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BLADDER TISSUE ENGINEERING

Learning Objectives:

After completing this chapter, students should be able to:

1. Describe the structure, function, vascularization, and innervation of the
urinary bladder.

2. Describe neurogenic bladder dysfunction and discuss complications asso-
ciated with this condition and potential treatment modalities.

3. Describe surgical augmentation of the urinary bladder for patients with neu-
rogenic bladder dysfunction.

4. Explain the development of the urinary bladder during embryogenesis.

5. List design considerations for bladder tissue engineering.

6. Describe the process of bioengineering artificial bladders using tissue engi-
neering technology.

7. Discuss the use of cell sheet engineering for bladder tissue engineering.

8. Discuss the use of small intestine submucosa for bladder tissue engineering.

9. Discuss the use of poly(lactic-co-glycolic acid) (PLGA) for bladder tissue
engineering.

10. Discuss the use of acellular scaffolds for bladder tissue engineering.

11. Describe organ models for bladder tissue engineering.

12. Describe the clinical use of artificial bladders.
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CHAPTER OVERVIEW

We begin this chapter by studying the structure and function of the urinary bladder
and then look at one specific pathological condition: neurogenic bladder dysfunc-
tion. We then look at bladder augmentation as a surgical treatment for neurogenic
bladder dysfunction. We also provide a brief introduction into the development of
the urinary bladder during embryogenesis. We then proceed to identify the design
considerations for bladder tissue engineering, and provide a general scheme for the
fabrication of artificial bladders. In the rest of the chapter, we look at specific models
that have been developed to bioengineer artificial bladder tissue or entire bladders.
In particular, we look at cell sheet engineering to fabricate artificial bladder tissue.
We also look at small intestine submucosa and PLGA as biomaterials for bladder
tissue engineering. We discuss the role of acellullar grafts to support the fabrication
of artificial bladders or bladder tissue. In the next section of this chapter, we look
at organ models for urinary bladders. We end by discussing a seminal publication
in the field that describes the use of bioengineered artificial bladders in patients.

8.1 BLADDER STRUCTURE AND FUNCTION

The bladder is part of the urinary system, which functions to regulate the compo-
sition of fluids, particularly water, in the body. The urinary system consists of the
kidneys, ureters, the urinary bladder, and the urethra. In the urinary system, the
kidneys are the major regulatory organ in which urine is produced and then trans-
ported through the ureters to the bladder, which serves as a storage vessel for the
urine until it is removed from the body via the urethra. The kidneys, which do much
of the heavy lifting in terms of fluid hemostasis, can be viewed as the primary func-
tional and regulatory components of the urinary system. The ureters and urethra can
be viewed as transport conduits to facilitate the movement of urine. And, the blad-
der is the primary storage location of urine until it exits the body. In this manner, the
urinary system performs the critical function of fluid regulation. Any deficiencies
in this process can lead to serious complications and adverse consequences.

As we have mentioned, the urinary bladder is an organ that stores urine until
it exits the body. It is connected to the kidney by ureters and has a single output
port, the urethra, which transports urine outside the body. From a structural and
functional standpoint, the bladder is relatively simple, especially when compared
to more complex organs like the kidneys. From a structural standpoint, the bladder
can be viewed as a muscular container that acts to store and remove urine based
on smooth muscle contraction; from a functional standpoint, the bladder can be
viewed as storage vehicle for urine.

The urinary bladder consists of four layers, known as the mucosal layer, submu-
cosal layer, muscular layer and finally, the adventitial layer (1–12). The luminal
surface of the urinary bladder is known as the transitional epithelium and is fol-
lowed by the lamina propria, which consists of connective tissue.Collectively, the
transitional epithelium and the lamina propria are known as the mucosal layer. The
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transitional epithelium consists of specialized cells that can change the number of
cell layers based on bladder distension. When the urinary bladder is empty, the tran-
sitional epithelium consists of four to five layers of cells; this number is reduced
to two to three when the bladder is distended. The next layer of the bladder is
known as the submucosal layer and consists of areolar tissue; it serves to connect
the mucosal layer to the muscular smooth muscle layer. The third layer in the blad-
der is the smooth muscle layer, simply referred to as the muscular layer. The smooth
muscle cells within the muscular layers are aligned in two different configurations:
they can be aligned in a longitudinal manner or can be aligned in a circular fashion.
The smooth muscle cells in the muscular layer can be divided into three regions,
starting with cells that are longitudinally aligned, followed by cells that are aligned
in a circular manner and finally, cells that are again longitudinally aligned. The
final layer of the bladder, which is farthest away from the transitional epithelium,
consists of connective tissue, is known as the adventitial layer, and is the site for
tissue vascularization.

Blood is supplied to the urinary bladder primarily through the superior and infe-
rior vesical arteries (13–16). The superior vesical artery receives its blood supply
from the patent part of the umbilical artery, which in turn receives its blood sup-
ply from the common iliac artery through the internal iliac artery. The inferior
vesical artery primarily feeds the base of the urinary bladder. The obturator and inte-
rior gluteal arteries provide smaller branches to the urinary bladder. In the female
urinary bladder, additional blood supply is derived from the vaginal and uterine
arteries.

The urinary bladder receives stimulation from both sympathetic and parasym-
pathetic fibers, with sympathetic stimulation from the sacral nerves and parasym-
pathetic stimulation from the pelvic splanchnic nerves (17–19).

8.2 NEUROGENIC BLADDER DYSFUNCTION

Introduction—There are several conditions that can adversely affect bladder func-
tion, some of which include trauma, infection, cancer, loss of neurological control,
and congenital disorders and abnormalities in the formation of the bladder during
development. In these cases, the bladder loses the ability to perform its primary
function: the storage and removal of urine from the body. In this section, we will
look at one specific example of a neurological disorder of the bladder: neurogenic
bladder. In cases of neurogenic bladder, a person loses control of bladder functions
due to damage and/or injury to the nervous system (20–33). In addition to loss of
bladder function, neurogenic bladder increases the risk of kidney failure. Neuro-
genic bladder can be congenital, resulting from birth defects associated with the
spinal cord formation; or can be acquired due to injury of the nerves that inner-
vate the bladder, resulting from injury or trauma. These problems can lead to an
overactive bladder, which refers to an increase in the frequency of urination, or an
underactive bladder, in which case the bladder does not empty even when full and
can leak.
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Complications Associated with Neurogenic Bladders—There are several com-
plications that occur as a result of neurogenic bladders, including hydronephrosis,
renal failure, urinary tract infections, calculus diseases, and cancer of the bladder.
Hydronephrosis is a condition in which water accumulates in the kidneys due to
inefficient removal from the body resulting from a poorly functioning bladder. This
condition is a very severe and serious consequence of neurogenic bladder; it can
lead to loss of renal function and eventually lead to patient mortality. In addition
to hydronephrosis, renal failure can also occur due to pyelonenephritis, which is
a urinary tract infection affecting the kidney; it can lead to kidney failure and can
prove to be fatal. Urinary tract infections are associated with the accumulation of
urine and the inability of the bladder to remove the accumulated urine from the
body. Another complication steming from neurogenic bladders is calculus disease,
which refers to the formation of stones in the urinary tract due to the accumula-
tion and/or immobility of the urine. The risk of bladder cancer is also significantly
higher in cases of neurogenic bladders due to infections and bladder stones.

