
Materials Today Bio 16 (2022) 100388
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
The application of 3D bioprinting in urological diseases

Kailei Xu a,b,c,d,e,1, Ying Han d,e,1, Yuye Huang a,b, Peng Wei a, Jun Yin d,e,**, Junhui Jiang f,g,*

a Department of Plastic and Reconstructive Surgery, Ningbo First Hospital, Ningbo 315010, China
b Center for Medical and Engineering Innovation, Central Laboratory, Ningbo First Hospital, Ningbo 315010, China
c Key Laboratory of Precision Medicine for Atherosclerotic Diseases of Zhejiang Province, Ningbo 315010, China
d The State Key Laboratory of Fluid Power and Mechatronic Systems, School of Mechanical Engineering, Zhejiang University, Hangzhou 310028, China
e Key Laboratory of 3D Printing Process and Equipment of Zhejiang Province, School of Mechanical Engineering, Zhejiang University, Hangzhou 310028, China
f Translational Research Laboratory for Urology, The Key Laboratory of Ningbo, Ningbo First Hospital, Ningbo, 315010, China
g Department of Urology, Ningbo First Hospital, Ningbo, 315010, China
A R T I C L E I N F O

Keywords:
Tissue engineering
Tumor microenvironment
Kidney regeneration
Urethral replacement
Urological cancer
* Corresponding author. Translational Research L
** Corresponding author. Key Laboratory of 3D
Hangzhou, 310028, China.

E-mail addresses: junyin@zju.edu.cn (J. Yin), jia
1 These authors contributed equally to this work

https://doi.org/10.1016/j.mtbio.2022.100388
Received 13 June 2022; Received in revised form 2
Available online 2 August 2022
2590-0064/© 2022 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Urologic diseases are commonly diagnosed health problems affecting people around the world. More than 26
million people suffer from urologic diseases and the annual expenditure was more than 11 billion US dollars. The
urologic cancers, like bladder cancer, prostate cancer and kidney cancer are always the leading causes of death
worldwide, which account for approximately 22% and 10% of the new cancer cases and death, respectively.
Organ transplantation is one of the major clinical treatments for urological diseases like end-stage renal disease
and urethral stricture, albeit strongly limited by the availability of matching donor organs. Tissue engineering has
been recognized as a highly promising strategy to solve the problems of organ donor shortage by the fabrication of
artificial organs/tissue. This includes the prospective technology of three-dimensional (3D) bioprinting, which has
been adapted to various cell types and biomaterials to replicate the heterogeneity of urological organs for the
investigation of organ transplantation and disease progression. This review discusses various types of 3D bio-
printing methodologies and commonly used biomaterials for urological diseases. The literature shows that ad-
vances in this field toward the development of functional urological organs or disease models have progressively
increased. Although numerous challenges still need to be tackled, like the technical difficulties of replicating the
heterogeneity of urologic organs and the limited biomaterial choices to recapitulate the complicated extracellular
matrix components, it has been proved by numerous studies that 3D bioprinting has the potential to fabricate
functional urological organs for clinical transplantation and in vitro disease models.
1. Urological diseases and the application of tissue engineering

The urinary system, also known as the renal system, consists of kid-
neys, ureters, the bladder, and the urethra. It acts not only as the drainage
system eliminating waste from the body, but also regulates blood volume
and pressure, controls the level of electrolytes, and regulates blood pH.
Urological disorders and diseases are common global health problems,
leading to significant healthcare expenditures, substantial disabilities,
impaired life quality and shortened survival times for patients [1]. The
urological diseases and disorders being covered by this review mainly
include chronic kidney disease, urethral stricture, kidney cancer, bladder
cancer, and prostate cancer (PCa). Chronic kidney disease and urethral
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stricture require organ/tissue transplantation for better treatment, which
was limited by the availability of matching donor organs and a high risk
of organ rejection. Kidney cancer, bladder cancer, and prostate cancer are
the leading causes of death worldwide due to the limitation of drug
development.

The kidney (renal) plays a central role in the urinary system in
metabolism and drug elimination. Chronic kidney disease results in the
long-term loss of kidney function, affecting more than 700 million people
around the world [2]. Among them, 20% of patients with the progressive
loss of kidney function suffer from end-stage renal disease (ESRD) [3].
ESRD patients have to be placed on life-saving renal replacement ther-
apies such as haemodialysis and peritoneal dialysis while waiting for
aboratory of Ningbo, Ningbo First Hospital, Ningbo, 315010, China.
of Zhejiang Province, School of Mechanical Engineering, Zhejiang University,

.

022

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:junyin@zju.edu.cn
mailto:jiangjh200509@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100388&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100388
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100388


K. Xu et al. Materials Today Bio 16 (2022) 100388
kidney transplantation [4] that is limited by the availability of matching
donor organs and a high risk of organ rejection [5]. Other kidney diseases
include kidney (renal) cancer, kidney stone, glomerulonephritis, and
pyelonephritis. Among these, renal cancer is one of the most critical
malignancies, with more than 131,000 deaths and 342,000 incident
cases occurring each year globally. Approximately 90% of renal cancers
are renal cell carcinoma (RCC) [6,7], which is derived from the proximal
tubular epithelial cells of the renal cortex. About one-third of RCC pa-
tients will further present metastatic disease that causes the most of lethal
cases for it is almost incurable [8,9].

The bladder is a hollow organ in the lower part of the urinary system.
Bladder diseases, such as bladder calculus, inflammation and bladder
cancer, could lead to frequent urination, urgency, dysuria and hematuria,
that strongly affect patients’ life quality. Cancer is one of the most critical
diseases of the bladder with its incidence rate increasing with age; people
aged 50–70 have the highest incidence rates, and this rate for men is 3–4
times that of women when caused by smoking tobacco [10–12]. Most
bladder cancers are diagnosed at an early stage when the condition is
highly curable. However, even at this stage, bladder cancers can recur
after successful treatment and still develop to metastasis.

The prostate locates in the lesser pelvis and belongs to the male
reproductive system. Prostate diseases, such as inflammation, benign
prostatic hyperplasia and cancer, can damage the function of urinary
system as the prostate acts as a muscle-driven mechanical switch for
urination. PCa is a commonly diagnosed cancer type and the leading
cause of death for men worldwide. Around 33% of males in The United
States will be diagnosed with PCa and 1 out 33 will die from it [13].
Primary PCa is curable, while metastatic PCa has poor prognosis and
causes most of the fatal cases. Instead of soft tissues like the lung and
lymph nodes, PCa preferentially metastasizes to bone and demonstrates
osteoblastic or osteolytic phenotypes, causing the formation of woven
bone and leading to more severe symptoms [14]. Androgen-deprivation
therapy is commonly used to treat metastatic PCa, while it frequently
develops to androgen-independent and castration-resistant PCa (CRPC)
[15,16], which is an advanced form of PCa with few treatment options
and low survival rates [17].

The urethra is part of the body's drainage system for removing urine,
which passes through the bladder and the prostate. Urethral stricture is
one of the most frequently diagnosed diseases of the urethra, which scars
the submucosal tissue of the corpus spongiosum, leading to urethral
lumen constriction. The common causes of urethral stricture include
surgery that involves inserting an instrument, trauma or injury to the
urethra or pelvis, and urethral or PCa. Approximately 0.6% of males are
diagnosed for urethral stricture due to a variety of etiological factors
[18]. The surgical repair of urethral stricture has always been one of the
most challenging subjects studied by urologists.

