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Abstract

Many conditions can damage the lower urinary tract tissues, including trauma,
inflammation, cancer, and congenital anomaly. Unfortunately, reconstruction of
the human bladder and urethra remains a great urological challenge. This is due to
the limited availability of tissue substitutes that can be used for reconstruction.
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Consequently, the use of intestinal tissue has remained as the gold standard for
bladder reconstruction and repair, despite the associated complications, such as
mucus production, electrolyte imbalances, recurrent infections, and malignancies.
Similarly, the option for urethral tissue reconstruction is also limited. The autol-
ogous buccal mucosa is the most widely used material currently; however, donor
site morbidity and stricture recurrence are continued problems. Tissue engineer-
ing has been introduced as a promising solution to repair and reconstruct lower
urinary tract tissues, including the bladder and urethra. Clinical translation of
tissue-engineered products has made significant progress in developing tangible
therapies and inspiring the next generation of medical science over recent
decades. Cell-based tissue engineering approaches have been employed to treat
bladder and urethral pathologies in patients, demonstrating that multicellular
tissues and organs with complex functions can be built for clinical use. This
chapter covers the recent advancements in tissue engineering in the lower urinary
tract tissues. Specifically, we discuss the strategic approaches, components used,
supporting technologies, and tissue applications of the bladder and urethra.

1 Introduction

The lower urinary tract is mainly comprised of the bladder and urethra. The bladder
is a hollow organ that stores and expels urine through the urethra (Balsara and Li
2017). Anatomically, the bladder is composed of two main parts: a highly special-
ized urothelium and a compliant detrusor. The bladder wall consists of a urothelial
cell-lined lumen surrounded by connective tissue and smooth muscle layers
(Ajalloueian et al. 2018). The detrusor muscle, composed of smooth muscle fibers,
relaxes to accommodate urine deposition and contracts to expel urine when full. This
elastic tissue property permits the storage of a large volume of urine. The urothelium,
consisting of transitional epithelial cells, covers the bladder lumen, which acts as a
barrier to preventing urine and waste product absorption. The connective tissue layer
present between the urothelium and detrusor muscle is lamina propria, which is
involved in modulating bladder tissue responses. The lamina propria contains
fibroblasts, interstitial cells, and adipocytes, rich in blood vessels, afferent, and
efferent nerve endings (Andersson 2014).

The lower portion of the bladder or neck is connected to the urethra, consisting of
fibromuscular tubular tissue. The urethra serves as a passage for urine expelled from
the bladder and semen from the ejaculatory ducts. The male urethra is 18–20 cm in
length and 8–9 mm in diameter and is divided into prostatic, membranous, bulbar,
and penile urethra (Partin et al. 2015). The most proximal portion is the prostatic
urethra, which commences from the bladder and is entirely enclosed within the
prostate. The mid-portion of the prostatic urethra is the opening of the paired
ejaculatory ducts. The membranous portion extends from the apex of the prostate
to the bulbar urethra. Pseudostratified columnar epithelium covers the membranous
urethra and the external urethral sphincter and urogenital diaphragm surrounds it.
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From the bulb of the penis to the urethral meatus is the penile urethra (Abbas et al.
2019). In adult females, the urethra is 3–4 cm in length and is embedded behind the
symphysis pubis. The urethral wall divided into four layers from innermost to outer
are (1) epithelium, (2) sub-mucosa, (3) fascial layer, and (4) two layers of smooth
muscles (Gabrich et al. 2007). Squamous epithelial cells line most of the female
urethra except for a small group of transitional epithelial cells in the proximal urethra
(Liu et al. 2016).

There exist many conditions that can damage the lower urinary tract tissues.
These include trauma, inflammation, cancer, and congenital anomaly (Lazzeri et al.
2016). Over the years, reconstructing the lower urinary tract has been performed to
repair damaged or diseased tissues using various tissue substitutes, ranging from
autologous to allogenic to manufactured synthetic sources. While reconstructive
efforts have had variable successes over the years, challenges remain to be addressed
on the horizon. Reconstruction of the bladder remains one of the most significant
challenges in urology. Since the first cystectomy for bladder cancer in 1887, pursu-
ing the most suitable replacement tissue substitutes for the bladder has been an
ongoing challenge (Poole Wilson and Barnard 1971). Consequently, the use of
intestinal tissue has remained as the gold standard for bladder reconstruction and
repair, despite the associated complications, such as mucus production, electrolyte
imbalances, recurrent infections, and malignancies (Adamowicz et al. 2019a; Pi
et al. 2018). Similarly, the urethral tissue reconstruction due to trauma or congenital
malformation such as hypospadias is also a surgical challenge (Keays and Dave
2017). The autologous buccal mucosa is the most widely used material; however,
donor site morbidity and stricture recurrence are continued problems (Caldamone
et al. 1998; Markiewicz et al. 2008).

Tissue engineering has been introduced as a promising solution to repair and
reconstruct lower urinary tract tissues, including the bladder and urethra. Tissue
engineering is a field that applies the principles of cell biology, biomaterials
science, and engineering to develop biological substitutes for repairing damaged
tissues and restore normal function (Griffith and Naughton 2002; Mangir 2019a).
In 2006, the first clinical trial for bladder augmentation using tissue engineering
was reported, a milestone in the field (Atala et al. 2006a). Using cell-seeded
biodegradable grafts proved that multicellular structure organs with complex
functions could be built for clinical use. The urethra is another tissue repaired
using tissue engineering techniques in patients with stricture diseases (Raya-
Rivera et al. 2011). Clinical translation of tissue-engineered products has made
significant progress in developing tangible therapies and inspiring the next gener-
ation of medical science over recent decades. Increasing numbers of
FDA-approved tissue products are being tested in the clinic, indicating that tissue
engineering has become a promising alternative approach for tissue and organ
replacement (Griffith and Naughton 2002). This chapter covers the recent advance-
ments in tissue engineering applications in the bladder and urethra. We discuss the
strategic approaches, components used, supporting technologies, and tissue appli-
cations of the bladder and urethra.

Engineering of the Bladder and Urethra 261



2 Engineering Strategies for Bladder and Urethra

In 1917, the initial application of a free fascia tissue graft for canine bladder augment
was reported. Since then, numerous graft materials have been tried in bladder
reconstructive studies (Neuhof 1917). In 1950, bladder reconstruction using a plastic
mold was performed in dogs (Bohne and Urwiller 1957), and then in humans
(Sanchez et al. 1958). The efforts to find ideal materials for bladder tissue recon-
struction have been continued. Reconstruction of the human bladder remains one of
the greatest challenges in urology. Currently, intestinal tissue is being used as a gold
standard for bladder repair. However, because of gastrointestinal tissue incompati-
bility with urine, a series of complications occur, including mucus production,
recurrent urinary tract infections, electrolyte imbalances, and malignancy. As such,
investigators have sought to develop alternative methods, including auto-
augmentation, tissue expansion, ureterocystoplasty, and regenerative medicine
with cell transplantation (Partin 2015).