Catheterization Management of Symptoms Relating to Neurogenic
Bladders—Catheterization is the standard procedure for the management
of neurogenic bladder dysfunction. In this procedure, a catheter is inserted directly
in the urinary bladder by passing it through the urethra. The catheter can be used
to drain urine from the bladder by way of gravity flow. Catheterization can be for
short durations, in which case it is referred to as intermittent catheterization (IC),
or can be long-term, in which case the catheter is retained for 30 days or longer. In
the case of IC, the patient is typically able to insert the catheter and can do so on
a regular basis, typically 4–6 times per day. This process is designed to simulate
normal urinary function. In the case of long-term catheterization, the catheter is
retained for an extended period of time. The Foley catheter, manufactured by Barb
Medical, is an example of a commercially available catheter used for extended
time periods. While long-term catheterization offers the advantage of continuous
draining, it also significantly increases the risk of urinary tract infection due to the
direct route from the external environment to the urinary tract.

Pharmacological Treatment of Neurogenic Bladders—Anticholinergic drugs
are effective in the management of overactive bladders. They act by relaxing by
the detrusor muscle in the bladder wall. Examples of anticholinergic drugs that
are commonly used include oxybutynin, trospium chloride, and propiverine. Anti-
cholinergic agents work by blocking the activity of acetylcholine, which is a neuro-
transmitter that activates the detrusor muscle in the bladder wall leading to muscle
contraction and drainage of urine form the bladder. Inactivation of acetylcholine
will prevent stimulation and, therefore, contraction of the detrusor muscle and will
act to reduce the frequency of contraction in overactive bladders.

Neuromodulation as a Therapeutic Strategy for Neurogenic Bladders—The
term neuromodulation refers to electrical stimulation of the nerves that innervate
the bladder. As we have seen before, neurogenic bladder is a condition that occurs
due to the loss of nerve stimulation. Therefore, it has been hypothesized that
utilization of electrical stimulation can regulate bladder function in a way that is
similar to the nerves that innervate it. In other words, neuromodulation provides
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a mechanism to restore lost nerve innervation to the bladder (34–39). Electrical
stimulation has been used extensively as a therapeutic strategy for many medical
conditions and has been discussed in Chapter 6. In addition, electrical stimulation
has been shown to correlate with the development and maturation of bioengineered
artificial tissue, including artificial heart muscle. this material was presented in
Chapter 6. Here, we discuss another application of electrical stimulation: as a
therapeutic modality for the treatment of neurogenic bladders. In two separate
studies, electrical stimulation of the sacral nerve has been conducted as a treatment
for neurogenic bladder dysfunction in adult and pediatric patients (40,41). In the
study with adult patients, neuromodulation was accomplished by electrodes that
were inserted into one or both dorsal foramina of the S3 segment (41). While there
were variations in the results of this study, the symptoms were reduced by at least
50% in 30% of the patients (41). In the second study, sacral nerve stimulation was
evaluated in pediatric patients; as in the case of adult patients, there were variations
in the results, although the general trend was toward functional improvement in a
large percentage of the patients (40).

8.3 SURGICAL BLADDER AUGMENTATION

A surgical procedure known as bladder augmentation is an option for patients
with neurogenic bladder disorders or other abnormalities of the lower urinary
tract. Bladder augmentation refers to the process by which the urinary bladder is
expanded by suturing autologous segments of the ileum, small or large bowel, or
segments of the ureters (42–53). Surgical intervention is only considered when
other treatment strategies have failed to provide the desired functional benefit.
Patients with neurogenic bladder disorders will first be treated with pharmaco-
logical agents like anticholinergic compounds, while urinary incontinence is
managed by use of catheters. Surgical intervention for bladder augmentation
can be considered when these procedures fail to provide significant functional
benefits to the patient. Once the decision to proceed with bladder augmentation
has been made, one of the most important decisions is regarding the choice of
tissue specimen to be used. Some of the choices include gastric segments, small
and large bowel segments, segments of the ureter, and segments of the ileum. The
use of ileac segments for bladder reconstruction is known as ileocystoplasty and
will be described here.

The primary objective of bladder augmentation is to increase the volume of the
bladder and increase total muscle mass by suturing autologous tissue specimens,
as muscular tissue is used as the graft. An increase in bladder pressure is known to
adversely affect renal tissue function, and by decreasing this pressure, renal func-
tion can be preserved. The increase in muscle mass serves to increase the ability of
the bladder to remove urine to the external environment. Therefore, bladder aug-
mentation surgery can increase the functional performance of the urinary bladder by
reducing internal pressure, preserving renal function, and increasing muscle mass
and contractile activity.
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As we have mentioned before, ileocystoplasty is the surgical augmentation of the
bladder using a segment of the ileum. An ileac segment with a length of about 30 cm
is excised from the patient, and the remaining portions of the ileum are reconnected.
The excised portion of the ileum is flushed and opened by making an incision at the
midline, and a pouch is created by anastomosis of the opposite ends of the excised
ileum. This process leads to the fabrication of an autologous tissue graft, which
can then be used for bladder augmentation. An incision is made in the bladder, the
tissue graft is sutured on the open bladder, and the open bladder with the sutured
ileum segment is closed by anastomosis of the open ends. This process expands the
bladder by increasing its internal volume and increases the muscular component
of the bladder; it preserves renal function and supports urine discharge from the
bladder.

8.4 DEVELOPMENT OF THE URINARY BLADDER

During embryogenesis, the cloaca, Wolffian ducts, and the caudal nephric duct are
important structures that give rise to the urinary bladder (54–56). The cloaca is a
sac that contains endodermal cells. The lower region of the sac is referred to as
the urogenital sinus, which contains the cells which give rise to the urinary bladder
and the urethra. The location of the urogenital sinus during embryonic development
is aligned with the location of the fully formed bladder and urethra. The Wolffian
ducts (WDs), also known as the mesonephric ducts, and the nephric duct consist
of two tubes connecting the primordial kidney to the cloaca, eventually leading
to the formation of the trigone region of the urinary bladder. During one of the
earlier steps of embryogenesis, the Wolffian duct inserts within the cloaca, and
later on, the ureter develops and migrates from the primordial kidney toward the
cloaca. As the ureter approaches the cloaca, it forms a common tubular connec-
tion with the Wolffian duct, and the region of shared connection is known as the
common nephric duct (CND), also referred to as the caudal nephric duct. During
the course of development, the cells of the CND undergo apoptosis, allowing the
ureter to form an insertion with the cloaca, which is independent of the Wolffian
duct. Using this mechanism, the two ureters form and are inserted within the clo-
caca; subsequent maturation of the cloaca leads to formation of the bladder and
the urethra.

8.5 DESIGN CONSIDERATIONS FOR BLADDER
TISSUE ENGINEERING

In the previous chapter, we looked at the design considerations for tracheal tissue
engineering; many of the design considerations that were presented for tracheal tis-
sue engineering also apply for the fabrication of artificial bladders. In the previous
chapter, we also presented an overarching design statement for tracheal tissue engi-
neering, which also applies for bladder tissue engineering: bioengineered bladders
should be similar in form and function to mammalian bladders.
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The specific design considerations for bladder tissue engineering are: 1) bioengi-
neered bladders must serve several important functions, including the storage of
urine and the timely and efficient removal of the urine from the body, 2) biocompat-
ibility, 3) nonimmunogenic and minimal inflammatory response, 4) nontoxic and
noncarcinogenic, 5) avoidance of collapse by reasonable strength, 6) support cell
engraftment, 7) support neovascularization, 8) possibility of growth, 9) resistance
to fibroblastic and bacterial invasion, 10) standardized easy and short fabrication,
11) customizable and low cost, 12) easy surgical handling, 13) provide physiolog-
ical environment such as ECM, 14) minimal necessity of donors and accessibility,
15) the results of engraftment are predictably successful, 16) provide or support
epithelial resurfacing, 17) must not dislocate or erode over time, and 18) durability.

