. Schematic of possible workflow towards successful 3D bioprinting of a kidney. The
somatic cells taken as a biopsy from a patient can be used to generate iPSCs (using non-integrating
methods) and differentiated into NPCs, UBPCs or endothelial cells using available protocols. These
lineage specific cells will then generate spheroids/organoids, which will be used as building blocks
to 3D bioprint tissues. The NPCs and UBPCs will generate renal organoids, UBPCs will generate
UB spheroids; the organoids will be printed in close proximity to each other allowing fusion in order
to generate more compact mass tissue, while the UB spheroids will be printed in the middle to
generate a drainage system. The endothelial cells will generate endothelial spheroids, which will be
used to 3D bioprint vasculature using different techniques to obtain different diameters, while some
single endothelial cells will also be printed in a suitable hydrogel supplemented with VEGF to
generate the smallest diameter capillaries upon placement in the microfluidic chamber. The 3D
bioprinted vasculature and kidney units could be easily scaled up to generate organs for
transplantations. However, even with the small units, it would be beneficial to test the nephrotoxicity
of novel or existing drugs, to establish personalized therapies, expand our knowledge about renal
development or model various diseases.

8.1. Screening platform for nephrotoxicity

The kidney is very sensitive to the toxic effects of pharmacological compounds, industrial,
household and environmental chemicals, food additives and natural substances [172-177]. The renal
excretion of toxic substances starts with glomerular filtration of the blood. The primary urine then
enters the tubular system, first through the proximal tubule, where the important compounds are
re-absorbed, then the loop of Henle, where the filtrate is concentrated. Next, the urine passes in the
distal tubule and the collecting duct, where the urine is further concentrated and moved into the
bladder for storage until it is finally removed from the body during the micturition process. The

AIMS Cell and Tissue Engineering Volume 2, Issue 3, 119-162.



149

major part of the nephrotoxicity studies focuses on the proximal tubule, where the reabsorption of the
toxic compounds causes renal damage.

Due to the limitations in the predictability of the animal models, ~90% of candidate drugs result
in failure during human trials [178]. In addition, the available in vitro models for studying
nephrotoxicity are not fully recapitulating the biological functions of the kidney. In pre-clinical trials,
only 7% of new therapeutic agents fail because of their nephrotoxicity but the nephrotoxic effects of
the pharmacological compounds are the cause of acute kidney injuries in 17%-26% of the cases in
hospitals [179,180]. Even the small units of 3D bioprinted functional kidneys would improve the
ability to test the nephrotoxicity of new compounds effectively and efficiently already at the
pre-clinical stage. This, on other hand, would enable the earlier termination of faulty drugs or lead to
the modification of the therapeutic agent to make it less toxic to the renal cells. This could also
diminish the amount of animal experiments needed at the pre-clinical testing stage and could
accelerate the research and reduce the costs of developing new pharmaceuticals [181-183].

Various in vitro and kidney-on-a-chip models have been developed [184-186], but they all lack
the functionality and the in vivo-like 3D structure of the real nephron. A kidney-on-a-chip is a
microfluidic device that allows the cultivation of renal cells and organoids inside 3D channels,
mimicking the physiological environment and recapitulating the renal filtering, absorption and
excretion of the drug [187,188]. Typically, they have been comprised of a monolayer of renal cells in
a microfluidic chamber, lacking the 3D architecture of the real organ.

The hPSC-derived kidney organoids generated via different protocols by Morizane, Takasato
and Freedman were able to respond to nephrotoxicity studies [31-33] but they still lack vasculature
and the collecting duct system. The 3D bioprinted and vascularized in vivo-like complex of
functional kidney would be a more improved renal model. Validation of the model would have to be
performed by testing a large number of known nephrotoxic and non-nephrotoxic compounds [189,190].
However, the pharma industry would benefit from a library of hPSC-derived mini-kidneys. These 3D
bioprinted kidneys would also serve as personalized testing platforms for nephrotoxicity and for
planning personalized treatments to reduce kidney damage and hinder possible kidney failure in
patients with already existing risk factors, such as diabetes.

8.2. Kidney disease model and personalized medicine

Chronic kidney disease (CKD) is a group of diseases, some of which are multifactorial in origin
and where the molecular basis of the disease is not that well understood. Therefore, renal disease
modeling would be another important area where the 3D bioprinted kidney would be of great value.
The disease specific kidneys would be generated either through genetically engineered hPSCs, where
mutations that cause kidney disease has been introduced [191] or through patient specific hiPSCs.
The patient specific kidney disease organoids could then be used for rapid ex vivo testing of targeted
drug therapy or for genomic repair of the genetic defects. The model would generate data that help us
better understand the molecular background and pathophysiology of the disease. It would also be
useful as a screening platform for new, targeted treatments [192].