Regenerative medicine strategies include cell-based therapies, the use of scaffolds
seeded with cells, and biomaterials alone (Partin 2015). An ideal neobladder for
application in patients should have a large storage capacity, high compliance, low
pressure for continence, and voluntary emptying without residual urine (Koie et al.
2018). The desired tissue substitute for urinary bladders’ engineering should be
nonmigratory, non-antigenic, volume stable, and safe (Partin 2015). In respect of
functionalization strategies, bioactive factors could be incorporated into biomaterials
and scaffolds. For example, pharmacological factors released by electrospun bio-
materials to stimulate new extracellular matrix formation and angiogenesis have
been suggested (Mangır et al. 2017; Mangır et al. 2016).

Although the urethra is an adjacent tissue structure connected to the bladder, its
engineering approaches depend primarily on the type of tissue substitutes used, such
as degradable biomaterials. The ultimate goal is to reconstruct normal functioning
urethra that includes the structural and biological properties similar to native tissue.
Urethral stricture is a common condition caused by injury, infection, and congenital
anomaly, characterized by narrowing or obstruction of urine passage. Management
of complicated, lengthy urethral strictures is considered a difficult and challenging
task due to frequent recurrence rates. Many tissue substitutes have been used for
urethral repair applications, such as skin and oral mucosa grafts; however, these
materials have not been entirely satisfactory (Mangir 2019a). Recent success in
human urethra repair using tissue engineering techniques provides hopes to patients
in need (Raya-Rivera et al. 2011).

Urethral tissue engineering strategies require the universal requirements such as
proper mechanical compliance, barrier function to avoid urine leakage to the under-
lying layer, and specific considerations for different urethral segments such as elastic
properties to accommodate structural changes during the erection of the penis.
Furthermore, the engineered tissue compliance is vital in adapting pressure during
micturition, where the bladder pressure increases up to 50–60 cm H2O with the urine
flow rate of approximately 20–30 mL/s (Mijailovich et al. 2007). Therefore, urethral
tissue with passive viscoelastic properties must prevent the escalation of pressure in
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the bladder that could reflux and damage the upper urinary tract (Yalla and Burros
1974). It is known that even a very short stricture can affect renal function. The most
common cause of renal transplantation before puberty is posterior urethral valves in
children where normal urine flow is disrupted (Husmann and Rathbun 2006).

To achieve urethral tissue’s functional properties, efforts have focused on devel-
oping tissue constructs that replicate the native tissue configuration, consisting of
smooth muscle and epithelial layers. The epithelial lining is an important tissue
component that prevents leakage of cytotoxic urine into the body, thus avoiding the
possible occurrence of inflammation, fibrosis, and stricture (Akkad 2007). For the
cell-based tissue constructs, the viability of cells within the scaffold can be affected
by exposure to urine (Rajasekaran et al. 2006). Therefore, an indwelling catheter is
usually placed after surgery to divert urine to provide adequate time for the cells to
mature and cover the urethral lumen to perform the urothelial barrier function. The
cell sheet engineering technique, which allows for cellular sheet fabrication, has
been applied (Kajbafzadeh et al. 2017).

3 Vascularization

Establishing a vascular network is critical in achieving successful tissue engineering
therapies. Vascularization involves the sprouting of capillaries from existing blood
vessels in vivo. This process involves complex interactions among endothelial and
non-endothelial cells, growth factors, enzymes, and adhesion molecules. Many
approaches have been introduced to promote vascularization, including the use of
biological factors, such as growth factors and endothelial cells to stimulate angio-
genesis. Other strategies include cell sheet engineering, scaffold functionalization,
arteriovenous loops, spheroid coculture, modular assembly, and bioprinting. Toward
this goal, one study designed a scaffold that promotes attachment and proliferation of
the endothelial cell, thus facilitating the capillary formation. The addition of growth
factors into the microenvironment and incorporating a modified angiogenic cell
source was also attempted (Mangir et al. 2019b). Recently, a phase 2 clinical study
of a bioengineered human acellular vessel (HAV) was performed and evaluated. A
biodegradable mesh scaffold seeded with human vascular cells was implanted as a
hemodialysis conduit in patients with end-stage renal disease. After 16 to 200 weeks
follow-up, human acellular vessels were transformed into functional multilayered
living tissues by endothelial, myogenic, and progenitor cells of the host. The new
vessels were functional in transporting blood and self-healing after cannulation
injury (Dahl et al. 2011a). While this approach may not directly apply to vascularize
implanted tissues, it is hopeful that this technology may be modified and further
developed to benefit tissue implants in the future. Attempts to enhance vasculariza-
tion have been tried in bladder urethral tissue applications. Rapid angiogenesis is
crucial for tissue regeneration, particularly for large-sized grafts. Overcoming the
diffusion limitation is key to success, and numerous investigators have sought to
solve this challenge (Rouwkema et al. 2008).
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Establishing vascularization of full-thickness engineered soft tissue constructs
with multilayer epithelium is not easily achieved, leading to cell necrosis and
shedding. Shukui Zhou et al. have monitored the tissue-engineered urethra construct
after subcutaneous implantation (Zhou et al. 2017). The investigators observed that
new capillaries infiltrated into the implant and maintained an intact epithelial layer.
However, blood capillaries were not fully matured. This study indicates that the
implanted tissue can recruit new blood vessels that support the survival of cells.
Another study used a rat-tail collagen-based acellular collagen scaffold to repair
urethral defects in rabbits (Pinnagoda et al. 2016). Repopulation of urothelial and
muscle cells was observed on all grafts with vessel formation at 1 month. To further
facilitate vascularization, one group conjugated vascular endothelial growth factor
(VEGF) to collagen (Jia et al. 2015). In this study, a modified tubularized collagen
scaffold was used to repair a 5-cm long anterior urethral defect in dogs. The results
demonstrated that the thickness of the epithelial layers was maintained with
increased formation of blood vessels in the VEGF conjugated scaffold group.

4 Bioreactors

Bioreactors have become a standard supporting technology for tissue engineering.
They serve many functions, from tissue preconditioning and maturation of tissue
constructs to large-scale cell cultures (Martin et al. 2004). Bioreactors are complex
engineering simulation biosystems that can control environmental factors (pH, dO2,
and T°) to recapitulate physiological body conditions (de Bournonville et al. 2018).
Bioreactor systems have been used for bladder and urethral tissue applications. For
example, organization and maturation of engineered bladder tissue construct can be
simulated by providing mechanical filling and emptying control using an in vitro
bioreactor (Haberstroh et al. 2002). In vivo bioreactors can improve vascularization
of the bioengineered bladder, decrease the loss of contractility, and prevent fibrosis
(Horst et al. 2013a).