8.6 PROCESS OF BIOENGINEERING ARTIFICIAL BLADDERS

Introduction—In Chapter 1, we presented a general scheme to bioengineer artifi-
cial tissue, and in Chapter 7 we presented a scheme to fabricate artificial tracheas.
There were similarities between the two processes, although there were significant
differences, particularly related to the tissue fabrication and cellularization strate-
gies. In this section, we present a general process flow sheet for the fabrication
of artificial bladders, along with a discussion of cell sourcing, biomaterials, and
tissue fabrication technology (Figure 8.1). The process flow sheet is generic and
does not represent any specific technology from any research laboratory. In subse-
quent sections, we will present specific examples of strategies that have been used
to bioengineer artificial bladders.

Tissue Graft Development—There are three tissue engineering strategies that
can be used for the fabrication of artificial bladder tissue and/or entire bladders: 1)
bioengineer an entire artificial bladder, 2) bioengineer a patch or graft that can be
sutured with the host graft, similar to tissue grafts used in bladder augmentation
surgery and 3) bioengineer partial bladders that can be sutured onto host tissue to
support and/or improve bladder function. These three bioengineering strategies are
presented in Figure 8.1. In the first case, an entire bioartificial bladder can be fab-
ricated in the laboratory and used for organ transplantation. This strategy involves
fabrication of an entire organ and therefore is associated with significant scien-
tific and technology challenges that must first be overcome. The second strategy
is designed to fabricate tissue patches that can be used in bladder augmentation.
During our discussion of bladder augmentation, we saw that tissue grafts are often
derived from gastric segments, segments of small and large bowel, segments of
the ureter, and segments of the ileum. This requires incision of tissue grafts from
the host followed by reanastomosis with host bladder tissue. This is a very inva-
sive surgery that can be prevented by the use of bioengineered tissue grafts, which
can be directly sutured with the host bladder. The third strategy is based on the
ability to bioengineer partial bladders. While this is similar to the development of
tissue grafts, it is focused on the fabrication of hollow chambers rather than planar
scaffolds. This strategy is based on the fabrication of segments of hollow chambers
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Bioengineer an entire
bioartificial bladder.

Bioengineer a patch or graft that
can be sutured with the host

graft.

Bioengineer partial bladders
that can be sutured onto

the host tissue.

Material selection and design depends on the tissue engineering strategy being adapted.
Several materials have been tested to fabricate artificial bladders and/or tissue segments,

including scaffolds, biodegradable scaffolds and acellular grafts.

The Objective of cellularization strategies for the development of artificial bladders it to
replicate mammalian architecture in terms of cellular organization, distribution, and
organization. The purpose is to replicate SMC organization, along with complete

epithelialization of the graft surface.

Bioreactors need to be developed to recapitulate physiological biomechanical
forces during the fabrication of entire bladders or bladder tissue.

In Vivo assessment will be
performed through organ

transplantation; the damaged
host organ will be removed and

replaced with the entire
bioartificial bladder.

In Vivo assessment will be
performed by suturing the
tissue graft onto the host

bladder.

In Vivo assessment will be
performed by suturing the

bioengineered tissue to the
host bladder after resection of

the damaged portion of the
tissue.

Bladder tissue
engineering

(1) Strategies for bladder tissue engineering

(2) Biomaterial

(3) Cellularization strategies

(4) Bioreactors

(5) In Vivo assessment of artificial bladder

Figure 8.1 Process of Bioengineering Artificial Bladders—Three strategies for bladder
tissue engineering are presented: fabrication of entire bladders, partial bladders, or bladder
tissue segments. Many different biomaterial platforms have been used, including acellu-
lar grafts, biodegradable hydrogels, and polymeric scaffolds. Cellularization strategies have
been focused on epithelization of the luminal surface with smooth muscle cells within the
interior. Bioreactors need to be developed to simulate natural bladder function. Finally,
several models have been developed to test the effectiveness of artificial bladders and/or
artificial bladder tissue in vivo.

which can be sutured with the host bladder; compared to planar tissue grafts, hollow
structures can provide greater functionality.

Biomaterial Design and Fabrication—Several materials have been tested to
fabricate artificial bladders and/or tissue segments, including synthetic scaffolds,
biodegradable scaffolds, and acellular grafts, with varying degrees of success.
Material selection and design depends on the tissue engineering strategy being
adapted, with greater mechanical strength and stability required when fabricating
hollow grafts and entire bioartificial bladders than when performing planar tissue
grafts. As was the case for tracheal tissue engineering, acellular scaffolds have
been proven to be successful in artificial bladders that have been used clinically in
patients.

Cellularization for the Fabrication of Artificial Bladders—The objective of cel-
lularization strategies for the development of artificial bladders is to replicate mam-
malian architecture in terms of cellular organization, distribution, and organization.
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As we have seen earlier in this chapter, the urinary bladder is composed of epithelial
cells on the outer surface and smooth muscle cells within the interior. In addition,
the smooth muscle cells (SMCs) were organized in three distinct layers consist-
ing of longitudinal cells, circular cells, and longitudinal cells. Tissue engineering
strategies are focused on replicating this complex organization of SMCs, along with
complete epithelialization of the graft surface.

Bioreactors—Interestingly, bioreactors have not played a prominent role in sup-
porting the fabrication and/or maturation of artificial bladder tissue. While the blad-
der is not exposed to extensive hemodynamic forces like the heart or blood vessels
are exposed to, it is exposed to external forces on a frequent basis. For example, the
bladder is constantly exposed to changes in the volume of urine, which is accom-
panied by changes in the stress fields on the walls of the urinary bladder. Similarly,
removal of urine from the bladder is due to smooth muscle contraction, which
results in significant changes in the pressure-volume relationship. These biome-
chanical forces have an impact on cell phenotype and tissue function, as the effects
of stress on endothelial cells and smooth muscle cells are well documented. There-
fore, there is a need to develop bioreactors to recapitulate physiological biome-
chanical forces during the fabrication of entire bladders or bladder tissue. However,
bioreactor design and fabrication has not been a high-priority area of research; there
are very few publications in this area, as we will see in subsequent sections.

In Vivo Functional Assessment of Artificial Bladders or Tissue Equivalents—
The final step in the process scheme is the development of in vivo models to assess
the functionality of bioengineered tissue grafts and/or entire artificial bladders.
In the first case, which involves the fabrication of an entire bladder, in vivo assess-
ment will be performed through organ transplantation. The damaged or diseased
host organ will be removed and replaced with the bioartificial bladder, ensuring
connectivity to the ureters and the urethra. In the second case, which involves the
fabrication of planar grafts, in vivo assessment will be similar to what has been
described for bladder augmentation surgery, and the tissue graft will be sutured
onto the host bladder. In this case, an incision will be made to open the bladder,
and the bioengineered graft will be sutured onto the host bladder. In the third case,
which involves the fabrication of partial bladder components, the bioengineered
tissue can be sutured to the host bladder after resection of the damaged or diseased
portion of the tissue.

