
Vol.:(0123456789)1 3

World Journal of Urology (2020) 38:2081–2093 
https://doi.org/10.1007/s00345-019-02833-4

TOPIC PAPER

Review of clinical experience on biomaterials and tissue engineering 
of urinary bladder

Michael E. Chua1,2 · Walid A. Farhat3 · Jessica M. Ming4 · Kurt A. McCammon1

Received: 1 April 2019 / Accepted: 30 May 2019 / Published online: 20 June 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose In recent pre-clinical studies, biomaterials and bladder tissue engineering have shown promising outcomes when 
addressing the need for bladder tissue replacement. To date, multiple clinical experiences have been reported. Herein, we aim 
to review and summarize the reported clinical experience of biomaterial usage and tissue engineering of the urinary bladder.
Methods A systematic literature search was performed on Feb 2019 to identify clinical reports on biomaterials for urinary 
bladder replacement or augmentation and clinical experiences with bladder tissue engineering. We identified and reviewed 
human studies using biomaterials and tissue-engineered bladder as bladder substitutes or augmentation implants. The stud-
ies were then summarized for each respective procedure indication, technique, follow-up period, outcome, and important 
findings of the studies.
Results An extensive literature search identified 25 studies of case reports and case series with a cumulative clinical experi-
ence of 222 patients. Various biomaterials and tissue-engineered bladder were used, including plastic/polyethylene mold, 
preserved dog bladder, gelatine sponge, Japanese paper with Nobecutane, lypholized human dura, bovine pericardium, 
amniotic membrane, small intestinal mucosa, and bladder tissue engineering with autologous cell-seeded biodegradable 
scaffolds. However, overall clinical experiences including the outcomes and safety reports were not satisfactory enough to 
replace enterocystoplasty.
Conclusion To date, several clinical experiences of biomaterials and tissue-engineered bladder have been reported; however, 
various studies have reported non-satisfactory outcomes. Further technological advancements and a better understanding 
is needed to advance bladder tissue engineering as a future promising management option for patients requiring bladder 
drainage.

Keywords Biomaterials · Bladder tissue engineering · Review · Clinical experience

Introduction

The bladder, despite its complex anatomic and physiological 
pathways, primarily serves as a reservoir to both store and 
empty the urine excreted from the kidneys. To repeatedly 
hold and empty urine to its appropriate capacity, it requires a 
repetitive mechanism of adequate relaxation and contraction 
with a unique lining to withstand intraluminal pressure and 

urine solution [1, 2]. The bladder has multiple layers includ-
ing the inner epithelial lining that protects the underlying 
stroma from urine and multiple external layers of muscle 
fibers that coordinate with the external urethral sphincter to 
function appropriately in storage and voiding [3].

Several congenital and acquired bladder conditions (such 
as bladder exstrophy, neurogenic bladder, malignancies, and 
trauma) with anatomical or functional abnormalities require 
surgery to preserve renal function. Some necessitate either 
complete removal of the bladder and urinary diversion via 
conduit or augmentation to increase its storage capacity [4, 
5]. To date, these procedures are traditionally performed 
using a segment of the gastrointestinal (GI) tract. However, 
the GI tract substitution is associated with local and sys-
tematic complications such as urine leak, malignancy, stone 
formation, and metabolic disturbances due to the different 
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absorptive and secretory properties of the intestinal tract 
[4–6]. Furthermore, the quality of life using the GI tract can 
be affected significantly due to its related morbidities and 
sequelae [6–10].

Bioengineering has been exploring an alternative 
approach to improve outcomes for these patients. Efforts 
focused on bladder tissue regeneration were initially carried 
out with experimental studies performed in vitro and in vivo 
using biomaterials with or without tissue-specific seeded 
cells. Biomaterials used in bladder tissue engineering are 
currently either biologic or synthetic scaffolds that serve as 
the solid support matrix for tissue regeneration [10]. The 
biologic scaffolds are either naturally derived or acellular 
tissues; while the synthetic scaffolds are either polymers or 
silk-based materials [10–12]. The approach of using bioma-
terials seeded with tissue-specific cells or a stem cell source 
have been studied due to the fact that acellular scaffolding 
has a higher chance of post-implant contracture and fibrosis 
[13–15]. Biomaterials with stem cells or patient’s autolo-
gous tissue cultures have been investigated to avoid tissue 
fibrosis [13–15], and with the created neotissue from autolo-
gous stem cells, reduce the immune rejection as previously 
described with allogeneic cell source [16–18].

Research in animal models has shown the feasibility of 
bladder tissue engineering; however, most of these studies 
utilized healthy animals in which translational applicability 
is uncertain [19, 20]. Clinical application of biomaterials 
and bladder tissue engineering has been attempted and the 
reports are intriguing. To give an up-to-date overview of 
the clinical experience, the scope of this review is mainly 
focused on the clinical experience of biomaterials and blad-
der tissue engineering. Hence, we aim to present a sum-
mary of the feasibility and clinical outcomes of the bioma-
terial usage and tissue engineering application in bladder 
regeneration.