Precise mechanical and nutrient environmental controls are also crucial in bladder
bioreactors for enhancing cell proliferation and differentiation (Farhat and Yeger
2008). The goal is to achieve an impermeable epithelial surface, well-differentiated
urothelial and smooth muscle cells, and excellent compliant extracellular matrices
(Serrano-Aroca et al. 2018a). It is reported that mechanical stimulations positively
affect the growth and development of newly developed tissues; however, high shear
stress inhibits the proliferation of endothelial and smooth muscle cells (Stock and
Vacanti 2001). In one study, Faisal M. Shaikh et al. have developed a pulsatile
bioreactor that exerts dynamic uniform cyclical pressure over a urinary bladder
matrix (UBM) scaffold (Shaikh et al. 2010). When cyclical mechanical pressure
was applied on a cell-seeded urinary bladder matrix scaffold, significantly greater
growth and urothelium viability were observed in the bioreactor compared with the
conventional static conditions. A commercialized bioreactor system (BOSE BioDy-
namic®) was applied to urothelial and smooth muscle cells seeded collagen scaf-
folds. Mechanical stimulation of smooth muscle cells promoted cell growth,
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improved cell alignment, and distribution. However, dynamic mechanical stimula-
tion did not affect the proliferation and differentiation of urothelial cells.

Mechanical stimulation in urethral engineering is beneficial in maturing the
engineered tissue constructs. Magnan et al. investigated the self-assembly technique
for urethral tissue constructs using an in vitro bioreactor (Magnan et al. 2009). Their
results showed that the engineered tissue grafts displayed sufficient resistance to the
pressure applied by the bioreactor. Cattan et al. have combined the self-assembled
scaffold with mechanical stimulation with in vitro bioreactors to produce tissue-
engineered tubular graft (Cattan et al. 2011). Their results showed that mechanical
stimulation leads to maturation and formation of a stratified urothelium.

5 Biomaterials for Bladder and Urethra

Biomaterials are a major component of tissue engineering. Ideal biomaterials for
scaffold should be biocompatible, non-antigenic, and biodegradable. The scaffolds
provide structural support and a suitable microenvironment for cells to attach and
proliferate (Chan and Leong 2008). Therefore, scaffolds should be designed and
fabricated according to the specifics of tissue being engineered. In this regard, the
bladder scaffold should provide storage of adequate urine volume and the ability to
contract for physiologic voiding. Thus, many tissues and biomaterials of diverse
nature have been examined for tissue engineering of the bladder. The bladder
scaffold made by natural or synthetic biomaterials is the key element supporting
the bladder function (Oberpenning et al. 1999a). The scaffold for the bladder should
endure dynamic mechanical and chemical stimuli under normal physiological filling
and emptying. The proliferation, migration, and differentiation of the seeded cells
will be affected by the matrix (Oberpenning et al. 1999a). Therefore, the biomaterials
used for bladder applications should be biocompatible and possess sufficient
mechanical and chemical properties. Furthermore, the luminal surface should
allow for uniform urothelial cell attachment to prevent urine leakage into the
sub-urothelial tissue, and the outer side should harbor the smooth muscle cells for
contraction, innervation, and vascularization (Horst et al. 2013b).

Similar to the scaffolds for bladder, the ideal biomaterial for the urethra should
possess adequate mechanical support to prevent premature collapse before tissue
regeneration is achieved (Orabi et al. 2013a). One study shows that a self-assembled
engineered cell sheet has many of these favorable characteristics. It is reported that a
well-stratified urothelial cell layer formed on self-assembled collagen sheets can
withstand a high burst pressure in a porcine model (Bouhout et al. 2010). The self-
assembled collagen sheets made from human adipose-derived stromal cells also
showed similar mechanical and architectural characteristics (Rousseau et al. 2015).
Nondegradable materials were also considered for urinary tract applications; how-
ever, they resulted in calcification, chronic hematuria, stone formation, fistulae, and
graft contracture (Bouhout et al. 2010; Feil et al. 2006). Degradable biopolymers, on
the other hand, allowed for tissue ingrowth, resulting in becoming tissues closer to
the native normal urethra.
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Degradable polymers for urethral tissue engineering stem from natural sources or
by synthesis. Natural biomaterials such as acellular matrices and natural polymers
are known to promote cell growth and differentiation and enhance angiogenesis
(Ouellet et al. 2011). Currently, the most widely used polymers for urinary tract
tissue applications include linear polyesters, copolymers, poly-lactic acid (PLA),
poly-glycolic acid (PGA), poly lactic-co-glycolide (PLGA), and polycaprolactone
(PCL). Synthetic polymers have the advantage of providing reproducible mechan-
ical characteristics and controlled degradation.

6 Decellularized Matrices

Two classes of biomaterials, acellular matrices(Chen et al. 1999a) and biopolymers
(Oberpenning et al. 1999a), have been used as scaffolds in bladder regeneration.
These biomaterials can be configured as three-dimensional porous structures
(Dhandayuthapani et al. 2011a), in which the seeded scaffold construct can serve
as a template for the growth of new tissue (Ajalloueian et al. 2018). Tissue-derived
decellularized matrices have been favorably used for bladder and urethra applica-
tions due to their biocompatibility and similarity in composition and inner architec-
ture to native tissue (Ahmed 2019). Allogenic acellular matrices, such as the bladder
submucosa matrix, offer excellent trophic support, thus stimulating tissue growth,
facilitating cell–material interactions, maintaining the functional phenotype (Chun
et al. 2007). Decellularized bladder tissue-derived scaffold is usually obtained from
porcine due to its similarity to human bladders in anatomy and biology (Crapo et al.
2011; Zhang et al. 2000). It has been shown that the decellularized matrix facilitates
cellular adhesion, proliferation, and maturation. However, some disadvantages
include potential process-induced damage to the extracellular matrix ultrastructure
and mechanical properties. In addition, the host innate immune response may be
induced by the degradation of extracellular matrix scaffolds (Taylor et al. 2018).