8.7 CELL SHEET ENGINEERING FOR BLADDER TISSUE
ENGINEERING

Introduction—During our discussion of tissue fabrication technologies in
Chapter 4, we looked at cell sheet engineering. As a reminder, cell sheet
engineering is a scaffold-free technology, which relies on ECM produced by the
cells to support 3D tissue formation and function. Isolated cells are plated on a
temperature-sensitive culture surface, and cell culture conditions are optimized
to support the formation of a cohesive cell monolayer; the temperature of the
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tissue culture plate is then reduced, resulting in detachment of the cohesive cell
monolayer. Individual cell sheets are fabricated using these temperature-sensitive
surfaces, and individual sheets can be stacked together to form thicker multilayer
tissue. The primary advantage of using cell sheet engineering to fabricate artificial
tissue is that ECM is produced by the cells and contains the right composition of
proteins and other ECM components to support 3D tissue formation. ECM that is
fabricated by the cells is very well-suited to support cell attachment, viability, and
functionality; the ECM fabricated by the cells leads to the fabrication of functional
3D artificial tissue. Cell sheet engineering has been used for the fabrication of
artificial bladders, as will be presented in the remainder of this section (57,58).

Cell Sourcing—This study was conducted using epithelial cells that were iso-
lated from bladder tissue of dogs (57). However, the study did not take into account
the smooth muscle cell layer of the bladder tissue, and did not incorporate a mus-
cular layer in the artificial bladder. The primary epithelial cells were isolated from
dog bladder, which was cut into small pieces, and the epithelial layer was separated
from the underlying tissue. This epithelial tissue was suspended in an enzymatic
solution to separate the cells from the tissue.

Biomaterials—Cell sheet engineering technology is based on scaffold-free
methods, which rely on the ECM generated by the cells. The cells fabricate ECM
and then use the newly formed ECM to fabricate 3D artificial tissue. Tissue
fabrication does not require any external scaffolding.

Tissue Fabrication Technology—Primary cells were cultured on temperature-
sensitive surfaces for a period of three weeks. During the culture period, the tissue
culture plates were maintained in a cell culture incubator at 37∘C, with frequent
media changes. A three week culture period was necessary to support the forma-
tion of a cohesive cell monolayer and to promote ECM production by the cells.
At the end of this culture period, the temperature was reduced from 37∘C to 20∘C,
which resulted in detachment of the cohesive cell monolayer from the underlying
surface. After detachment, the cells had formed a cohesive cell monolayer that can
be referred to as a cell sheet.

In Vivo Testing—In order to test the cell sheets during in vivo implantation, a
novel strategy was developed for autologous cell transplantation (58). However, in
order to support tissue fabrication and implantation of artificial tissue, autologous
cells were not used, as complications can result from using a single bladder to har-
vest primary cells and for implantation of artificial tissue. In order to overcome this
problem, primary cells were isolated from the oral cavity and used to bioengineer
cell sheets using the technology described for epithelial cells isolated from bladder
tissue (58). The cell sheets were used in conjunction with a gastric flap as a graft for
bladder reconstruction, as the cell sheets alone do not have the mechanical strength
to support bladder function. The cell sheets, fabricated with epithelial cells from the
oral cavity, were placed on top of the gastric flap and used for bladder construction.
A section of the host bladder was resected and replaced with the gastric flap with
the cell sheet attached to it.

Discussion of Cell Sheet Engineering for Bladder Tissue Engineering—The use
of cell sheet engineering for bladder reconstruction was used in conjunction with
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bladder augmentation. Gastric flaps were coupled with cell sheets and then used
for transplantation. The primary functional component was provided by the gas-
tric flap, while the cell sheets served to provide a supporting role. This is somewhat
expected, as cell sheets do not possess the mechanical properties to support the fab-
rication of complex hollow organs like the bladder. Significant advancement of the
cell sheet technology will be required prior to development of complex organs like
the urinary bladder. However, cell sheet engineering remains a novel technology
that has been used extensively for many tissue fabrication applications.

8.8 SMALL INTESTINAL SUBMUCOSA (SIS) FOR BLADDER
TISSUE ENGINEERING

Introduction—Small intestinal submucosa (SIS) has been extensively used for
bladder tissue engineering (Figure 8.2).

(a) Fabrication of small intestinal submucosal (SIS)

(b) Use of SIS for bladder wall repair

(c) Bioengineered bladder tissue using SIS

A small segment of
the small intestine
layer from porcine

donors is harvested.

All layers of the tissue
with the exception of
the submucosal layer

are removed
mechanically.

The submucosal layer is
decellularized to

remove any cells and
cellular components
leaving behind an 

 intact ECM.

SIS can be used as a
tubular vascular graft

or a planar tissue
scaffold.

A large segment of
the bladder is

resected.

The segment is
replaced by SIS being 

used as a patch.

Host cells migrate into
the graft and populate
the implanted tissue.

After 48 weeks it can
be shown that the

transplanted SIS has
integrated with the
host bladder tissue.

Bladder specimens
obtained after

partial cystectomy
are used as an

autologous source
of SMCs.

SIS scaffold is
populated with primary
autologous SMCs using

direct injection
technology.

The cellularized scaffold
is maintained in culture
for several days prior to

transplantation.

The bioengineered
artificial tissue is
sutured onto the

bladder wall to cover
the defect.

Figure 8.2 SIS for Bladder Tissue Engineering—(a) Fabrication of SIS—SIS is fabri-
cated from a segment of the small intestine after removal of all layers of the tissue except the
submucosal layer. (b) Use of SIS for Bladder Wall Repair—SIS is used, in the absence
of cells, for bladder reconstruction. (c) Bioengineered Bladder Tissue using SIS—SIS
is populated with cells using direct cell injection and the artificial tissue graft is used for
bladder augmentation.
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SIS is a very interesting biomaterial that has been used for many different tis-
sue engineering applications (59–68), and one that we have not discussed before.
We begin this section with an overview of SIS as a biomaterial and then provide
specific examples of the use of SIS for bladder reconstruction and bladder tissue
engineering. We will look at two examples, one of which describes the utilization
of SIS as a biomaterial (in the absence of cells) for bladder repair and the second
example, in which artificial bladder tissue is fabricated by cellularization of the SIS
biomaterial, which is then used as a graft for bladder tissue repair.

Small Intestinal Submucosa as a Biomaterial—SIS is obtained from the submu-
cosal layer of a small intestine segment that has been harvested from porcine donors
(64). The small intestine consists of several distinct tissue layers with an epithelial
layer on the luminal surface, followed by goblet cells, the submucosal layer, and
longitudinally and circularly aligned muscle cells. During the preparation of SIS, a
segment of the small intestine layer is harvested, commonly from pigs, and all lay-
ers of the tissue, with the exception of the submucosal layer, are removed mechan-
ically. The submucosal layer is next subjected to a decellularization protocol to
remove any cells and cellular components, leaving behind an intact ECM. This
two-step process that consists of mechanically removing layers of porcine small
intestine followed by decellularization results in the production of SIS. SIS can be
used as a tubular vascular graft or can be transformed to form a planar tissue scaffold
by making an incision along the length of the tubular graft. Since SIS is biologically
derived, it contains several ECM components, including collagen, proteoglycans,
GAGs, glycoproteins, and growth factors; these components make SIS an attractive
biomaterial for tissue engineering applications to support cell attachment, remodel-
ing, and subsequently, tissue fabrication. The primary advantage of SIS is the bio-
logically derived ECM, which contains proteins and other components of the ECM
that support cell attachment and spreading and support cell-matrix interactions;
these functions in turn modulate cell phenotype and support 3D tissue fabrication.