Organ transplantation is among the most effective treatments for se-
vere urological diseases, like ESRD and urethral stricture. For urologic
cancers, although chemotherapy and radiotherapy are frequently used,
full organ resection could be also performed for higher survival rate.
Radical prostatectomy is one of the most common treatments for local-
ized PCa. Around 30% of the patients with localized PCa would be per-
formed with prostatectomy [19], which was more than 100,000 patients
annually [20]. Radical nephrectomy is the gold standard treatment for
localized RCC [21], while it also causes significant decreases in renal
function and chronic renal insufficiency, which significantly increase the
risk of cardiovascular events and overall mortality [22]. Similar
post-surgery issues were also observed for radical cystectomy [23],
which is the complete bladder removal for bladder cancers. Therefore,
the transplantation was also required for these organs after cancer
removal to improve the patient recovery and life quality.

However, due to the limited global availability of matching donor
organs and the immunological responses to animal organs, artificial or-
gans could be a potential choice in the future for clinical transplantation.
Tissue engineering is a multidisciplinary field combing life science and
engineering principles to investigate and develop biological substitutes
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to repair and restore tissue functions [24], which could be a promising
direction to solve the problem of organ donor shortage for urological
diseases (Fig. 1). To generate functional biological substitutes, bioma-
terial scaffolds and cells are the two main components [25]. Ideally, the
best approach is to isolate primary stem cells or progenitor cells from
patients, scale them up in vitro, culture them on scaffolds, differentiate
them into the desired lineage phenotypes through the induction of con-
ditional media, and implant cell-seeded scaffolds into injured sites in
patients. This could be a potential solution to greatly reduce the immu-
nological response to the implants and develop personalized treatments.

Tissue engineering has been widely investigated for urological dis-
eases due to the shortage of donor organ availability. Decellularized
extracellular matrix (dECM) scaffolds transplanted for renal regeneration
in a nephrectomized rat model have shown increased renal size and the
regeneration of renal parenchyma cells in the repair area containing the
grafted scaffold [26,27]. Bioengineered bladder tissues developed with
collagen-based scaffolds containing autologous cells have shown poten-
tial application for patients who need cystoplasty [28,29]. Scaffolds
made with silk/keratin enhanced the tissue repair in a dog urethral defect
model and yielded organized muscle bundles and epithelial layer, which
demonstrated their potential application for urethral disease [30,31].

Apart from biomaterial composition and cell type, the architecture
and topology of tissue engineering scaffolds also play a critical role in
tissue regeneration. Higher porosity and larger pore size of cartilage
scaffolds could promote ECM formation, nutrient diffusion and host cell
infiltration, which supported successful osteochondral regeneration in
vivo. [32] Well-defined nanoarrays of RGD (Arg-Gly-Asp) peptides on
poly (ethylene glycol) (PEG) hydrogels were able to regulate the
spreading area and differentiation of rat mesenchymal stem cells (MSCs)
[33], influencing the functionality of regenerated tissues. A rougher
biomaterial surface was found to significantly promote MSCs biominer-
alization and osteogenic marker expression on poly(ε-caprolactone)
(PCL) [34]. However, such personalized architectures and topology re-
quirements were difficult to achieve by traditional fabrication processes,
like mold casting and electrospinning.

2. Commonly used 3D bioprinting technologies in urological
diseases

3D printing is one of the latest technologies used in many industries,
such as education, food, fashion, transportation, and health. Bioprinting
is one of the 3D printing types that refers to the application in the life
science industry, and is commonly used in tissue engineering for the
development of scaffolds with complicated architectures that mimic
native organs and can be eventually used for clinical transplantation
[35–38]. Compared with traditional tissue engineering methods, 3D
bioprinting could provide: 1) High printing resolution. The porosity, pore
size, nanoarrays, and roughness of tissue engineering scaffolds would
strongly affect the nutrient diffusion, host cell infiltration, and the suc-
cessfulness of tissue regeneration. 3D bioprinting could create more
precise architectures and topology to better facilitate tissue regeneration,
which were difficult to achieve by traditional fabrication processes, like
mold casting and electrospinning. 2) Structure complexity and material
heterogeneity. Urologic tissues, like kidney, prostate, and bladder, have
completely different organ structures and ECM compositions, which is
difficult to be reproduced by traditional tissue engineering methods. 3D
bioprinting could better mimic the complexity and ECM distribution of
urologic organs to facilitate tissue regeneration. 3) Personalization. Pa-
tients with urological diseases are commonly phenotypically different
from each other, especially in urologic cancers, which causing the
importance for the preparation of personalized tumor microenvironment
(TME) for more accurate in vitro drug screening. 3D bioprinting could
easily produce personalized organs or in vitro cancer models for clinical
application compared with traditional tissue engineering methods.

3D bioprinting could be mainly classified into two subtypes, namely
printing with cells (cell-laden) and without cells (cell-free). Cell-laden



Fig. 1. Tissue engineering and three-dimensional (3D) bioprinting technologies for urological diseases.
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bioprinting can deliver different types of cells to precise locations and
form living constructs that better mimic the native organ structure and
cell distribution. 3D bioprinted hyaluronic acid-based cell-laden scaffold
was used to simulate the mechanical and biological properties of human
brain microenvironment, which could be further used for glioblastoma
multiforme invasion mechanism study and drug screening [39]. Liu et al.
used multi-nozzle additive-lathe 3D bioprinting technology to produce a
bilayer nerve conduit with bone marrow mesenchymal stem cells
(BMSCs) in the inner layer and PC-12 cells at outer layer, which had great
potential in facilitating peripheral nerve repair [40]. Cell-free bioprinting
Fig. 2. 3D bioprinting technologies and comparisons. (a) Extrsusion-based b
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allows for more flexible material selection, complicated structures and
higher mechanical strength, since cells can be seeded after printing and
the cellular survival rate during the printing process can be neglected.
Hydroxyapatite/tricalcium phosphate scaffold with hierarchical porous
structure was seeded with NIH3T3 cells after 3D printing for bone
regeneration [41]. Wang et al. combined 3D printing with freeze-casting
to produce scaffolds with microscale pores in the struts and successfully
supported the breast cancer cell growth [42].”
ioprinting; (b) Inkjet-based bioprinting; (c, d) Light-assisted bioprinting.
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2.1. Extrusion-based bioprinting

Extrusion-based bioprinting is one of the most broadly used bio-
fabrication techniques (Fig. 2A), which was composed of a dispensing
head (syringe, nozzle, and pressure system) and an automated three-axis
robotic system. In the extrusion-based bioprinting process, bioink is
deposited on a platform by sheer force through a nozzle in a controlled
manner, which can move along three axes [43], resulting in customized
3D structures with precise cylindrical filaments. The printed structures
can be further stabilized through ionic, photo-, and thermal crosslinking
mechanisms that enable the application of almost any type of bioink with
a wide range of viscosities, cell seeding density, printing speed and
scalability for extrusion-based bioprinting [35]. Given the complicated
structure and chemical properties of native organs and tissues,
extrusion-based bioprinting can be set up with multiple dispensing heads
and loaded with different types of bioinks containing various cells and
materials, in order to better mimic the architecture and cellular distri-
bution of tissues [44]. Utilizing the advantages of extrusion-based bio-
printing, neurol stem cells (NSCs) can be loaded into a hydrogel mixture
(chitosan, hyaluronic acid and Matrigel) and printed as NSCs-laden
scaffolds for spinal cord injury repair [45]. Extrusion-based bioprinting
has also been used to fabricate artificial kidneys [46], cartilages [47,48],
osseous tissue [49], liver [50], etc.

2.2. Inkjet-based bioprinting

Inkjet-based bioprinting is a popular technology for depositing bio-
logical components, since it enables the delivery of thousands of material
droplets in the picoliter volume range in a few seconds through a
noncontact manner (Fig. 2B). Inkjet-based bioprinting can be mainly
classified into two categories: continuous inkjet printing and drop-on-
demand (DOD) inkjet printing. Continuous inkjet printing refers to the
extrusion of bioink through an electric field that splits the column into
droplets due to the Rayleigh�Plateau instability [51,52]. However, due
to the ease of contamination, device complexity and difficulty of usage,
this method is rarely used for bioprinting.