Extracellular spaces contain a network of extracellular matrix (ECM) proteins and
polysaccharides (Alberts et al. 2002). The ECM is an intricate crosslinked network
structure of proteins, growth factors, small molecules, and glycosaminoglycans, and
the commonly used tissue ECM for urinary tract applications include bladder
acellular matrix (BAM), small intestinal submucosa (SIS), pericardium, fascia lata,
amniotic membrane, and tunica vaginalis (Ramuta and Kreft 2018). ECM’s main
constituents are collagens, fibronectin, elastin, laminins, proteoglycans, glycopro-
teins, and glycosaminoglycans (Theocharis et al. 2016). As an example, an ECM
scaffold was generated by cells seeded on polyglycolic acid scaffolds to deposit
ECM, followed by a decellularization process to produce a vascular graft. The FDA
approved this product for clinical use (Dahl et al. 2011b; Niklason et al. 1999). The
acellular vascular graft or human acellular vessel (HAV) maintained mechanical
integrity when implanted in patients after up to 4 years follow-up (Kirkton et al.
2019). In one study involving urethral repair, ECM scaffolds were shown to play a
signaling role and maintained cellular homeostasis. More importantly, ECM is found
to regulate the urethra’s mechanical compliance of the urethra by dilating its lumen

266 X. L. Yi et al.



during micturition and stretch during erections (Shirozu et al. 1995; Ohel et al.
1995).

The typical and frequently used decellularized xenogeneic or allogeneic matrices
are porcine small intestine submucosa (SIS) and human bladder acellular matrix
(BAM). As a collagen-based biomaterial, SIS is processed by mechanically remov-
ing the mucosal, muscular, and serosal layers from the inner and outer surfaces,
yielding a collagen-rich membrane of approximately 0.15–0.25 mm in thickness,
mostly consisting of the submucosal tissue (Badylak et al. 1989). In the 1980s,
Badylak et al. first applied SIS for bladder augmentation in dogs (Badylak et al.
1989). In 2005, Lu et al. (Lu et al. 2005) seeded cells onto SIS scaffolds. In their
study, histological results indicated that seeded muscle-derived cells migrated
throughout the graft after 20 days, and initial remodeling of the SIS occurred within
10 days. However, moderate-to-heavy adhesion and graft shrinkage was reported in
both the cell-seeded and unseeded SIS by Zhang and colleagues (Zhang et al.
2006a). Many studies have demonstrated that the urothelium regeneration was
achieved quicker than the muscle layer (Kropp et al. 1996; Caione et al. 2012). In
another report, Schaefer et al. suggested that unseeded small intestine submucosa is
not well suited for human enterocystoplasty because of the insufficient increase in
bladder compliance (Schaefer et al. 2013). In other studies, SIS was shown to
promote cellular growth and angiogenesis. The results of SIS was comparable to
skin and mucosal grafts in animal experiments of urethral replacement (Fiala et al.
2007; Palminteri et al. 2012). SIS also showed favorable outcomes when used as a
corporal body graft (Hayn et al. 2009) and as a seeded graft in a urethroplasty (Zhang
et al. 2016). It was found that SIS decreased the risk of urine extravasation and
reduced early irritation when used for urethral replacement (Yoo et al. 1998).
However, the data of clinical experiments with SIS were not entirely satisfactory,
mainly caused by infection (Orabi et al. 2013b).

Bladder acellular matrix (BAM) is an attractive biomaterial for tissue engineering
(Zhang et al. 2006b). It is an ECM with an intact microarchitecture, first described in
1975 (Brown et al. 2005). One of the first applications of BAM was to support the
regeneration of the rat bladder wall (Probst et al. 1997). A study evaluated the
potential of the bladder submucosa matrix for dog bladder augmentation (Yoo
et al. 1998). In this study, one side of the scaffold was seeded with autologous
urothelial cells and the opposite side with smooth muscle cells followed by aug-
mentation cystoplasty. The result showed that a 99% increase in capacity was
observed in the cell-seeded group, whereas the unseeded group showed only a
30% increase. This study concluded that cell-seeded allogenic bladder submucosa
is an excellent biomaterial for bladder augmentation. This research paved the way
for the subsequent human bladder augmentations (Atala et al. 2006b). In another
study, BAM seeded with marrow-derived mesenchymal stem cells was transplanted
in rats after partial cystectomy. Histological analyses showed increased muscle
regeneration and the bladder capacity nearly recovered completely for up to 6 months
(Coutu et al. 2014).

BAM and SIS have been widely used for urethral tissue repair experimentally and
clinically (Davis et al. 2018a). In a rabbit model of urethroplasty, cell seeded BAM
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scaffold demonstrated a normal urethral architecture when implanted for 4 weeks,
and achieved near natural urethra after 6 months (Chun et al. 2015; Gu et al. 2012).
In another rabbit study, autologous urethral tissue was repaired with combined BAM
and suggested that the use of BAM may be a viable option for long-segment urethral
stricture (Chun et al. 2015). However, residual immunogenic components are a
safety concern of BAM, despite the stringent decellularization process (Roth and
Kropp 2009). Other tissue-derived scaffolds have been developed for urinary tract
applications. In one study, decellularized trachea was applied as a tissue-engineered
neo-urinary conduit (Anirudha et al. 2018). In this study, a decellularized rabbit
trachea was seeded with human smooth muscle cells and urothelial cells. The results
showed that decellularized trachea possesses appropriate biomechanical properties
and structural integrity. Another promising natural scaffold biomaterial proposed for
bladder applications is tissue-engineered pericardium, which has achieved favorable
results in the test of small-sized scaffolds (Kajbafzadeh et al. 2011).

Tissue-derived matrices are biocompatible, durable, effective, and are easily
remodeled (Horst et al. 2013c). However, seeding smooth muscle cells is difficult
to infiltrate into the scaffold because of the high density of these materials (Atala
2011). They are also prone to fibrosis and exhibit poor mechanical and dimensional
stability. Therefore, artificial tissue-engineered biomaterials or a combination of
synthetic and biological materials may be a choice for use in bladder reconstructive
surgery (Zhang et al. 2006b).

7 Natural Polymers

Natural polymers have been frequently used for many tissue engineering studies due
to their biocompatibility, less toxicity, and superior interactions with cells compared
with synthetic polymers (Dhandayuthapani et al. 2011b). Collagen, gelatin, fibrino-
gen, and elastin are more commonly used scaffold materials for bladder and urethra
applications. Collagen is an ECM-derived natural material and plays a crucial role in
promoting cell attachment and maintaining structural integrity, thus improves tissue
regeneration (Hubbell 2003) and decreases inflammatory and antigenic responses
(Furthmayr and Timpl 1976). Many collagen-based materials have been tried for
urethral reconstruction such as collagen gels, bladder-derived acellular submucosa
and acellular urethral submucosa (Partin et al. 2015). In one study, rat-tail collagen
was used to generate acellular collagen tubular scaffolds to repair a 2 cm-long rabbit
urethral defect (Pinnagoda et al. 2016). The collagen tube possessed good surgical
handling and did not require synthetic polymer support to maintain structural
integrity. Results demonstrated that spontaneous repopulation of urothelial and
muscle cells was observed on all grafts. The cellular organization increased with
time, although fistula and stenosis occurred in 20% of the animals postoperatively.