SIS as a Xenogeneic Material—It should be noted that SIS is a xenogeneic mate-
rial, which means that it is isolated from animal donors, and after being processed
using specific conditions, it can be designed and used for transplantation. In the
case of xenogeneic transplantation, cells, tissue, or entire organs obtained from one
species, commonly pigs, are used for transplantation in a different species, typi-
cally humans. This can be compared to autologous and allogeneic sources, which
were discussed in Chapter 2 in the context of cell sourcing. In the case of autolo-
gous transplantation, the donor and recipient of cells or biomaterials are the same,
while in the case of allogeneic transplantation, the donor and recipient are different
but from the same species. The primary advantage of autologous transplantation is
immune acceptance by the recipient. Immune rejection is a concern with allogeneic
and xenogeneic transplantation. However, SIS is nonimmunogenic; cell surface
antigens are responsible for host immunogenic response, and xenogeneic mate-
rials like SIS are nonimmunogenic due to the complete removal of the cellular
components.

SIS as a Bladder Wall Substitute—There have been several studies demonstrat-
ing the utility of SIS for bladder reconstruction using tissue engineering as well as
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alternative strategies (69,70). In one study conducted on rats, SIS was used as a
patch for bladder augmentation surgery (70). A large segment of the bladder was
resected and replaced with SIS, which was sutured onto the remaining bladder wall
(70). After a period of 48 weeks, it was shown that the transplanted SIS had inte-
grated with the host bladder tissue, and the two were indistinguishable (70). In
addition, the implanted graft had formed three layers of bladder tissue: the epithe-
lium, the smooth muscle layer, and the serosa. The SIS was not cellularized at
the time of implantation, but host cells migrated into the graft and populated the
implanted tissue, supporting the formation of bladder tissue.

This was a very simple application of SIS biomaterial for bladder wall substitu-
tion. Since there were no cells involved in the study, this strategy is not considered
to be tissue engineering. However, there are several examples in the recent litera-
ture where biomaterials (without cells) have been used for the repair of damaged
and/or injured tissue. This study clearly demonstrated the integration of SIS with
bladder tissue, and the results of this study suggest that SIS can be used as a tissue
graft for bladder augmentation surgery. In addition, the results of this study suggest
that SIS may have the potential to be bioengineered into artificial bladders, and the
coupling of the biomaterial with cells may provide additional functional benefit.
The ability of SIS to functionally integrate with host tissue over a period of 48
weeks and withstand the constant changes in the bladder pressure clearly demon-
strates the potential of the biomaterial in bladder reconstruction and bladder tissue
engineering.

Cell-Seeded SIS Graft for Bladder Reconstruction—In the previous example,
we looked at the use of SIS as a biomaterial for bladder reconstruction without the
incorporation of cells. However, the utility of SIS to support engraftment of cells
and then use the cell-seeded graft for bladder reconstruction has also been evalu-
ated. In a recent study, SIS grafts were fabricated from small intestine tissue after
mechanical removal of all tissue layers except the submucosal layer followed by
decellularization of the submucosal layer to remove any remaining cells (69). New
Zealand white rabbits were used for bladder augmentation studies and were sub-
jected to a partial cystectomy to create an injury model. The tissue specimens that
were obtained after the partial cystectomy were used to isolate SMCs, which were
cultured and expanded on tissue culture plates. After partial cystectomy, the ani-
mals were housed for one month and used as recipients for tissue engineered grafts.
Using this strategy, the researchers were able to use an autologous cell source to
bioengineer artificial bladder tissue; SMCs were isolated from New Zealand White
rabbits and used to bioengineer tissue grafts, which were later implanted into the
same animal. In order to support the formation of artificial bladder tissue, the SIS
scaffold was populated with primary autologous SMCs using direct injection tech-
nology. The cellularized scaffolds were maintained in culture for several days prior
to transplantation and then used as a tissue graft for bladder augmentation. The bio-
engineered artificial tissue was sutured onto the bladder wall to cover the defect,
and the host bladder was evaluated at several time intervals after transplantation of
the tissue graft.
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Discussion—In this section, we have seen two contrasting strategies for bladder
tissue repair; one relies upon the use of a biomaterial for bladder tissue augmen-
tation, while the second one uses bioengineered artificial tissue for bladder repair.
Stated another way, the first strategy is based on the use of biomaterials for tissue
repair, while the second strategy is based on biomaterials and cells for tissue repair.
When a biomaterial is used without cells, the strategy is based on the hypothesis
that host cells will migrate into the implanted biomaterial to support the formation
of functional tissue. While both strategies continue to be aggressively researched
and developed, we believe that the latter of the two offers greater benefit due to the
presence of cells at the time of graft implantation.

We will end our discussion in this section by relating some of the principles
of tissue engineering presented in earlier chapters with the models that have been
discussed here. It should be noted that in the tissue engineering study (the second
of the two presented), primary cells were used and were isolated from an autol-
ogous source. The cells were maintained and expanded in culture using standard
cell culture procedures. The SIS biomaterial used in the study was obtained using
a deceullarization strategy and populated with cells using direct injection technol-
ogy. Many of the terms used here (primary cells, autologous, decellularization, cell
culture, and direct cell injection) have been discussed in earlier chapters, and the
reader is encouraged to relate these fundamental principles of tissue engineering to
the specific examples of bladder tissue engineering.

8.9 PLGA AS A BIOMATERIAL FOR BLADDER TISSUE ENGINEERING

Introduction—In the previous section, we looked at SIS as a biomaterial for bladder
augmentation both with and without cells. In this section, we will study another
such example. In this section, we will study the use of the polymeric scaffold poly
(lactic-co-glycolic acid), PLGA, to support bladder repair, and as in the previous
example, we will look at the use of PLGA with and without cells (Figure 8.3).
PLGA has been used extensively as a biomaterial for tissue engineering along with
many other medical applications (71–79). We begin this section with a discussion
of the properties of PLGA and then move onto our discussion of the use of this
material for bladder repair and augmentation.