Compared with continuous inkjet printing, DOD inkjet printing has
gained wider popularity since it releases droplets only when triggered.
This approach mainly includes thermo, piezoelectric and electrostatic
methods. Thermo DOD creates heat bubbles in the chamber, which
squeeze bioink and produce droplets at the nozzle. The heating tem-
perature rise to 250–350 �C in an extremely short period, while the
overall bioink temperature only elevates by around 5 �C [53,54]. Thermo
DOD is able to create droplets with a diameter of 30–80 μm, and has the
benefits of low cost, ease of operation and maintenance. Piezoelectric
inkjet printing generates tiny droplets through the deformation of
extrusion chamber wall made with piezoelectric ceramics, which could
cause a sudden volume change and lead to the ejection of droplets [55].
Droplets could be in the diameter range of 50–100 μm, which is adjust-
able by the modification of driving mode for piezoelectric elements and
the voltage pulse characteristics. Piezoelectric inkjet printing has several
unique advantages and thus been used to create single cell printing for
tumor heterogeneity research [56]. In the electrostatic inkjet printing
technique, the bioink is squeezed through the deformation of electro-
static plate, creating droplets with a diameter of 10–60 μm, which is
much smaller compared with those in thermo and piezoelectric DOD
[57].

Due to the advantages of inkjet droplets in picoliter-range printing
and its high-throughput characteristics, vasculature inkjet printing has
been widely investigated. Xu et al. used inkjet printing to create zigzag
and bifurcated tubular structures with alginate-based bioink and NIH
3T3 mouse fibroblasts [58]. Searsona et al. employed piezoelectric DOD
to fabricate microvessels with fibrinogen, in which embedded human
umbilical venous cord endothelial cells (HUVECs) formed a confluent
monolayer within 14 days, demonstrating itcats promising appliion in
vasculature tissue engineering [59]. Overall, inkjet-based bioprinting has
4

shown its promising potentials for the microstructure development in
tissue engineering for scaffold building and cellular distribution.

2.3. Light-assisted bioprinting

Light-assisted bioprinting is a nozzle-free process, where 3D con-
structs are produced in a pattern defined by a pulsed light path (Fig. 2C
and D). This technique is relatively gentle on cellular viability compared
with extrusion-based and inkjet-based bioprinting [60]. The cellular
viability for light-assisted bioprinting could reach 85%–95%, due to the
absence of high temperatures or exertion of shear stress [61–63], while
the cellular viability for extrusion-based bioprinting various from 40% to
90% based on the various nozzle size, printing temperature, and opera-
tion pressure [64–67]. The cellular viability for inkjet-based bioprinting
could various from 70% to 90% depends on the inkjet types and nozzle
size [57,68–70]. Laser-based and digital light processing (DLP) are the
major light-assisted bioprintingmethods. For laser-based bioprinting, the
laser beam is focused on a donor slide containing bioink that is deposited
on a collection plate as droplets. This type of bioprinting is capable of
dispensing viscous and/or small volumes of bioink into a precise and fine
pattern, while the process is relatively slow [71]. Compared with
laser-based bioprinting, the time requirement of DLP is significantly
shorter owing to a computer-controlled laser that projects a
two-dimensional (2D) pattern on the bioink and produces an entire layer
at once [72,73]. DLP has shown potential applications in the fabrication
of engineered bone grafts [74,75], in a liver cancer model [76], and
multivascular networks [77].

2.4. Commonly used bioinks

The commonly used bioinks are composed of natural or synthetic
biomaterials (See Table 1) [78]. Most of the natural biomaterials can be
bioprinted while cell-laden due to the weak mechanical properties and
relatively gentle printing process [79]. Meanwhile, for synthetic bio-
materials, the printing process is often accompanied by high shear stress
and temperature, and cells commonly have to be seeded after printing
[80].

Collagen is one of the major ECM components in urological organs
and is also correlated with urological disease progression. In kidney, the
interstitial matrix of the kidney is also mainly comprised with collagen
type I and III [81], and the up-regulation of collagen was found to be
correlated with renal fibrosis and has been recognized as the biomarker
to delineate the pathological alterations to the ECM during chronic kid-
ney disease progression [81–84]. Human embryonic kidney cells in
agarose-collagen bioink were reported to proliferate within the printed
structures, and could be potentially used for kidney regeneration [85].
Highly controlled and reproducible renal TME created with
collagen-based bioink has shown potential applications for anticancer
drug screening [86]. In prostate, collagen comprises more than 12%
among the 120 types of ECM proteins [87,88], and the deregulation of
collagen metabolism was also correlated with PCa Gleason score and
could be a predictor of patient survival [89–92]. In bladder, collagen is
commonly found in the connective tissue outside the muscle bundles of
bladder wall [93,94] and the ratio of type III to type I collagen has been
observed to be abnormally elevated in patients with bladder disease
compared with normal bladder [95–97]. Although collagen has not been
used in 3D bioprinting for prostate and bladder diseases, it should be an
ideal bioink for these applications in the future development.

Gelatin is a natural form of hydrolyzed collagen, which retains col-
lagen's high biocompatibility and cellular adhesion properties. Native
gelatin can also form hydrogel only by thermo-crosslinking like collagen,
leading to the methylation modification to develop gelatin-methacryloyl
(GelMA) for wider use in cell-laden bioprinting. The cellular viability of
GelMA in bioprinting has been verified using numerous cell types, such
as liver cells [98], nerves cells [99] and BMSCs [100,101]. Gelatin and
GelMA have been 3D bioprinted for in vitro kidney models [102,103],



Table 1
Commonly used biomaterials in 3D bioprinting for urological diseases.

Bioinks Gelation Printing Method Advantages Disadvantages Applications

Natural
Biomaterials

Collagen Thermal crosslinking Extrusion-based High biocompatibility
and cellular adhesion

Low mechanical
properties and slow

gelation rate

Renal cancer model [112],
cartilage regeneration [113–115],
meniscus regeneration [116,117]

Photo
crosslinking(Collagen-

methacryloyl)

Extrusion-based/
Light-assisted

Relatively higher
mechanical properties

Slow gelation rate Meniscus regeneration [63],
muscle regeneration [118]

Gelatin Thermal crosslinking Extrusion-based High cellular viability Low printability and
slow gelation rate

Bone Regeneration [119]

Photo crosslinking
(GelMA)

Extrusion-based/
Light-assisted

High printability and
cellular viability

Low mechanical
properties

Bladder cancer model [105],
urethral replacement [104], nerve

regeneration [40]
SFMA Photo crosslinking Extrusion-based/

Light-assisted
High cellular viability Low printability Cartilage regeneration [107,108]

CSMA Photo crosslinking Extrusion-based/
Light-assisted

High biocompatibility
and cellular adhesion

Low printability Cartilage regeneration [109]

HAMA Photo crosslinking Extrusion-based/
Light-assisted

High cellular viability Low printability Cartilage regeneration [110]

Alginate Chemical crosslinking Extrusion-based High gelation rate Low printability and
weak cellular adhesion

Kidney regeneration [120], hair
follicle regeneration [121]

Agarose Thermal crosslinking Extrusion-based Relatively high
mechanical properties

stability

Weak cellular adhesion
and poor

biodegradability

Wound-dressing [122],
vascularization [123], neural

tissue engineering [124]
Matrigel Thermal crosslinking Extrusion-based High biocompatibility

and cellular adhesion
Low mechanical

properties and slow
gelation rate

Cancer models [125], liver
microfluidic chip [126]

dECM Thermal/chemical
crosslinking

Extrusion-based High biocompatibility
and cellular adhesion

Low printability Kidney regeneration [102]

Synthetic
Biomaterials

PCL Solidification Extrusion-based/
electrowritten

High printability and
mechanical properties

Low biodegradation rate Urethral replacement [127], PCa
models [128,129]