As a natural polymer, silk fibroin (SF) is derived from Bombyx mori cocoons. SF
is a biocompatible polymer that can degrade into peptides and amino acids (Wang
et al. 2008). SF has been used for urethral applications. In one study, urothelial cell-
seeded silk fibroin grafts were functioning without causing strictures after implanted
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for 6 months in urethroplasty (Xie et al. 2013). Bilayer silk fibroin (BLSF) scaffolds
have also been evaluated for urethral repair in a rabbit model of onlay urethroplasty.
Histological analyses demonstrated the formation of innervated and vascularized
neotissues at graft sites (Algarrahi et al. 2018). The bilayer silk fibroin (BLSF)
matrices were recently investigated in pigs with acute partial bladder outlet obstruc-
tion. The animals underwent augmentation cystoplasty with BLSF grafts. The
bladder capacity and compliance in the graft augmented group significantly
increased by 79% and 171%, respectively, compared to the baseline values after
3 months. The study shows that BLSF scaffolds can improve the capacity and
compliance of bladder and promote the formation of neotissues (Saif et al. 2019).
Another important natural polymer is hyaluronic acid (HA), which has been applied
in wound healing and 3D bioprinting applications (Burdick and Prestwich 2011).
The US Food and Drug Administration (FDA) also approved another natural
polymer, alginate, used for bladder tissue engineering after modification with cell-
adherent peptides (Lee and Mooney 2012).

8 Synthetic Biomaterials

Over the past decades, many synthetic and organic materials have been used for
bladder regeneration. Synthetic materials used for bladder and urethral tissue applica-
tions include polyvinyl sponge, Teflon, collagen matrices, polylactic acid (PLA), poly
(glycolic acid) (PGA), Polycaprolactone (PCL) (Pinnagoda et al. 2016), copoly(lactic/
glycolic) acid (PLGA) (Yao et al. 2013; El-Taji et al. 2015), poly(ε-caprolactone)/poly
(L-lactic acid) (PCL/PLLA)(Shakhssalim et al. 2013), Poly (Carbonate-Urethane)
Urea (PCUU), Nanocellulose (Bacakova et al. 2019), poly(1,8-octanediol-co-cirtic
acid) (POC)(Liu et al. 2016), and silicone (Serrano-Aroca et al. 2018b). These poly-
mers can be fabricated reproducibly, with controllable mechanical and degradation
properties, porosity, and structures (Horst et al. 2013c). Electrospun nanofibers with
core-shell structure have been applied in rat bladder augmentation. Domed scaffold
fabricated by coaxial electrospinning of poly(l-lactide)/poly(e-caprolactone) (PLCL)
and Hyaluronic acid (HA) mesh possessed good cytocompatibility and was conve-
nient for smooth muscle tissue proliferation (Chunxiang et al. 2019). In another study,
Poly (Carbonate-Urethane) Urea (PCUU) scaffold for bladder engineering was eval-
uated. The biodegradable elastomers showed cytocompatibility, increased porosity,
and stretch, which can aid smooth muscle cells infiltration. Bladder augmentation with
Poly (Carbonate-Urethane) Urea scaffolds can increase the bladder capacity and
voiding volume, and enhance survival of the rat disease model (Sivaraman et al.
2019). Synthetic matrices seeded with cells have been applied for urethral reconstruc-
tion. A widely used synthetic material for urethral repair is polylactide-co-glycolide
(PLGA) today (Adamowicz et al. 2019b).

While there are advantages to using synthetic materials, the disadvantages include
urinary stone formation and mechanical failure for nondegradable polymers. In
contrast, degradable materials often result in fibrosis, scarring, graft contracture,
and a long-term reduction of voiding volume (Partin 2015). Other disadvantages of
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synthetic materials are their biological inertness, foreign body reaction, the lack of
trophic support for cell activity, and the natural barrier function of urothelium (Horst
et al. 2019). It has been reported that pre-seeding the scaffolds with cells is shown to
relieve graft shrinkage (Zhang et al. 2006b; Filippo et al. 2002). However, this
process requires time-consuming preparatory steps of cell harvesting, isolation,
seeding, and proliferation on scaffolds. Despite the laborious procedures, the pre-
ferred option for bladder engineering seems to be the use of autologous cells in
combination with synthetic biomaterials (Horst et al. 2019).

To be able to use synthetic polymers for cell-based applications, the surface of
polymers must be in favor of cell attachment. A novel surface-modification of poly-
L-lactic acid (PLLA) scaffold was produced to support urethral cell adhesion and
proliferation (Fu et al. 2011). In this study, a hollow cylinder was wrapped with
PLLA filaments, followed by chitosan and fibronectin treatment. Rabbit
uroepithelial cells were adhered to and cultivated on the scaffold. The scaffold has
more than 90% porosity, and its mesh was fully populated by uroepithelial cells after
3–7 days. In another study, electrospun Poly(l-lactide)/Poly(ethylene glycol) (PLLA/
PEG) hybrid scaffolds were produced to support urethral tissue regeneration
(Lv et al. 2016). The scaffolds were then seeded with human amniotic mesenchymal
cells (hAMSCs) for repairing rabbit urethral defects. The results showed that
hAMSCs-loaded PLLA/PEG scaffolds produced multilayered urothelium with sim-
ilar characteristics to the native urethra.

Cellulose is known to be the most abundant biopolymer on earth. Nanocellulose
is the cellulose of nanostructures with a feature that, at least in one dimension, is not
exceeding 100 nm (Bacakova et al. 2019). A three-dimensional porous bacterial
cellulose (BC) scaffold seeded with lingual keratinocytes was used to repair rabbit
ventral urethral defects. The results demonstrated that all urethras maintained a wide
caliber in 3D porous BC seeded with cells. The smooth muscle content and endo-
thelia density were significantly increased at 3 months. This study shows that the BC
scaffolds seeded with cells can enhance urethral tissue regeneration (Huang et al.
2015).