PLGA as a Biomaterial—PLGA has been extensively used as a vehicle for con-
trolled delivery of therapeutic agents and as a porous scaffold for tissue engineering
applications. PLGA is a degradable copolymer of lactic acid and glycolic acid; it is
often described in terms of the relative percentage of these two monomers; PLGA
25:75 refers to PLGA with a composition of 25% lactic acid and 75% glycolic
acid (79). One of the main advantages of PLGA is the nontoxicity of its degrada-
tion products; PLGA undergoes hydrolysis, and the degradation products of this
reaction are the monomers lactic acid and glycolic acid, both of which are easily
metabolized by the body (79). The degradation kinetics of PLGA can be modu-
lated over a period of weeks or months by changing the relative proportions of
monomer units. The ability to control the degradation kinetics of PLGA has made
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(a) PLGA as a biomaterial

(b) Use of PLGA for bladder wall repair

(c) Bioengineered bladder tissue using PLGA

PLGA is a degradable copolymer of lactic acid and glycolic acid. When PLGA undergoes hydrolysis, the
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weeks or months providing a mechanism to regulate the rate of release of an embedded therapeutic

agent. Additionally PLGA allows the fabrication of scaffolds with varying pore size and porosity to satisfy

the design requirements for any tissue fabrication application.
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Figure 8.3 PLGA for Bladder Tissue Engineering—(a) PLGA as a Biomaterial–
PLGA is a copolymer of lactic acid and glycolic acid. (b) Use of PLGA for Bladder
Wall Repair—3D scaffolds were fabricated using PLGA and used for bladder augmen-
tation without the use of any cells in the scaffold. (c) Bioengineered Bladder Tissue Using
PLGA—3D scaffolds were populated with cells prior to use for bladder augmentation.

it a suitable biomaterial for controlled release strategies. Regulating the degrada-
tion kinetics of PLGA provides a mechanism to regulate the rate of release of an
embedded therapeutic agent.

PLGA has also been widely used as a porous scaffold for various tissue engi-
neering applications (79–96). There have been several techniques described for the
fabrication of PLGA into porous scaffolds, and the properties of the scaffolds, like
the pore size and porosity, can be modulated by varying the fabrication process; this
modulation provides the ability to fine-tune the properties of the porous scaffold to
satisfy the design requirements for any tissue fabrication application.

PLGA Scaffolds for Bladder Reconstruction—In one particular study, porous
scaffolds were fabricated using PLGA, though the details of the fabrication tech-
nology were not presented in the published manuscript. The PLGA scaffolds were
implanted in dogs after a partial cystectomy to remove a portion of the host bladder
(97). The PLGA scaffolds were not used alone, but rather wrapped around omentum
tissue at the time of implantation in order to increase the mechanical stability of the
graft. Bladder function was assessed at various time intervals after implantation of
the tissue grafts. Functional performance of the bladder was assessed by measuring
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the bladder capacity and bladder compliance, both of which showed improvement
after implantation of the PLGA scaffold.

Cellularized PLGA Scaffolds for Bladder Reconstruction—PLGA scaffolds
were cellularized using autologous SMCs and epithelial cells that were isolated
from a biopsy of the urinary bladder (98). The cells were maintained in culture and
subpassaged to increase the number of cells. SMCs and epithelial cells were used
to populate the PLGA scaffolds. The details of the cellularization protocol were
not provided in the study, but it can be assumed that direct injection technology
was used for scaffold cellularization. The cellularized scaffolds were maintained
in culture for several days prior to implantation. The implantation model for the
cellularized scaffolds was similar to that for the PLGA scaffolds without cells. A
partial cystectomy was performed to remove part of the urinary bladder in dogs,
repaired with a cellularized patch, then covered with omentum tissue. As before,
biological and functional performance metrics were evaluated. It was found that
the cellularized PLGA patch performed better than the PLGA patch without cells
both in terms of functional performance and in terms of histological data.

Discussion of the Model—In this example, we have seen the use of PLGA,
a biodegradable biomaterial, to support the functional repair of bladder tissue.
The PLGA was used with and without cells in a side-by-side comparison, and
the cellularized scaffold performed better than the scaffold without cells. This
study serves to demonstrate the clear advantages of tissue engineering strategies
over other methods and showcase the ability of cell-seeded scaffold to support
functional recovery of bladder tissue. In addition, the study also illustrates many
important principles of tissue engineering that we have discussed in earlier
chapters: autologous cells, cell culture, biodegradable scaffold, and direct injection
technology.

8.10 ACELLULAR GRAFTS FOR BLADDER TISSUE ENGINEERING

Introduction—In this section, we will look at the use of acellular grafts for bladder
tissue engineering; there have been several examples in the literature demonstrat-
ing the feasibility of acellular grafts to support the formation of artificial bladder
tissue (Figure 8.4). We provide three specific examples in this section: 1) use of
acellular grafts without the incorporation of cells, 2) use of acellular grafts with the
incorporation of cells, and 3) the use of acellular grafts with the incorporation of
adipose-derived stem cells.

Acellular Grafts for Bladder Tissue Engineering—We have been introduced
to acellular grafts as a scaffold for tissue engineering applications during our dis-
cussion of biomaterials. Acellular scaffolds are fabricated by complete removal of
cellular components from tissue/organ specimens that have been harvested from
animal or human sources. After removal of all the cellular components, an intact
ECM is retained. The retained ECM is rich is ECM proteins and other components
of the ECM. This acellular graft has binding sites for cells and supports cell-matrix
interactions, leading to the formation of functional artificial tissue. These properties
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(a) Acellular bladder grafts

(b) Use of acellular graft for bladder wall repair

(c) Bioengineered bladder tissue using acellular graft

Acellular scaffolds are fabricated by complete removal of cellular components from tissue/organ
specimens that have been harvested from animal or human sources.  After removal of all the cellular

components, an intact ECM is retained. The retained ECM is rich is ECM proteins and other components of
the ECM.  This acellular graft has binding sites for cells and supports cell-matrix interactions, leading to
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Figure 8.4 Acellular Scaffolds for Bladder Tissue Engineering—(a) Acellular Blad-
derGrafts—Acellular grafts are fabricated by the complete removal of cells, leaving behind
an intact extracellular matrix. (b) Use of Acellular Grafts for Bladder Wall Repair—In
this case, acellular grafts were used in the absence of any cells. (c) Bioengineered Bladder
Tissue using Acellular Grafts—Acellular grafts were populated with cells and then used
for bladder augmentation.

of acellular grafts have proven to be important in the fabrication of artificial tissue
for many different tissue and organ systems, including the urinary bladder, as we
will see in this section.

Use of Bladder Acellular Matrix Allograft (BAMA) for Bladder Augmentation—
In this study, porcine bladders were harvested and subjected to a detergent- and
enzyme-based decellularization process to remove all the cells (99,100). Partial
cystectomies were conducted in pigs, and the acellular bladders were used as allo-
geneic grafts for bladder augmentation. During an initial short-term study, animals
were sacrificed after 30 days; histological assessment showed that scattered SMCs
had infiltrated the acellular bladder grafts. In a follow-up study, animals were sac-
rificed after 12 weeks, and histological assessment showed organized SMCs along
with the presence of epithelial cells. Combined, these two studies demonstrated the
feasibility of using acellullar bladder grafts to support bladder repair (99,100). It
should be noted that the acellular grafts were not populated with cells at the time
of transplantation; rather, this strategy relies upon infiltration of host cells to popu-
late the transplanted graft. This is similar to the strategy that was presented for SIS
earlier in this chapter.
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Cell-Seeded Acellular Matrix (ACM) for Bladder Reconstruction—In a recent
study, porcine bladders were harvested and subjected to a decellularization process
for cell removal (101). SMCs were isolated from porcine bladders using an enzy-
matic digestion process. The SMCs were maintained in culture and expanded to
increase cell yield. Allogeneic SMCs were used to populate the ACM; this study
was designed for in vitro testing and not for in vivo bladder augmentation. These
studies were designed for model development and assessment. Therefore, the use of
allogeneic cells was completely justifiable. Once a sufficient number of cells were
obtained, the cells were used to populate the ACM. Direct cell injection technology
was used to cellularize the ACM, and the cellularized ACM grafts were maintained
in culture for several days. Histological evidence showed the distribution of SMCs
within the ACM and provided early evidence for the formation of artificial bladder
tissue.