Polylactic acid
(PLA)

Solidification Extrusion-based Good mechanical
strength and
processability

Brittleness, poor
thermal stability, low

crystallinity

Nerve [130], cardiovascular
[131]

Poly (ether
ether ketone)

(PEEK)

Solidification Extrusion-based/
light-assisted

High printability and
biocompatible

Biological inert Bone tissue engineering [132]
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urethral tubes [104], and bladder cancer models [105,106]. Similar
methylation modifications were applied to other natural biomaterials to
enhance their printability. Silk fibroin (SF) can be extracted from silk-
worms and has become a popular biomaterial due to its exceptional
mechanical properties. After functionalization with methacrylic anhy-
dride (MA) groups, SF-methacryloyl scaffolds (SFMA) were able to pro-
mote the proliferation and differentiation of chondrocytes and further
used as DLP bioinks to create scaffolds for cartilage regeneration [107,
108]. Chondroitin sulfate [109] (CS) and hyaluronic acid [110] (HA)
were also functionalized with MA and investigated for cartilage regen-
eration. Researchers have demonstrated that the inclusion of hyaluronic
acid methacrylate and chondroitin sulfate methacrylate could enhance
the chondrogenesis and chondrocyte metabolic activity [111] to promote
wound healing.

Alginate is an anionic polysaccharide mainly found in brown algae,
which is comprised of repeating (1,4)-linked β-D-mannuronic sequences
(M-blocks) and α-L-guluronic acid sequences (G-blocks) interspersed with
MG sequences. It can easily form hydrogel through the interaction be-
tween G-blocks and divalent cations through ionic crosslinking. Due to
the weak printability of alginate, a supporting bath filled with cross-
linking solution is usually applied during the extrusion-based printing
process, which can make the gelation take place upon injection [42].
Another method is to use a dual syringe applicator, where alginate so-
lutions and cation solutions are held in separately syringe and meet at the
nozzle for gelation. The Young's modulus for alginate could be adjusted
from 10 kPa to 600 kPa under various degree of crosslinking and gelation
time [133,134], which made it an ideal bioink for urological tissue en-
gineering. Alginate with relatively high mechanical property has been
5

used to 3D bioprint hollow tubes for urethral replacement [104,120].
The urological cancers have increasing mechanical properties during
progression and metastasis, which also provide the opportunity to model
the stages with different stiffness of alginate in the future.

Agarose is also a commonly used biomaterial, which has shown su-
perior mechanical properties, higher stability, and better printability
compare with other biomaterials in tissue engineering [135,136]. Agrose
has been used for 3D bioprinting of kidney model after mixing with
collagen and Fmoc-dipeptide [85]. Matrigel is a commercialized natural
biomaterial, which is a basement membrane extracted from
Engelbreth-Holm-Swarm (EHS) mouse sarcoma and contains numerous
ECM and growth factors that could closely mimic the chemical properties
of natural ECM in urologic organs [137].

Synthetic polymers, like PCL, PLA, and PEEK, with significantly
higher mechanical properties compared with natural polymers are more
suitable for urethral replacement. Urethra mainly functions as a channel
permitting the passage of urine, which requires relatively less biochem-
ical cues and cell involvement to promote the regeneration compared
with other urologic tissue engineering. Therefore, the most important
properties for an ideal biomaterial that used for urethral replacement are
good biocompatibility, high biodegradability, and high mechanical
strength [138], since the mechanical properties of urethra could reach
~2 MPa [139]. PCL is a Food and Drug Administration (FDA)-approved
synthetic polymer [140]. Zhang et al. had utilized PCL to develop arti-
ficial urethra [127]. PLA is a commonly used biodegradable polymer in
clinical applications and could break down into lactic acid (LA) or to
carbon dioxide and water after contacting with biological media [141].
PEEK is also a commonly used synthetic biomaterial with good
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biocompatibility and has been used for medical applications like
replacement of prosthesis and stents [142]. Therefore, PLA and PEEK
could also have the potential application for urethral replacement.

3. Bioprinting urological organs and tissues

3.1. Kidney regeneration

The most commonly used therapeutic options for ESRD are dialysis
and organ transplantation. However, these are limited by the availability
of matching donor organs and the high risk of organ rejection. The bio-
printing of living organ-like constructs with multiple cell types and bio-
materials can be one of the potential solutions for ESRD treatment (See
Table 2) [143,144]. Lawlor et al. applied extrusion-based scaffold-free
3D printing to replace manual generation for creating in vitro kidney
organoids using human pluripotent stem cells [46]. 3D bioprinting
enabled more accurate manipulation of in vitro organoid size, cell number
and conformation, where the organoid could precisely contain 100, 200
and 500 thousand cells with 1.79 mm, 2.30 mm, and 3.12 mm in
diameter, respectively. The results demonstrated that 3D-bioprinted
organoids facilitated the manufacture of uniformly patterned kidney
tissue sheets, which exhibited improvements in throughput, quality
control, scale, and structure, facilitating both in vitro and in vivo appli-
cations of stem cell-derived human kidney tissue. Ali et al. mixed
decellularized kidney ECM with gelatin, HA and glycerol to prepare a
photo-crosslinkable bioink for extrusion-based 3D printing [102]. Sub-
sequently, primary kidney cells were harvested and bioprinted in a grid
structure with size of 10 � 10 as an in vitro kidney model, where cells
were highly viable and could mature over time. Most importantly, the
bioprinted renal constructs exhibited the structural and functional
characteristics of native renal tissue. Graham et al. used inkjet-based
bioprinting with agarose-based bioink to pattern human embryonic
kidney cells and ovine mesenchymal stem cells with tissue equivalent
densities (10 [7] cells/ml) with a high droplet resolution of 1 nL (Fig. 3A)
[85]. The printed human embryonic kidney cells were reported to pro-
liferate within the printed structures, which suggested that tissue-like
structures can be developed and potentially used for kidney regeneration.

The convoluted proximal tubule (PT) is the most frequently damaged
site in renal injury. The main function of PT is to absorb and transport
65–80% of nutrients from the renal filtrate into the blood, including salt,
water, glucose, and amino acids. The disorder of PT could cause renal
Fanconi syndrome with bicarbonaturia, aminoaciduria, phosphaturia,
and uricosuria. Therefore, using 3D bioprinting to create in vitro PT
models for research applications and nephrotoxicity tests has become an
attractive direction in tissue engineering. Lin et al. created vascularized
proximal tubule with diameter of 250 μm using extrusion-based 3D
Table 2
Summary of advances in 3D bioprinting for urological organ and tissues.

Bioprinting
Strategies

Bioinks Tissue Types

Extrusion-based Scaffold free Human pluripotent st

Extrusion-based Kidney dECM, gelatin, hyaluronic acid,
and glycerol

Primary kidney c

Extrusion-based Agarose mixed with Fmoc-dipeptide and
collagen

Human embryonic kidney
mesenchymal stem

Extrusion-based Gelatin-fibronectin Proximal tubule epithelium
endothelium

Extrusion-based Alginate Primary murine tubular,
and fibroblast c

Extrusion-based GelMA, alginate, and eight-arm PEG
acrylate

Bladder urothelial cells a
muscle cells

Extrusion-based PCL/Poly(l-lactide-co-ε-caprolactone)
(PLCL) and fibrin

Urothelial cells and smoot

Extrusion-based Poly (lactic-co-glycolic acid) (PLGA)/
PCL/Triethyl citrate (TEC)