9 Smart and Hybrid Polymers

Smart biomimetic materials are a significant advancement in the field of tissue
engineering. Some smart biomaterials are designed to respond reversibly to temper-
ature, pH scale, light, or ionic strength (Aguilar and San Román 2019). The
responses of these polymers may include gelation, reversible adsorption on a
surface, collapse of a hydrogel, and alteration between hydrophilic and hydrophobic
states. Smart biomaterials have been studied in many areas, including drug delivery,
medical devices, and tissue engineering applications (Kowalski et al. 2018). Fur-
thermore, combinations of natural and synthetic polymers can be designed to
produce hybrid biomaterials with specific properties for tissue engineering. Such
properties may include controlling porosity, mechanical strength, cell affinity, bio-
compatibility, and biodegradability (Chun et al. 2015).
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A group of electroconductive polymers has demonstrated promise for engineer-
ing electrically active tissues. Electroactive polyurethane polymers have manifested
enormous potential in bladder tissue engineering, especially in regenerating muscu-
lar components and innervation (Hardy et al. 2015; Wu et al. 2016). Electro-
conductive polymers may be applied with electrical stimulation for advanced
maturation of engineered urethra (StÖlting et al. 2016). In one study, a smart
acellular collagen scaffold with growth factors was used in sheep bladder regener-
ation. The results showed that the presence of growth factors, VEGF, FGF2, and
HB-EGF improved bladder regeneration (Roelofs et al. 2016).

The largest class of smart polymers used is thermo-responsive polymers. A
reversibly alterable phase or volume transition can occur following a change of
temperature in these materials. A typically used biomaterial for this purpose is poly
(N-isopropylacrylamide) (PNIPAM). The lower critical solution temperature
(LCST) of PNIPAM is around 32 °C, not far from the human body temperature
(Kim and Matsunaga 2017). Accordingly, PNIPAM solution can be changed from a
hydrophobic to hydrophilic surface following the change of temperature in water.
When the temperature is above the lower critical solution temperature, the polymer
chains of PNIPAM are precipitated, making it hydrophobic, while below LCST,
polymer chains hydrated and made PNIPAM hydrophilic (Kim and Matsunaga
2017). This characteristic is beneficial in producing three-layered urethral tissue
constructs. It was reported that viable urothelial cell sheets could be generated using
the temperature-responsive cell culture method (Shiroyanagi et al. 2003).

A smart bilayered scaffold seeded with keratinocytes and muscle cells was also
tested in canine urethral reconstruction. The bilayer scaffold consisted of a micro-
porous network of silk fibroin (SF) and a nanoporous bacterial cellulose
(BC) scaffold with a porosity of 85%. The result showed that the smart SF-BC
structures could enhance adhesion and proliferation of lingual keratinocytes and
lingual muscle cells. At 3 months after graft implantation, the urethra reconstructed
with the seeded SF-BC scaffold showed superior structure formation compared to
the unseeded control scaffold. The nanoporous network offers excellent support for
epithelial cells, while the microporous scaffolds sustain the growth and penetration
of smooth muscle cells (Lv et al. 2018). Shape-memory polymers (SMPs) have also
been tested in vascular and bone tissue engineering. The characteristics of SMPs are
suitable for urethral tissue engineering, as urethra is subject to expansion during
erection and recoils during the flaccid state. Smart acellular collagen scaffold with
growth factors have been applied in sheep bladder regeneration studies (Roelofs
et al. 2016).

10 Cells for Engineering Bladder and Urethra

Cells are an integral part of tissue engineering. While cells from various sources have
been used for tissue regeneration studies, autologous cells are considered the pre-
ferred source for bladder and urethral applications in patients currently
(Rashidbenam et al. 2019). Experimentally, both somatic and stem cells have been
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used for bladder and urethra tissue studies, spanning from autologous, allogeneic,
and xenogeneic sources.

10.1 Somatic Cells

One tissue engineering strategy that has been shown to be effective in reconstructing
bladder and urethra tissues involves the use of autologous cells from the bladder
(Zhang and Frey 2003). The donor tissue is dissociated to isolate urothelial and
muscle cells. The cells are then culture expanded, attached to a supporting matrix
followed by implantation back into the same host (Atala et al. 1992; Li et al. 2008;
Feng et al. 2011; Atala 2009). This approach has shown to provide sufficient
numbers of cells for bladder and urethral tissue applications clinically. While the
ideal cell source for tissue application is from the target organ of interest, there are
instances where obtaining a tissue biopsy from the host may not be feasible. This is
true when the organ or tissue to be reconstructed cannot provide healthy cells, such
as bladder cancer. In such a case, cells, either somatic or stem cells, should be
obtained from other tissue sources.

Epithelial cells for urethral tissue engineering could originate from different
organs, such as the bladder, penile foreskin, and buccal mucosa. In addition,
autologous urothelial cells can also be isolated from urine (Nagele et al. 2008). In
one study, the penile foreskin was used as a source of autologous epidermal cells.
These cells were seeded on acellular collagen matrix and used as a tissue implant for
urethral applications in animal models with positive results (Fu et al. 2007). Autol-
ogous oral keratinocytes was previously obtained from a buccal mucosa biopsy for
urethroplasty (Barbagli et al. 2018). The sources for smooth muscle cells include the
bladder, blood vessel, and gastrointestinal tissues. The culture of both cell types is
well established and their expansion capacity far exceeds the cell numbers necessary
for reconstruction.

10.2 Stem Cells

Stem cells have become an attractive cell source for reconstructive tissue engineer-
ing due to their ability to differentiate into multiple cell types, and if guided
appropriately, they can transform into target cells of interest. For this reason, stem
cells have been used extensively in urinary tract application studies (Serrano-Aroca
et al. 2018a). One stem cell type that is widely investigated is adult mesenchymal
stem cells (MSCs), which can be isolated from multiple body sources such as bone
marrow and adipose tissue (Adipose-derived Stem cells; ASCs). Mesenchymal stem
cells have been shown to be safe and effective in many tissue applications, including
the urethra (Stangel-Wojcikiewicz et al. 2014; Deng et al. 2014). Moreover, these
cells possess immunomodulatory properties, thus eliminating the need for autolo-
gous cells for tissue applications (Davis et al. 2018b).
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Adipose-derived stem cells have been widely used due to the ease of harvest,
isolation, and expansion as compared to other sources of MSCs. They are also
immunomodulatory and can secrete various growth factors to promote angiogenesis
and neurogenesis (Kingham et al. 2014). As such, ASCs have been favored as a cell
source for bladder regeneration studies (Wang et al. 2019). These cells have been
shown to differentiate into smooth muscle (Salem et al. 2013) and urothelial-like
phenotype (Zhang et al. 2013), thus avoiding the use of native cells from bladder
cancer patients. In one study, bioengineered bladder patches constructed from
multilayered adipose-derived stem cell sheets were successfully used for bladder
regeneration (Wang et al. 2019). The effectiveness of ASCs has also been demon-
strated in urethral applications. Davis NF et al. have reviewed 11 in vivo preclinical
studies that investigated various stem-cell therapies for reconstructing the urethra
(Davis et al. 2018b). Among them, ten studies showed the data on the patency in the
stem cell-seeded bio-scaffolds; 100% patency was reported in nine studies, and the
remaining one was 75% patency rate. These studies indicate that stem cell-seeded
urethral scaffolds can recruit endogenous cells for tissue regeneration, and this effect
is believed to be moderated by angiogenic trophic factors via a paracrine mechanism
of stem cells (Caplan and Dennis 2006). In another study, Zhou S et al. used the
myoblast-induced adipose-derived stem cell sheets to form muscular layers (Zhou
et al. 2017). The adipose-derived stem cells were isolated from fat tissue in the groin
of beagle dogs. The cells were cultured in myoblast differentiated culture medium
and then stimulated with vitamin C to form ECM. The structure and function of
neo-urethras were similar to normal urethra after 3 months. Human ASCs were also
used with self-assembled collagen sheets. The mechanical and architectural charac-
teristics were shown to be similar to that of human fibroblasts (Rousseau et al. 2015).