Polycystic kidney disease (PKD) has been modeled using 3D cultures of patient-derived
primary cells [193], while Freedman et al. have generated iPS cells from PKD patients and showed
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reduced levels of polycystin 2 within the cilia of these autosomal dominant polycystic kidney
disease (ADPKD) cells and rescued this defect by overexpressing polycystin 1 [194]. The same
group also recently published a study on gene-edited PKD kidney organoids [195], in which they
introduced a PKD1 mutation to the kidney organoid and studied how cysts form, and identified the
modulators of cystogenesis.

In addition, a microfluidic diabetic nephropathy glomerulus-on-a-chip model was recently
presented [196] as well as a 3D-co-culture of glomerular endothelial cells, podocytes and mesangial
cells [197]; however, these models also lack the in vivo 3D structure of the nephron. The latter can be
provided by the generation of organoids and has already been proposed to be an excellent platform
for disease modeling [198-200].

8.3. Studying kidney development

The kidney is composed of more than 20 different specialized cell types and has the most
complex architecture after the central nervous system. The bioprinted and vascularized kidney will
have a role in understanding the development of the metanephric kidney and its vascularization.
hPSCs/hiPSCs-derived kidney organoids have been recently used to study the differentiation of
podocytes and the study underlined the importance of podocalyxin in the generation of podocytes [201].

8.4. Regenerative medicine

The human kidney can regenerate new tubular cells after a case of acute kidney injury, but it
lacks the ability to create new nephrons after birth [202]. Therefore, the only options right now to
treat chronic kidney failure patients developing ESRD are the dialysis treatment and/or the kidney
transplant. With a fast-growing group of people in need of a new kidney, the goal for regenerative
medicine in the Kidney field is to develop strategies for regenerating and repairing injured areas of
the kidney, as well as generate entire kidneys for transplantation. The current organoid model shows
an amazing cellular differentiation and tissue architecture potential, but in order to function and secrete
urine, the kidney has to be connected to blood circulation and incorporate an excretory system.

The long-term goal of the 3D bioprinted kidneys is to generate transplantable kidney, however
the closer and more realistic aim is to establish a minimal functional unit of the kidney, to
recapitulate the in vivo functional kidney. The question is how simple or how complex should it be?

9. Conclusions

The 3D bioprinting technologies are rapidly developing and it will be soon possible to 3D
bioprint not only solid tissues but also soft ones, such as the kidney. In fact, many of the technologies
are available already. We are able to derive cells from patients and differentiate them efficiently into
kidney lineages or endothelial cells, which will provide a wonderful source of cells for generating
organoids. We are able to generate well developed renal organoids containing several nephron
structures in correct order with functional cells. We can also generate other tissue spheroids, such as
those from endothelial cells that may provide source of tissue to 3D bioprint vasculature. All of the
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presented advancements could potentially be used as building blocks for 3D bioprinting to print
vascularized small kidney units. Both of these components (i.e. the vasculature and the kidney
structure) would have to be either printed together or placed together after printing in a microfluidic
chamber or a bioreactor, where the applied flow could initiate the capillarization of the developing
kidneys (Figure 3).

With regard to the choice of the bioink material for the kidney bioprinting, the kidney-derived
decellularized ECM could offer an interesting alternative to achieve improved cell performance if its
mechanical integrity is increased by for example mixing it with another hydrogel. Overall, each
available bioink type has its inherent pros and cons but by combining two or more complementary
bioinks together adequate properties for successful kidney bioprinting could be achieved. Due to the
practicality and ability of the EBB technique to fabricate even large tissue constructs, it may well be
the printing platform that will enable the fabrication of a larger scale kidney construct. Or perhaps, a
totally new bioprinting approach will emerge and overcome the limitations of the current printing
modalities.

When considering the needs of regenerative medicine, the 3D bioprinted organs/kidneys can
reduce the rate of graft rejection when they are printed using only patient’s own cells (hiPSCs).
Moreover, a study by Yokoo’s Lab presented a new technique, the “stepwise peristaltic ureter” (SWPU)
system [203]. The SWPU system enabled the construction of a patent urine excretion system which
protected the grafted kidneys from the development of hydronephrosis and permitted continued
growth of the transplanted embryonic kidneys. Similar strategy might be used for transplanting 3D
bioprinted kidneys.

Therefore, it is just a matter of time, when we will be able, in a correct way, to combine the
stem cell expertise with the developmental biology knowledge bringing them together with 3D
bioprinting and microfluidic technologies, and consequently put all necessary puzzle pieces together
to successfully 3D bioprint the functional units of the kidney.
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