Mouse fibroblast
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printing with gelatin-fibronectin bioink [103]. The co-culture of prox-
imal tubule epithelium and vascular endothelium exhibited active al-
bumin uptake and glucose reabsorption (Fig. 3B). The
epithelium–endothelium crosstalk was further studied by exposing PT
cells to hyperglycemic conditions while monitoring endothelial cell
dysfunction, which suggested that 3D-bioprinted kidney tissue can pro-
vide a platform for in vitro studies of kidney function, disease modeling,
and pharmacology. Microfluidic bioprinting is an extrusion-based
printing process that can create more accurate and finer fibers. Addario
et al. isolated primary murine tubular (pmTECs), endothelial and fibro-
blast cells and embedded them in alginate bioink to create core-shell
tubes that mimic PT constructs [120]. The core-shell tubes with a
diameter of 450 μm were able to last for more than one month and
successfully supported the cell viability and metabolic activity (Fig. 3C).
Although the 3D-bioprinted kidney modes are still far from clinical organ
transplantation, their advanced development in recent years has proved
their potential in kidney tissue engineering.
3.2. Urethral replacement

Urethral stricture is a common disorder in males. Approximately
0.6% of males are diagnosed with urethral stricture due to a variety of
etiological factors like infection, bladder calculi, and renal failure [18].
The incidence of urethral stricture was estimated to be 200–1200 cases
per 100,000 individuals, with the increasing incidence for people age
over 55. The estimated annual health-care expenditures for male urethral
stricture disease in the USA were 191 million dollars [146]. Urethral
stricture constitutes the narrowing of urethra due to ischemic spongio-
fibrosis after trauma or infection [147]. The accumulation of giant
multinucleated cells and myofibroblasts at the inflammation site leads to
ECM overexpression and fibrosis at the injury site, which could block
urination that in turn causes associated complications such as bladder or
urethral stones, hydronephrosis, and renal failure [148]. The treatment
of urethral stricture requires substitute urethroplasty with an autologous
tissue graft, such as buccal mucosa, genital or extragenital skin [149].
However, patients with complex long strictures or proximal hypo-
spadiases may lack appropriate donor tissue for transplantation and
exhibit further complications, like inflammation, infection, and donor
site morbidity [150]. Tissue engineering has brought a new direction for
urethral replacement by developing artificial urethra in vitrowith the use
of 3D bioprinting technology (See Table 2).

Pi et al. fabricated a multilayered tubular construction with inner
diameter of 663 μm and outer diameter of 977 μm in a single step using
the 3D printing process based on a multichannel coaxial extrusion system
[104]. The bioink was composed of GelMA, alginate and eight-arm PEG
acrylate (Fig. 4A). The cannular urothelial tissue constructs were
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Fig. 3. Bioprinting for kidney regeneration. (a) 3D printing to pattern human embryonic kidney cells and ovine mesenchymal stem cells in high droplet resolution of 1
nL. Adapted with permission [85]. Copyright 2017 Springer Nature (open access); (b) Vascularized proximal tubule using extrusion-based 3D printing. Adapted with
permission [103]. Copyright 2017 Frontiers (open access); (c) Micro fluidic bioprinting created core-shell tubes to mimic convoluted proximal tubule. Adapted with
permission [120]. Copyright 2020 Elsevier.
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bioprinted with bladder urothelial cells for the inner layer and
smooth-muscle cells for the outer layer. The printed urethral tube could
be actively perfused with fluids. Subsequently, the expression of cell–cell
adhesion molecules by urothelial cells and that of α-smooth-muscle actin
by smooth-muscle cells were observed, confirming that the printed ure-
thra was able to mimic the histology of native urethra. Zhang et al. uti-
lized extrusion-based 3D bioprinting to develop a cell-laden urethra
using different polymer types, PCL/PLCL and fibrin-based hydrogel
[127]. The PCL/PLCL scaffold closely mimicked the mechanical charac-
teristics of native urethra (Fig. 4B). The urothelial cells and
smooth-muscle cells were printed with fibrin-based hydrogel onto the
inner and outer surfaces of PCL/PLCL scaffold, respectively. The multi-
layer tube has height of 2 cm, inner diameter of 3.2 mm and outer
dimeter of 4.7 mm, which closely mimic the human urethra equivalent
size. Cells in the hydrogel demonstrated more than 80% viability within
7 days and showed active proliferation and the expression of specific
biomarkers, including AE1/AE3 pan-cytokeratin, smooth muscle actin,
and myosin. Xu et al. used PLGA/PCL/TEC that had good biodegrad-
ability and mechanical properties for the extrusion-based 3D printing of
tubular structure with diameter of ~4 cm [145]. This was used to culture
mouse fibroblast cells, L929, whose growth characteristics are similar to
those of urothelial cells, which proved the good biocompatibility and cell
adhesion of the printed urethral tube (Fig. 4C). The results provided the
groundwork for further investigations promoting urethral replacement
by 3D printing fabricating tubular constructs that mimic the natural
urethral tissue in its mechanical properties and cell bioactivity.
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4. Bioprinting to mimic the urological TME

4.1. TME

The TME includes cancer cells and the surrounding environment,
such as ECM, growth factors, and cancer-associated fibroblasts (CAF).
The TME has been demonstrated not only to physically support tumor
growth but also to biochemically promote tumor development and
metastasis [151]. Therefore, using 3D bioprinting to create an in vitro
TME for the investigation of cancer cell growth and metastasis mecha-
nism has become an important research direction.

The ECM is a dynamic network formed by proteins, glycoproteins,
proteoglycans, and polysaccharides, which not only supports cell growth
but also regulates cell proliferation, differentiation, migration, and
morphogenesis through cell receptors [152]. One of the major directions
in creating in vitro TME by bioprinting is to mimic the biomechanical and
biochemical properties of ECM using bioinks. For example, type XXIII
collagen was found to be upregulated in metastatic PCa cells [153] and a
potential biomarker for PCa recurrence [154]. The overexpression of
type XXIII collagen also facilitated endothelium adhesion and enhanced
cancer cell extravasation during metastasis [155]. Other ECMs, like HA
[156], versican [157], laminin [158] and fibronectin [159,160] were
also indicated to promote cancer development and metastasis. Therefore,
finding methods to mimic ECM biochemical compositions and mechan-
ical properties using bioink is a critical point in bioprinting.

Growth factors and other cell types in the TME could also influence



Fig. 4. Bioprinting for urethra replacement. (a) Multilayered tubular construction using multichannel coaxial extrusion system. Adapted with permission [104].
Copyright 2018 Wiley; (b) Cell-laden urethra built with PCL/PLCL and fibrin-based hydrogel. Adapted with permission [127]. Copyright 2017 Elsevier; (c) 3D printed
PLGA/PCL/TEC tubular structure. Adapted with permission [145]. Copyright 2020 American Chemical Society.
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tumor development. Transforming growth factor-beta (TGF-β) was found
to associate with cancer proliferation, motility and apoptosis [161]. The
overexpression of vascular endothelial growth factor (VEGF) was able to
promote cancer cell invasion [162]. Fibroblast is the principal cell type in
connective tissues, which synthesizes ECM and promotes wound healing.
However, during cancer development, fibroblasts could transform to
CAFs that further facilitate tumor progression, angiogenesis and metas-
tasis through overexpressing ECM and growth factors [163]. The inclu-
sion of multiple cell types and growth factors during the 3D bioprinting
process has been widely proved to yield better mimicking of the in vivo
TME.

Different types of urologic cancers have significant TME heteroge-
neity including the organ structures, ECM compositions, non-cancer cell
types and metastatic sites. Kidney, prostate, and bladder have completely
different organ structures. The internal structure of the kidney can be
divided into three regions with completely different structures and
functions: an outer cortex, a middle-positioned medulla, and the renal
pelvis in the deep interior. The prostate also includes three zones: the
central zone that surrounds the ejaculatory ducts, the peripheral zone,
and the transition zone that surrounds the urethra. Human urinary
bladder is a hollow musculo-membranous organ with a triangular shape
when contracted and transforms to ovoid as it filled with urine [164].