Use of Adipose-Derived Stem Cells for Bladder Tissue Engineering—A very
interesting study was published that makes use of adipose-derived stem cells to
populate acellular bladder grafts and uses cellularized artificial tissue for bladder
repair (102). In this study, bladders were harvested from New Zealand White
rabbits and subjected to a decellularization protocol for cell removal. A tissue
biopsy was obtained from the backs of the rabbits and subjected to a collagenase
digestion protocol for the isolation of adipose-derived stem cells. These cells were
maintained and expanded in culture and used to populate segments of an acellular
bladder; autologous cells were used for this study. The cellularized tissue was
maintained in culture for several days and then used as a graft for bladder recon-
struction. A defect was created in the bladder wall, and the bioengineered bladder
tissue was sutured on the site of the defect. The grafts were implanted for a period
of 24 weeks, after which the animals showed improvement in bladder function
when compared to controls (acellular grafts without any cells). Perhaps more
interesting was the differentiation of adipose-derived stem cells to form SMCs
and epithelial cells, as demonstrated by positive staining for cell specific markers;
the differentiation of the stem cells was likely mediated by cues within the in vivo
environment.

Discussion of Acellular Grafts for Bladder Tissue Engineering—Acellular
grafts have proven to be successful for bladder augmentation either alone or in
combination with cells. When acellular grafts were used in the absence of cells,
infiltration of cells from the host tissue leads to cellularization of the acellular
grafts. However, this process is difficult to regulate, and the spatial distribution
of the cells cannot be modulated. This limitation can be overcome by the use of
cell-seeded scaffolds in which the distribution and organization of the cells can be
controlled. In the three models that have been discussed, we have seen the use of
allogeneic SMCs for studies designed for in vitro testing and have seen the use of
autologous adipose-derived stem cells for in vivo bladder augmentation. In this
section, we have seen many of the concepts that were described in earlier chapters,
some of which include acellullar scaffolds, autologous and allogeneic cells, direct
injection technology, and adipose-derived stem cells.
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8.11 ORGAN MODELS FOR BLADDER TISSUE ENGINEERING

Introduction—We have looked at several tissue engineering models for fabricat-
ing artificial bladder tissue. However, in all of the examples, the focus has been on
the development of artificial bladder tissue and not entire hollow chamber organs.
The development of artificial bladder tissue is important, as it provides valuable
information about the organization and the remodeling of isolated cells to form
functional 3D artificial tissue. In addition, artificial bladder tissue can also be used
as a patch to support and/or augment function in injured or diseased bladders.
Undoubtedly, tissue models play a vital role in the development of tissue engineer-
ing therapies to support bladder function. In addition to the development of tissue
models, several research groups have developed organ models that more closely
replicate organ-level architecture of the urinary bladder. In this section, we will
look at two examples of organ models for bladder tissue engineering, one of which
was developed using a novel in vivo approach and one of which was developed
using a novel in vitro approach.

In Vivo Organ Model for Bladder Tissue Engineering—A very interesting strat-
egy was developed for the fabrication of hollow chamber bladders by implantation
of acellular grafts. In this study, entire bladders where harvested from Sprague-
Darley rats and subjected to a decellularization protocol to remove all the cells
(103). The acellular bladders were referred to as BAMGs—bladder acellular matrix
grafts. Using a second set of rats, a partial cystectomy was created to remove greater
than 50% of the host bladder, and the BAMG was sutured onto the host bladder
(103). The purpose of this surgery was not to support functional recovery of the
host bladder. Instead, the objective of the study was to use the in vivo environment
to fabricate artificial bladders. The host environment provides a range of physio-
logical cues, growth factors for tissue development and maturation, and many other
signals essential for tissue/organ function. In addition, the host tissue provides a
potential source of cells that can infiltrate into the implanted BAMG and support
scaffold cellularization. The BAMG was explanted after a period of several months,
and the biological and functional performance metrics were evaluated and shown
to be comparable to that of mammalian bladders. At the time of explanation, the
tissue graft can be viewed as a bioengineered artificial bladder.

During the course of this book, we have studied several steps in the tissue fab-
rication process, including cell sourcing, scaffold cellularization, and bioreactor
conditioning. In most of the examples that we have looked at thus far, these steps
are conducted during controlled in vitro conditions; indeed, this is the most popu-
lar strategy to support the development of artificial tissue. However, in the current
example, we see a novel application of the in vivo host environment to provide many
of the cues required to support tissue development. This is advantageous, as the
host environment has all the necessary signals to guide tissue development. How-
ever, the major limitation with this strategy is that the researcher does not have any
control over the processing variables and cannot change any of the input variables.

In Vitro Organ Model for Bladder Tissue Engineering—Another very interest-
ing study described the fabrication of hollow chamber artificial bladders using an
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in vitro strategy. PGA was used as the biomaterial, and a large segment of PGA
was used to create hollow chamber structures that resembled the urinary bladder.
In order to increase the mechanical strength of the bioengineered structure, the
PGA was coated with a liquefied copolymer that consisted of PLGA and methylene
chloride (98). Cells were isolated from tissue specimens harvested from urinary
bladders of dogs. The tissue specimens were subjected to a digestion protocol to
isolate the SMCs and the epithelial cells, which were maintained in cell culture and
expanded to increase the cell yield, as a very large number of cells were required
to populate the PGA graft. The SMCs were seeded onto the exterior surface of the
bioengineered graft, while the epithelial cells were seeded onto the luminal surface
of the graft. The tissue graft was maintained in culture and then implanted in vivo
in a dog model. A subtotal cystectomy was performed, sparing the trigone region,
and the bioengineered bladder was implanted in recipient dogs. The functional per-
formance of the implanted artificial bladder was assessed over a period of eleven
months and compared with controls (grafts without any cells). The functional per-
formance of the implanted artificial bladder was significantly greater than that of
the controls’ functional performance.

This study was clearly novel: it demonstrated the fabrication of artificial bladders
using tissue engineering strategies. Many of the principles that we have covered
in previous chapters were used in the development of this technology: biomate-
rial design and development, tissue fabrication, cell sourcing, and cell culture and
scaffold cellularization.

Discussion of Organ Models for Bladder Tissue Engineering—In this section,
we have looked at two examples for the fabrication of artificial bladders, one using
an in vivo strategy and another using an in vitro method. These two examples serve
to demonstrate the progression of research in the field of bladder tissue engineering
from planar tissue specimens to complex artificial organs. The in vivo strategy is
a novel method that makes use of internal physiological conditions to direct the
growth and development of artificial bladders. The in vitro strategy is novel due to
the ability to combine all the elements necessary for tissue fabrication toward the
development of artificial bladders; this strategy demonstrates the utility of many of
the tissue engineering principles that we have seen in earlier chapters and is clearly
a seminal study in the field.

8.12 CLINICAL STUDY FOR BLADDER TISSUE ENGINEERING

There has been one reported clinical study using artificial bladders for the treat-
ment of patients (104). This study is one of the seminal publications in the field
of tissue engineering and proves the feasibility of bioengineered tissue (104). The
current study provides significant impetus for the field and defines a path for the
development of other artificial tissue and organ systems.