It has been demonstrated that bone marrow-derived stem cells (BMSCs) have the
potential to differentiate into bladder muscle (Shukla et al. 2008a) and urothelial
cells (Anumanthan et al. 2008). The differentiated cells resembled bladder smooth
muscle cells and promoted muscle bundle formation (Zhang et al. 2005). A study
used the bladder acellular matrix seeded with BMSCs for bladder tissue engineering.
The results showed that the BMSC-seeded bladder acellular matrix improved nearly
100% of normal bladder capacity for up to 6 months after partial cystectomy (Coutu
et al. 2014). In another study, a research team performed bladder augmentation after
hemicystectomy in six dogs using the BMSC-seeded small intestine submucosa
(SIS) (Zhang et al. 2005). Upon retrieval, solid smooth muscle bundle formation
was observed throughout the cell-seeded grafts. In the unseeded SIS scaffolds, SMC
regeneration was seen only at the graft edges adjacent to native tissue, suggesting the
effects of BMSCs. In a porcine model, Shukla and colleagues also showed that the
BMSCs were able to differentiate into smooth muscle in the pig (Shukla et al.
2008b). Recently, bladder tissue consisting of full three layers was successfully
generated using differentiated human BMSCs (Gabr et al. 2018). BMSCs were
cocultured separately with urothelial and muscle cell-derived conditioned medium
to obtain the corresponding biological characterization. These cells were then seeded
on the decellularized bladder adventitia scaffold. Histological examination of the
recellularized tissue revealed the full three layers of bladder tissue (Shukla et al.
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2008b). The advantage of synergistic effect of allogeneic BMSCs and endothelial
progenitor cells (EPCs) was also investigated for treatment in a long segment
urethral defect. These cells were seeded onto decellularized human amniotic scaf-
folds (dHAS) to repair a 3 cm-long circumferential urethral defect in dogs. The
animals showed unhindered urination and capacious urethral caliber similar to the
normal group in dHAS+BMSCs+EPCs and dHAS+EPCs groups (Chen et al. 2018).

Induced pluripotent stem cells (iPSCs), generated by somatic cell reprograming,
have recently gained enormous attention as a non-controversial cell source of
embryonic stem cells (Takahashi and Yamanaka 2006). These cells possess self-
renewal properties and the ability to differentiate into various specialized cell types
(Brivanlou et al. 2003). Due to the enormous potential of utility, iPSCs have been
extensively investigated in numerous areas. Likewise, iPSCs have been studied in
urology. These cells have been shown to induce and differentiate into urothelial cells
and smooth muscle cells (Osborn et al. 2014; Zhe et al. 2016). However, further
studies are necessary to use iPSCs for tissue applications.

Amniotic fluid and placenta stem cells are fetal-derived cells that have great
potential for development. These cells do not present with ethical controversies that
embryonic stem cells have but exhibit similar cellular characteristics. The cells are
multipotent, highly replicative, and can differentiate into all three germ layers
(De Coppi et al. 2007a; De Coppi et al. 2007b). These cells have been studied in
many cell-based applications. In one study, human amniotic mesenchymal cells
(hAMSCs) were seeded on Poly(l-lactide)/Poly(ethylene glycol) scaffolds and
implanted to repair urethral defects in rabbits. The hAMSCs-seeded scaffold showed
that epithelial cells covered the defect and formed multilayer mucosa membranes
similar to normal urethra after implanted for 12 weeks (Lv et al. 2016).

Another stem cell type gaining much attention in urology is urine-derived stem
cells (USCs) due to their existence in urine (Zhang et al. 2008). These cells are found
to possess stem cell characteristics, robust proliferative, and differentiation potential.
More importantly, these cells are easily obtained from voided urine, and the isolation
procedures are simple and low costing. USCs have been shown to differentiate into
many cell types, including urothelial, smooth muscle, vascular endothelial, osteo-
genic, neurogenic, and adipogenic cells (Bharadwaj et al. 2011; Bodin et al. 2010).
USCs have been used in urological cell-based applications for urethral and bladder
reconstructions (Bodin et al. 2010; Wu et al. 2011; Bharadwaj et al. 2013).

11 Applications of Bladder and Urethra

For more than 100 years, gastrointestinal segments have been used for bladder
replacement or repair in the clinic, despite the associated complications (Partin
2015; Anderson and McKiernan 2018). Tissue engineering approaches were initially
applied to address the reconstructive challenges associated with pathologic bladder
and urethra conditions. Early studies have tested different scaffolds as cell carriers.
PGA scaffold coated with PLGAwere examined to determine whether the synthetic
biomaterial could serve as a comparable biomaterial as acellular scaffolds. Human
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bladder urothelial and muscle cells were attached to both collagen matrices derived
for bladder submucosa and nonwoven meshes of PGA in vitro (Atala et al. 1993;
Cilento et al. 1994). When implanted into animals, these constructs were shown to
survive and reorganize into newly formed multilayered structures that exhibit spatial
orientation and vascularized in vivo. In a subsequent study, autologous urothelial
and smooth muscle cells were seeded on PGA scaffold, and implanted the tissue-
engineered neobladder in a canine subtotal cystectomy model. The tissue-engineered
neo-organs, consisting of a bladder-shaped biodegradable polymer and autologous
urothelial and muscle cells showed a normal bladder capacity and compliance and
histologic findings comparable to normal bladder tissue. This was the first report
demonstrating the successful reconstruction of the tissue-engineered bladder in a
large animal model (Oberpenning et al. 1999b).