The proteomics are employed to identify the ECM compositions of
urologic cancers. Clear cell renal cell carcinoma (ccRCC) is found that the
collagen type VI, fibronectin, and tenascin C are significantly upregulated
compared with healthy kidney cortex [165]. CRPC has upregulation of
8

collagen type I, fibronectin, vitronectin, and laminin compared with
normal prostate tissues [166]. Bladder cancer has fibrinopeptide A,
collagen type I, and uromodulin upregulation [167]. Although urologic
cancers have several similar upregulated ECM compositions like collagen
and fibronectin, most of the deregulated protein types are different.

Non-cancer cells in the TME, like cancer-associated fibroblasts, im-
mune cells, stromal cells, endothelial cells and epithelial cells, could also
promote or inhibit the cancer progression and metastasis [49]. Different
urologic organs contain various non-cancer cell types in the TME. Kidney
contains at least 16 different highly specialized epithelial cell types, and
the number of specialized endothelial cells, immune cells, and interstitial
cell types may even be larger [168]. Human prostate also contain three
unique epithelial cell types including, basal, luminal, and neuroendo-
crine [169]. Bladder also contains specific cells like bladder interstitial
cells and bladder smooth muscle cell, which are related with bladder
regeneration and involved in the complex cellular signaling processes
that govern bladder filling and emptying [170,171].

3D bioprinting was also commonly used to simulate the TME of
metastatic sites for urologic cancers. The most common metastatic sites
for kidney cancer, prostate cancer, and bladder cancer are lung [172],
bone [173] and lymph node [174], respectively. The microenvironment
in those organs is also completely different. Therefore, it would be critical
for 3D bioprinting to recapitulate the differences of the urological TME
and provide a better cancer model for drug screening or in vitro research
platform.
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4.2. Prostate cancer

Primary PCa is curable with 85% five-year survival rate, while met-
astatic PCa causes most of the mortalities. PCa cells preferentially
metastasize to the bone microenvironment where they exhibit osteomi-
mic properties and break down the bone structure. Therefore, under-
standing the mechanism of PCa bone metastasis and preventing it from
occurring has become a critical research path. Using the benefits of
bioprinting, in vitro engineered bone structure can be prepared and used
as a platform for PCa metastasis research (See Table 3).

Holzapfel et al. applied a 3D printing extrusion system combined with
a rotating structure to prepare a hollow tube using medical-grade PCL
(mPCL) with diameter of ~6 mm in order to mimic the morphological
and functional humanized organ bone; it could be used as a homing site
for PCa cell metastasis [175]. Humanmesenchymal progenitor cells were
seeded on the bone structure, and recombinant human bone morpho-
genetic protein-7 (rhBMP-7) growth factor was used to induce the
metabolism activity and production of ECM components. Upon further
culture, the PCa cells demonstrated preference to the engineered bone
constructs, proliferated, and developed macro-metastases [175]. This
model could be used to investigate the mechanism of PCa cell behavior
after metastasizing to the bone microenvironment (Fig. 5A). Based on
this study, Shokoohmanda et al. improved extrusion-based 3D printing
technology to prepare a hollow tube with similar diameter as previous
study to better mimic the bone structure through coating with a layer of
calcium phosphate to enhance cell adhesion (Fig. 5B) [176]. Human
osteoblasts and patient-derived PCa patient-derived tumor xenograft
(PDXs) were indirectly co-cultured on this platform, which showed that
PCa cells would present osteomimicry and protein secretion after bone
metastasis [176]. Similar studies were performed by Bock et al., in which
osteoprogenitor cells were cultured on an 3D-electrowritten scaffolds to
create an engineered bone microenvironment containing viable osteo-
blastic cells, mineral content, ECM, and osteoblast/osteocyte-derived
mRNA and proteins (Fig. 5C) [128]. The direct co-culture of PCa cells
and osteoprogenitor cells led to cancer cells displaying functional and
molecular features consistent with the profile of clinical bone metastases,
such as upregulation of alkaline phosphatase and collagen I and down-
regulation of sclerostin. This electrowritten model presented a potential
application for determining the role of bone microenvironment in PCa
metastasis and as a personalized drug screening platform.
Table 3
Summary of advances in 3D bioprinting for urological cancers.

Bioprinting Strategies Bioinks Tissue Types

Extrusion-based with
rotating structure

PCL Human mesenchymal prog
cells and PCa cells

Extrusion-based with
rotating structure

PCL/calcium phosphate Human osteoblasts and P

Electrowritten PCL Osteoprogenitor cells and P

Electrowritten PCL Primary patient derived c
associated fibroblast, mast c

PCa cells
Extrusion-based Polyurethane/polyvinyl alcohol PCa cells

Magnetic bioprinting Scaffold free Renal tumor cells and pri
fibroblasts

Extrusion-based Collagen-based Renal cancer cells

Extrusion-based and
microfluidic devices

Ethoxylated bisphenol A
diacrylate/tripropyleneglycol

diacrylate

Renal cancer cells

Extrusion-based GelMA Bladder cancer cells
Piezoelectric inkjet

printing
Scaffold free Bladder cancer cells

Acoustic droplet
printer

Matrigel Bladder cancer cells and T

Extrusion-based and
microfluidic devices

GelMA Bladder cancer cells and H

9

3D printing models have also been employed to study the cell-cell
interaction between fibroblasts and PCa cells. For instance, primary
patient-derived CAFs were cultured on a 15 � 15 mm square electro-
written scaffold made with PCL and deposited extensive ECM. PCa cells
co-cultured with CAFs demonstrated significant morphological changes
compared with the co-culture of non-malignant prostatic fibroblasts. It
was also found that the addition of mast cells to the culture enhanced the
morphometric transition through a tryptase-mediated mechanism, which
was the first instance to find the linkage between mast cells and PCa
progression [129]. 3D-printed scaffolds have also been used as drug
delivery vehicles. The commonly used PCa chemotherapeutic, doxoru-
bicin, was loaded onto a scaffold and cultured with patient-derived cells.
The metabolic activity and proliferation of PCa cells were significantly
reduced, which demonstrated that porous 3D-printed scaffolds could be
potentially used as an inexpensive approach to locally deliver chemo-
therapeutics [177].
4.3. Kidney cancer

ccRCC is the most commonly diagnosed kidney cancer histotype with
a 5-year survival rate of 70% [181]. Clinical treatment with immune
checkpoint inhibitors in combination with anti-angiogenic therapies has
demonstrated positive effects on the clinical outcomes for patients with
ccRCC, suggesting that the TME facilitates renal cancer development
[182]. The TME of more aggressive renal cancers, like papillary RCC
(pRCC) and collecting duct carcinomas, was also analyzed and found to
have different marker expression for immune infiltration, vasculature,
cell proliferation, and epithelial-to-mesenchymal (EMT) transition [183].
Therefore, the influence of TME in renal cancer should be more seriously
considered in clinical treatment and better investigated to promote
personalized therapies (See Table 3).