The clinical study was conducted by the same research group that developed the
in vitro organ model for bladder tissue engineering that was described in the previ-
ous section. Therefore, there are several similarities between the work described
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here and the work described in the previous section. The method used for the
fabrication of scaffolds for the artificial bladder was similar to what was described
in the previous section; the biomaterial was molded to form a hollow chamber struc-
ture which resembled the urinary bladder. In this study, different biomaterials were
used. There were seven patients enrolled in this clinical study, and out of these seven
patients, a collagen matrix was used in three patients, a collagen matrix wrapped
with omentum was used in one patient, and a hybrid matrix of collagen and PGA
wrapped with omentum was used in the final three patients. Three different scaf-
folding materials were used to bioengineer artificial bladders; this was a result of
the progress made in understanding and optimizing fabrication technology for arti-
ficial bladders. The seven patients were recruited for this study over time rather than
being recruited at the start of the clinical study. During this time, the researchers
continued their efforts to optimize and improve artificial bladder fabrication and
incorporated the refinements into the clinical study. It should be noted that the clin-
ical study was not designed to compare different scaffolding materials for artificial
bladder fabrication.

Autologous cells were obtained from a tissue biopsy from the patient’s bladder
and the SMCs and epithelial cells were isolated using a digestion protocol. The cells
were maintained in culture and expanded to increase the cell yield. The SMCs were
seeded on the exterior surface of the scaffold, and the epithelial cells were seeded
on the luminal surface of the scaffold. The cell-seeded scaffold was maintained in
a cell culture incubator for a period of 3–4 days prior to implantation. For surgical
implantation in patients, the artificial bladders were anastomosized to the native
bladders, and the patients were monitored for several months after the surgery. The
results of the study demonstrated positive results both in terms of the functional
performance of the implanted bladder and in terms of the histological assessment
showing the distribution and alignment of the cells and ECM.

This study was a remarkable accomplishment and a cornerstone for the field of
bladder tissue engineering and tissue engineering as a whole. In this study, many
of the principles of tissue engineering were adapted, including biomaterials, tis-
sue fabrication, cell isolation, culture and expansion, and scaffold cellularization.
The principles of tissue engineering were used to fabricate artificial organs that
were then implanted to help several patients and significantly improve their quality
of life.

SUMMARY

Current State of the Art—Bladder tissue engineering is one of the more mature
branches of the field; it has experienced proven clinical success. The clinical study
remains a seminal publication and a cornerstone in the field of tissue engineer-
ing. There have been three primary sources of cells used to support the fabrication
of artificial bladders. First, primary autologous cells have been used as a source
of SMCs and epithelial cells. Second, autologous adipose-derived stem cells have
been used, with the in vivo microenvironment supporting differentiation of the stem
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cells to SMCs and epithelial cells. Third, infiltration of host cells into implanted
acellullar grafts has also been used as a potential source of cells for bladder tissue
engineering. Several biomaterials have been used to support the fabrication of artifi-
cial bladder tissue or artificial bladders, some of which include SIS, acellular grafts,
and PLGA. In addition, cell sheeting engineering has been tested as a scaffold-
free platform to support the development of artificial bladder tissue. Finally, we
have looked at several tissue fabrication technologies that have been used to bio-
engineer artificial bladder tissue and entire organs. The transition has been from
monolayer cell sheets to multilayer tissue grafts all the way to artificial bladders.
Cell sheets have been used to coat the surface of gastric flaps prior to implantation,
tissue patches have been engineered and shown to be effective in bladder augmen-
tation, and entire bladders have been fabricated using in vivo and in vitro tissue
engineering approaches.
Thoughts for Future Research—Considerable progress has been made in the

field of bladder tissue engineering. However, there are several areas that have not
been explored in great detail. The use of stem cells, including hES cells, iPS cells,
and mesenchymal cells has not be explored in great detail; in addition, the signals
that drive the differentiation of these cells toward bladder SMCs and epithelial cells
need to be explored. There have not been many studies that look at the controlled
vascularization and innervation of artificial bladder tissue under controlled in vitro
culture conditions. Another area of research that has not received significant atten-
tion is the development of bioreactors to support the development and maturation of
artificial bladder tissue. The normal function of the urinary bladder relies on SMC
contraction, which results in changes in the pressure-volume relationship. There is
a need to develop bioreactors that simulate these normal physiological conditions
during the culture of artificial bladder tissue/organs.

PRACTICE QUESTIONS

1. Describe the structure of the urinary bladder, including the different cell types
and the functions of these cells.

2. Discuss neurogenic bladder dysfunction as it relates to urinary bladder func-
tion. What are the clinical manifestations of neurogenic bladder dysfunction?
What are some potential treatment modalities for this condition?

3. Describe the process of surgical bladder augmentation.

4. The process of surgical bladder augmentation relies upon autologous tissue
grafts to expand the size of the urinary bladder. How can tissue engineering
strategies be developed to improve this technique?

5. Describe the development of the urinary bladder during embryogenesis.

6. What can we learn about the development of the urinary bladder during
embryogenesis that can be applied toward the fabrication of 3D artificial
bladders?
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7. During the course of this chapter, we provided a general description of the

process of bioengineering artificial bladders and/or bladder tissue. Describe

this process. If you had to add one additional step to the generic process, what

would it be and why?

8. We have now studied two process schemes, one for the fabrication of

artificial tracheas (Chapter 7) and one for the fabrication of artificial bladders

(Chapter 8). What are some of the similarities between these two process

schemes? What are some of the differences between these two process

schemes?

9. Discuss the role of cell sheet engineering in bladder tissue engineering. Cell

sheets have been used in conjunction with gastric segments for bladder recon-

struction surgery; discuss the relative merits and weaknesses of this strategy.

10. Describe how cell sheet engineering can be used to fabricate complete artifi-

cial bladders.

11. In Chapter 4, we studied self-organization strategies for the fabrication of

artificial tissue. Develop a strategy to fabricate artificial bladders or artificial

bladder tissue using self-organization strategies.

12. Describe the use of SIS as a biomaterial. How is SIS fabricated? What are

some of the properties of SIS that make it an attractive biomaterial? SIS is

obtained from xenogenic sources; does this lead to immune rejection prob-

lems?

13. During our discussion of SIS in bladder tissue engineering, we described the

use of SIS as a biomaterial for bladder augmentation and as a scaffold to sup-

port the fabrication of artificial bladder tissue. Discuss the relative advantages

and disadvantages of each of the two strategies.

14. Develop a process in which SIS can be used to fabricate an entire artificial

bladder.

15. Discuss the use of PLGA as a biomaterial in tissue engineering. What are

some of the properties of the material that make it useful for tissue engi-

neering? What fabrication technologies can be used for the fabrication of 3D

scaffolds using PLGA?

16. Discuss the use of PLGA for bladder augmentation with and without cells.

What are the relative advantages of each of the two methods?

17. Develop a process in which PLGA can be used to fabricate 3D artificial blad-

der tissue.

18. Discuss the relative advantages and disadvantages of acellular grafts for blad-

der tissue engineering.
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19. What are some potential uses of bioreactors during the fabrication of artifi-
cial bladders? Design a bioreactor to support the fabrication and/or culture of
artificial bladders.

20. What is the potential role of perfusion systems during the culture of artifi-
cial bladders? Design a perfusion system to support the culture of artificial
bladders.
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