The successful preclinical study led to a clinical study using the tissue-engineered
bladder construct. Autologous tissue-engineered bladder substitutes were used to
treat patients with poorly compliant neurogenic bladders due to congenital anomaly
(Atala et al. 2006a). The scaffolds made of collagen and polyglycolic acid (PGA)
were fabricated for augmentation cystoplasty. The postoperative urodynamic studies
on patients implanted with the engineered bladders showed varying degrees of
contractility, capacity, and compliance. The margin between the composite matrix-
based engineered segments and the native bladders was grossly indistinguishable
during the cystoscopic evaluations. Patients treated with the engineered bladder
showed no metabolic consequences or formed urinary calculi. Their levels of
mucus production were normal, and renal function was preserved. The biopsies
taken from the engineered bladder region showed adequate structural architecture
and phenotype. This was the first study in patients demonstrating that engineered
bladder tissues can be used in patients requiring bladder reconstruction.

Engineered tissues have also been applied in the urethra. The initial proof of
concept studies examining the natural matrix as a biomaterial for urethra reconstruc-
tion was conducted on small segment urethral defects in New Zealand white male
rabbits (Chen et al. 1999b). Porcine bladder matrices were used to repair a urethral
defect in an onlay fashion. Urethrography showed that the reconstructed urethras
maintained their diameter over 2 months. Histological evaluation of the retrieved
constructs showed vessel formation and a transitional epithelial cell layer by
2 weeks. The smooth muscle layer was formed by 6 months post-implantation.

This basic strategy was used to guide a small clinical study (Atala et al. 1999).
Four patients with age ranging from 4 to 20 years with a history of failed surgeries to
correct hypospadias underwent reconstructive urethral repair using an acellular
collagen matrix derived from cadaveric bladder. The acellular collagen matrix was
trimmed to a rectangular shape of the appropriate size ranging 5–15 cm and attached
to the urethral plate in an onlay fashion. At 1 year following surgery, retrograde
cystourethrography indicated no narrowing of the engineered urethras. Three-year
follow-up examinations showed all patients’ engineered urethras functioned nor-
mally. One patient who received a 15 cm reconstruction developed a subglanular
fistula easily repaired by standard methods. Encouraged by the clinical cohort’s
outcomes, a more extensive study was subsequently conducted (El-Kassaby et al.
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2003). A total of 28 patients aged 22–61 with urethral stricture was included in the
study. Acellular bladder submucosa was used to repair urethral defects ranging from
1.5 cm to 16 cm in an onlay fashion. Postoperative urethrography showed a patent
urethra of wide caliber in all 24 of the successful reconstructions. Average urine flow
rates increased from 6 +/� 1.57 ml/sec before the procedure to 9 +/� 1.3 ml/sec
postoperatively. Patency of the entire reconstructed sections was confirmed by
cystoscopy, and biopsies confirmed the restoration of normal urethral tissue.

While acellular collagen scaffolds were successful for onlay reconstructive pro-
cedures in which an intact urethral plate was maintained, studies showed that the use
of the material for more complex reconstruction requiring a tubularized urethra
resulted in stricture formation. Later studies indicated that, in recellularization of
the acellular biomaterial, only implants occurred over short distances from healthy
tissue (Dorin et al. 2008). It was found that fibrosis occurred in any biomaterial that
was farther than 5 mm from the graft’s edge. Onlay reconstruction with acellular
matrix was successful because the procedure creates a urethra in which only 10 mm
of the circumference of the urethra is comprised of the biomaterial. This allows
recellularization to proceed 5 mm from either side of the onlay. Consequently, a
study was conducted in rabbits to determine if autologous engineered urethral
constructs composed of acellular porcine bladder submucosa seeded with autologous
bladder cells could be used to repair complex urethral defects (De Filippo et al.
2002). Porcine bladder matrix was tubularized and seeded with autologous rabbit
epithelial cells into the lumen of the scaffolds and smooth muscle cells on the
exterior. The seeded grafts of 1 cm in length were used to repair a defect in
12 animals. Normal urethral caliber was maintained in all rabbits that received
cell-seeded constructs. Histological analysis of the retrieved constructs demonstrated
a normal transitional cell layer surrounded by muscle fiber bundles that became more
organized over 6 months following implantation. Organ bath studies performed on
retrieved engineered scaffolds showed an appropriate contractile response to chem-
ical and electrical stimuli. This study demonstrated the utility of cell-seeded
tubularized engineered urethras for the reconstruction of urethral defects.

A subsequent rabbit study was conducted that demonstrated the feasibility of
using cellularized engineered urethral constructs to reconstruct extended urethral
defects involving the entire circumference of the urethra (De Filippo et al. 2015). In
this study, tubularized acellular bladder submucosa was also used to repair 3 cm long
urethral defects in rabbits. All animals that received cellularized engineered con-
structs had normal urethral caliber across the length of the reconstructed segments.
Grossly, the cellularized engineered constructs developed the appearance of normal
urethra over time. The lumen of the constructs contained well-organized epithelium,
and muscle fiber bundles developed over 6 months following implantation. These
results indicate that tubularized collagen-based scaffolds seeded with autologous
epithelial and smooth muscle cells can be used to bioengineer a construct to
reconstruct a urethral defect much longer than can be accomplished with an acellular
biomaterial.

These studies have led to a clinical study in five male pediatric patients with
urethral strictures. (Raya-Rivera et al. 2011). Autologous urothelial and smooth
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muscle cells were isolated from a 1 � 1 cm bladder biopsy. Cells seeded on
tubularized scaffolds were used to repair strictures.

No complications occurred during any of the surgeries. Cystourethroscopy con-
firmed patent urethras in all patients. Voiding cystourethrograms showed the main-
tenance of wide caliber urethras in all patients over the period of follow-up. Urethral
biopsies showed that the engineered grafts had developed a normal-appearing
architecture by 3 months after implantation. This clinical study shows that
tubularized urethras can be engineered and remain functional in a clinical setting
for up to 6 years, and that the engineered urethras can be used in patients who need
complex urethral reconstruction.

12 Conclusions

Recent advances in tissue engineering have provided potential solutions to the
existing challenges related to surgical reconstruction. Over the past decades, enor-
mous progress has been made in the area of bladder and urethral reconstruction,
experimentally and clinically. This chapter discussed the recent development and the
progress of cell-based engineering approaches, covering foundational research to
clinical studies. Research related to cells and biomaterials were discussed with a
focus on bladder and urethral applications. The development of new and innovative
technologies integrating into the tissue building processes has allowed for rapid
translation. In addition, support technologies such as bioreactors have further accel-
erated the development of effective therapies. Continued advancement is expected in
all areas leading to the production of viable tissue and organ substitutes through
innovation. Although this chapter did not cover 3D bioprinting, it is anticipated that
this technology will play a significant role in the tissue engineering field. Studies
utilizing the 3D bioprinting technology to build improved lower urinary tract tissues
are already being investigated with great interest. The success of tissue engineering
will likely depend on innovation.
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