Rosette et al. used magnetic bioprinting with scaffold-free to create a
co-culture system containing 6250 to 200,000 cells per organoid, where
the renal tumor cells are layered on top of primary fibroblasts, thus
mimicking the papillary architecture of human tumors [112]. The
co-cultured renal tumor cells recapitulated several features of the disease
found in humans, which was not observed in monoculture and 2D cul-
ture. Bioprinting was also employed to develop a TNT-like structure that
successfully recapitulates the intercellular communication.
Collagen-based hydrogel mixed with 786-O renal cancer cells was
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Fig. 5. The application of 3D bio-
printing in mimicking PCa TME. (a)
Combining 3D printing extrusion system
with a rotating structure to prepare a
hollow tube that mimics bone structure.
Adapted with permission [175]. Copy-
right 2014 Elsevier; (b) Hollow tube
coating with a layer of calcium phos-
phate to better mimic the chemical
properties of human bone and enhance
the cell adhesion. Adapted with
permission [176]. Copyright 2019
Elsevier; (c) 3D electrowritten scaffolds
to prepare an engineered bone micro-
environment. Adapted with permission
[128]. Copyright 2019 Springer Nature.
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bioprinted using extrusion-based printing and conducive to the growth of
TNT-like cellular projections inside the hydrogel, showing direct contacts
between distant cells (Fig. 6A) [86]. The bioprinted model has diameter
of 35 mm and height of 0.15 mm, which provided a highly controlled and
reproducible TME to investigate the relevance of TNT-like structures in
tumorigenesis and anticancer drug susceptibility. In addition to bio-
printing with cells, microfluidic devices for the isolation of CTCs could
also be fabricated by extrusion-based 3D printing using hybrid synthetic
Fig. 6. The application of 3D bioprinting in mimicking kidney TME. (a) Bioprinting
[86]. Copyright 2021 Elsevier; (b) Microfluidic devices for circulating tumor cells (C
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polymers, including ethoxylated bisphenol A diacrylate and tripropyle-
neglycol diacrylate. The microfluidic devices have important prognostic
and therapeutic implications for cancer treatments (Fig. 6B) [178]. Their
capture efficiency could be higher than 90% for the renal cancer cell line
293T, which could be a potential future direction for clinical diagnosis
and cancer treatment combined with DNA-based detection. Overall, 3D
bioprinting has shown its potential applications in mimicking kidney
TME for in vitro drug screening, fundamental investigations, and CTCs
develops a tunneling nanotube (TNT)-like structure. Adapted with permission
TCs) isolation. Adapted with permission [178]. Copyright 2020 Elsevier.
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isolation, which could be the future direction for kidney cancer
treatment.
4.4. Bladder cancer

Bladder cancer is one of the most malignant diseases of the urinary
system. It can be classified into three categories based on the progression
status: non-muscle invasive bladder cancer, muscle invasive bladder
cancer, and metastatic bladder cancer [184]. Recently, immune therapy
targeting the PD-1/L1 checkpoint pathway was found to be effective for
metastatic bladder cancers, while it was also reported that the bladder
TME is able to promote and inhibit the antitumor immune response.
Therefore, a deeper understanding of how TME affects cancer cell
metastasis is necessary to improve existing bladder cancer treatments
(See Table 3).

Using GelMA as a bioink, bladder cancer cells 5637 and T24 were
bioprinted to a grid structure with size of 2.5 cm � 2.5 cm � 0.1 mm
using extrusion-based bioprinter (Fig. 7A) [105]. The cell proliferation,
chemoresistance and EMT marker expression were analyzed to evaluate
the occurrence of cancer cell metastasis. Both cell types showed higher
cell proliferation rate in the bioprinted constructs compared with 2D and
their drug resistance was also upregulated. Under the inducement of
TGF-β, bioprinted cells demonstrated the upregulation of N-cadherin and
downregulation of E-cadherin, which more closely mimicked the cell
behavior in the in vivo TME. Piezoelectric inkjet printing is a unique
bioprinting method that can be used to investigate tumor heterogeneity.
It is able to convert electric signals to physical forces that are in turn used
to eject picoliter droplets, which contain an average of 0.70–1.42 cells
per droplet [56]. Single primary bladder cancer cells were printed using
inkjet bioprinting with scaffold-free in a 384-well size plate. The
expansion of single cells in each well reached organoid size�300 μm and
demonstrated various drug resistance and gene expression
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characteristics, which suggested that inkjet bioprinting could be a po-
tential method to analyze intratumoral heterogeneity [179]. Gong et al.
could also yield bladder cancer organoids using an acoustic inkjet bio-
printer, where mouse primary bladder tumor cells were cultured with
immune cells in Matrigel with sized of 150–200 nL containing 6000 cells
to retain the immune microenvironment similar to primary tissue for
more than two weeks (Fig. 7B) [180]. The bioprinted co-culture system
more realistically mimicked the TME and could be a novel in vitro model
system for personalized immunotherapy. Combining 3D bioprinting with
microfluidic technology, Kim et al. used extrusion-based bioprinting to
create a grid structure with size of 6 mm � 6 mm � 1 mm for bladder
cancer cells and HUVEC, which was further combined with a
cancer-on-a-chip device (Fig. 7C) to simulate the bladder cancer TME.
The effects of TME were evaluated by assessing the immunologic re-
actions in response to different concentrations of Bacillus Calm-
ette–Gu�erin, which showed promising results for predicting the effects of
immunotherapeutic agents in bladder cancer [106].

5. Discussion

The progress on the application of bioprinting in urological diseases
has been remarkable in the past decades. However, many challenges
remain for researchers to tackle in order to translate these technologies
for clinical applications, which mainly regard technical difficulties of
replicating the heterogeneity of urological organs and the selection of
materials for recapitulating the complicated ECM components.

5.1. Challenges in the simulation of organ heterogeneity

Various urologic organs have specific microstructures that maintains
the organ functions, causing difficulties for in vitro simulation using 3D
bioprinting. The internal structure of the kidney can be divided into three
Fig. 7. The application of 3D bio-
printing in mimicking bladder cancer
TME. (a) Bioprinted grid structure con-
taining bladder cancer cells to evaluate
metastasis. Adapted with permission
[105]. Copyright 2019 Public Library of
Science; (b) Immune cells and bladder
cancer cells co-culture system built with
acoustic droplet printing. Adapted with
permission [180]. Copyright 2021
Wiley; (c) Bladder cancer-on-a-chip
developed with bioprinting and micro-
fluidic technology. Adapted with
permission [106]. Copyright 2021
MDPI.
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regions with completely different structures and functions: an outer
cortex, a middle-positioned medulla, and the renal pelvis in the deep
interior. The prostate also includes three zones: the central zone that
surrounds the ejaculatory ducts, the peripheral zone, and the transition
zone that surrounds the urethra. The bladder is a hollow organ that
consists of three distinct layers: urothelium, adventitia and muscularis
propria. The urothelial layer can be further subdivided into three layers
composed by different cell types: umbrella cells, intermediate cells and
basal layer cells. Compared with tissue-engineered organs, although in
vitro cancer models only need to mimic the TME part in the organ, the
TME is also complicated due to containing various physical structures
(fibrous or interconnected) and micro-vessel distributions. Despite the
development of multi-ink/head bioprinters in recent years, the methods
toward developing meaningful in vitro disease models that mimic tissue
heterogeneity with sufficient precision and accuracy are still limited.
Extrusion-based bioprinting has been particularly suitable for creating
tissue heterogeneity, since the syringe heads are interchangeable and
easily positioned on the printing axis. However, the limitation is that in
vivo tissues have scales that are much lower than what the current
extrusion printers can achieve. Although laser-based bioprinting
methods, like DLP, two-photon polymerization and light/laser rostering
lithography, have the ability to pattern tissues with single-cell resolution,
they are lagging behind mostly due to the limited range of viable bioinks
and difficulties in manufacturing large-scale constructs. Microfluidic
chips have been developed to overcome this challenge. Specifically,
hydrogels with different compositions and cell types were connected to a
syringe pump and flow to a microdevice in a coordinated procedure
under the exposure of light, such that layer-by-layer multimaterial bio-
printing of different shapes and structures could be achieved. This
strategy may point to a potential method in the future, although still has
limitations in the development of Z axis with increasing volume.

Further to the complexity of organ physical structure, the mimicking
of cellular types and distributions are also critical in tissue engineering.
There are at least 16 different highly specialized epithelial cell types in
mammals, and the number of specialized endothelial cells, immune cells,
and interstitial cell types may even be larger in the kidney [168]. Human
renal glomerular endothelial cells are a specialized microvascular cell
type involved in the regulation of glomerular ultrafiltration [185]. Renal
tubular epithelial cells are the main regulators of blood pressure, sodium
transport and tubulointerstitial fibrosis [186,187]. The concerted inter-
play between different cell types is critical for normal kidney function.
Similar to the difficulties in mimicking organ structures, although the
extrusion-based bioprinter can be designed with multiple printing heads
containing various cell types, it is still limited by the achievable precision
and accuracy to distribute specific cells to certain positions. Light-based
printing is also burdened by the difficulties encountered when changing
the material/cell bath during the printing process. Inkjet bioprinting
could be the most suitable technology for precise cellular distribution. As
mentioned in Section 3.2, this technology can be used to generate single
cells in a precise pattern with extreme high resolution, since the size of a
single droplet can be less than 10 pL.

5.2. Limitations to the development of bioinks

The ECM not only provides structural stability but also mediates
cellular responses and is involved in development and organ formation.
The re-modification of ECM chemical compositions and mechanical
properties have a critical influence on the development of urologic dis-
eases, like renal fibrosis and protein enrichment in PCa. Therefore, the
development of 3D-printable biomaterials that could mimic the chemical
compositions and physical properties of native ECM is one of the major
existing material challenges. Most of the commonly used bioprinting
materials, such as GelMA, alginate, and chitosan, have good printability
for extrusion-based bioprinting and DLP, whilst they are single-
composition, hence fail to recapitulate the matrix composition of a
given organ [188]. Therefore, many studies have pointed toward the
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desirable combination of biomaterials, like gelatin/fibronectin to mimic
the proximal tubule [103]. Synthetic biomaterials have also been mixed
with biomaterials to enhance the mechanical properties, such as
PCL/PLCL/fibrin hydrogel developed for urethral replacement [127].
Although Matrigel contains numerous types of proteins and growth fac-
tors, the top three major proteins in Matrigel are constant, including
laminin, collagen IV, and entactin/nidogen, which causes the limitation
on mimicking the heterogeneity of ECM components for urologic tissue
engineering and TME. The application of dECM seems to be one of the
most promising directions to mimic the ECM diversity, as it has the
closest physical structure, biocompatibility, biomechanics, cell interac-
tion ligands, and growth factors to native tissues [35], and it also retains
the ability to induce tissue regeneration [189]. As mentioned previously,
a photo-crosslinking hydrogel made with kidney dECM, gelatin, HA, and
glycerol has been successfully used for renal regeneration [102]. How-
ever, dECM often has poor mechanical properties compared with syn-
thetic polymers, limiting its applications in urological tissue engineering,
such as urethral replacement.

Cell-laden bioprinting is a more advanced technology in tissue engi-
neering, since it has the ability to more precisely pattern cells in specific
sites and encapsulate them in the ECM, which results in better mimicking
the in vivo microenvironment. However, the controversy between the
bioink mechanical properties and cellular viability during cell-laden
bioprinting has limited its application. From the printing perspective,
an ideal bioink should possess proper mechanical and rheological prop-
erties to generate tissue constructs with adequate mechanical strength,
robustness and high shape fidelity [190]. Nonetheless, the better print-
ability of bioink commonly leads to lower cellular viability during
cell-laden bioprinting, since cells face much stronger external forces,
such as compression stress and shear stress, which narrows down the
application of cell-laden bioprinting to fabricating hard tissues, like the
bone microenvironment for PCa metastasis model.

Another important challenge for the development of bioinks is their
interaction with the host immune system. Even kidney transplantation
has a high risk of organ rejection, not to mention the use of engineered
organs/tissues, even if they are created with natural materials. The im-
mune system is not only a contributor to kidney regeneration but also a
protective strategy against materials of unknown sources [191]. The use
of immune-compatible materials, like dECM and fibrin, can substantially
minimize the risk of an adverse immune response toward the engineered
tissue. However, such natural biomaterials often need to be combined
with synthetic polymers to enhance the overall mechanical properties for
wider application, like PCL/PLCL/fibrin used for urethral replacement
[127]. The paradox here is that hybrid materials have a higher potential
to cause immune rejection, which is a challenge to be conquered for the
more advanced development of 3D bioprinting.

5.3. Future perspectives

In order to achieve a more advanced level of 3D bioprinting appli-
cation in urological diseases, the mutual development of printing tech-
nics, structural design, bioinks, engineered cells, and conjugation of
growth factors needs to be addressed (Fig. 8).

Currently, there has been a technological explosion in bioprinting
hardware development and the bioprinting market could reach ~4.1
billion US dollars by 2026 [192]. Numerous commercial bioprinters has
been developed with a large price range for pharmaceutical companies
and research institutes. Due to the affordability and simplicity, most of
the commercial bioprinters are extrusion-based, which could use value
adds-on to provide more affordable and accessible 3D bioprinters for
customization. Relatively cheaper 3D bioprinters commonly has only one
or two extruders, small range of temperature control, less robotic arms
and relatively low accuracy, which can be used to print simple structure
and is more suitable for industrial application. More advanced
extrusion-based bioprinter could have more than three extruders with
various temperature control for different types of biomaterials, like



Fig. 8. The development of 3D bioprinting in urological diseases needs the cooperation of printing technics, structure design, biomaterials, engineered cells, and
growth factors.
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CELLINK BIO X6 bioprinter, which consists of six extruders that allow fast
and versatile multi-material bioprinting. Compared with commercial
extrusion-based bioprinters, inkjet bioprinters and light-assisted bio-
printers on the market are more limited with high cost. RASTRUM 3D
inkjet desktop bioprinter by Inventia is able to deposit eight different
droplets of cells and matrix components as small as 5 nL [192]. The
digital light processing bioprinter developed by Engineering For Life has
been used to develop artificial nerve conduits using GelMA [193]. More
sophisticated bioprinter could combine more than one printing tech-
nologies, like L-series bioprinter developed by MEDPRIN could be
customized to contain extrusion-based printhead and melt
electro-writing heads for more complicated structure fabrication. A
hybrid fabrication platform developed by Yang's research group even
combined the extrusion-based and inkjet-based printing together, which
is flexible and suitable for a large range of bioinks, including natural
biomaterials, synthetic biomaterials, cell aggregates or composites to
simulate the complex composition of heterogeneous tissues [194].
Overall, bioprinters with relatively low cost commonly has less functions
and low accuracy, which could be more suitable for simple structure
fabrication and mass production. Sophisticated bioprinters that contain
more than one 3D printing technology could be the future trend for
bioprinter development, since each 3D bioprinting technique has its own
benefits and limitations, which makes it impossible to create an ideal
tissue-engineered urological organ with a single method.

Due to the complicated urologic organ structure, the fabrication of
urological organs could be approached with the strategy of automobile or
smartphone manufacturing where the components may be prepared
using different techniques in various labs and finally assembled together.
For example, extrusion-based bioprinting could be used to create the
macrostructure of the kidney; light-assisted bioprinting could be applied
for the creation of microvessels; and inkjet bioprinting could be
employed for precise cell distribution. The development of bioink should
consider the results of proteomics for ECM compositions of urologic or-
gans. The short peptide mixture or the dECM application could be the
future direction for bioink development. Overall, the development of 3D
bioprinting in urological diseases requires stepping up improvements in
multidisciplinary fields.
13
6. Conclusions

Although the clinical application of 3D printing in urological diseases
still faces various challenges, evidence has accumulated from numerous
studies to prove that this is an achievable goal. Therefore, future work
should focus initially on 3D printing technologies and printable bio-
materials to truly progress the field forward. There has been a techno-
logical explosion in bioprinting hardware development in recent years.
The cost of bioprinters has reduced to a few thousand dollars, which
significantly reduces the barrier for researchers from different fields to
collaborate on investigating 3D printing procedures. Engineers need to
work more closely with biologists to enable adapting engineering tools
for biological problems, rather than focusing heavily on speed and cost.
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