Methodology

A literature search was performed in PubMed on Feb-
ruary 1, 2019, with the search strategy used: (“urinary 
bladder”[MeSH Terms] OR (“urinary”[All Fields] AND 
“bladder”[All Fields]) OR “urinary bladder”[All Fields] OR 
“bladder”[All Fields]) AND (“tissue engineering”[MeSH 
Terms] OR (“tissue”[All Fields] AND “engineering”[All 
Fields]) OR “tissue engineering”[All Fields]). We did not 
restrict identification of relevant studies to the English lan-
guage; however, foreign language studies were only sum-
marized and assessed according to the available English 
reports. Assessment of relevance was accomplished by 
reviewing abstracts and identifying clinical studies. Screen-
ing on the identified records was categorized into clinical 
studies, animal experiments, and review articles. Records of 

review papers were gathered for cross-referencing and iden-
tification of relevant clinical studies. Full-text articles were 
ordered and included for the summary of literature specifi-
cally focused on reports on bladder tissue engineering clini-
cal experience. The studies with reported clinical experience 
were then summarized for the biomaterial used, number of 
patients involved, outcomes, and follow-ups. When multiple 
publications of clinical experience were identified, only the 
latest and or most complete data reported were included in 
the summary of the clinical experience.

Results

Out of 1113 retrieved records, after screening, there were 
190 animal studies available and 25 clinical studies with 222 
patients. Studies are mainly case reports and case series with 
the application of various biomaterials. Table 1 summarizes 
the details of clinical experiences on various biomaterials 
usages and tissue engineering in bladder regeneration.

Clinical experience on biomaterials (synthetics 
and natural) alone for bladder regeneration

In 1957, Bohne and Urwiller reported seven patients’ 
clinical experience with a plastic mold used as a bladder 
matrix, which was implanted after cystectomy and then 
explanted after a few weeks. However, the result was disap-
pointing with serious morbidities and all pseudo-bladders 
formed over the plastic mold eventually contracted over 
time [21]. Subsequent clinical reports using a plastic mold 
also described similar outcomes [22, 23]. Although these 
studies did not show a promising outcome, they found that, 
although urothelial tissue regenerates, the muscle fibers do 
not, which lead to eventual contraction and fibrosis of the 
formed tissues.

Preserved dog bladders anastomosed orthotopically 
to patient’s after cystectomy was being reported by Tsuji 
et al. in 1963 and 1967. He described major morbidities in 
most patients [24, 25]. The same author group also reported 
using Gelatin sponge sutured to the bladder edge or ure-
thra of patients’ post-cystectomies. Similarly, the results 
were disappointing with all patient’s developing bladder 
contractures needing a urinary diversion or tumor reoccur-
rence [25]. Orisaka et al. in 1970 then further modified the 
biomaterial using Gelatine sponge with Nobecutane, which 
is ethyl acetate and acrylic resin compound with tetra-meth-
ylthiuram disulfide acting as a sealant and bactericide [26]. 
They reported four out of five patients with satisfactory out-
comes, although a later study reported that bladder calculi 
seem to be a common complication with this biomaterial 
[26]. Further modification of the biomaterial was reported 
by Taguchi et al. [27] and Fujita [28] using Japanese rice 
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paper (Tetrapanax papyrifer) with Nobecutane. Taguchi 
et al. had up to 5.5-year follow-up with favorable outcomes, 
most patients with a post-op bladder capacity of > 200 cc 
[27]. However, no subsequent follow-up studies were carried 
out with this biomaterial.

From 1974 to 1995, several various studies from differ-
ent institutions described clinical experiences with the use 
of lypholized human dura patch as a biomaterial for blad-
der substitution among patients with bladder tumors and/
or contracted bladders [29–35]. The majority of the studies 
reported post-operative reasonable bladder enlargement and 
no serious complications; however, urine leakage and tumor 
recurrence were common with the overall outcome deter-
mined to be not fully satisfactory.

Other natural biomaterials include Bovine pericardium 
and Amniotic membrane, both used as a bladder patch 
for repair of enterovesical or vesicovaginal fistula [36, 
37]. Although the studies described that the bladder wall 
remained intact with no recurrence of fistula on the last fol-
low-up, both showed contracture of the graft. Mansson et al. 
also described using a synthetic biocarbon (Carbon Polymer) 
as a stoma prosthesis implant for 13 patients with urinary 
conduit or cutaneous ureterostomy. However, four out of five 
patients reported to having good outcomes had died when 
the study was being reported. The remaining patients had the 
implant removed due to various complications [38].

In 2012–2014, three studies reported using porcine small 
intestinal submucosa, commercially available as (SIS 
 [Oasis®], Cook Biotech). It is an acellular, native collagen-
based extracellular matrix (ECM) of submucosal layer being 
used among patients with neurogenic or congenital myo-
genic bladders [43–45]. All studies have reported increased 
bladder volumes; however, functional outcomes were 
described to be only partially satisfactory, in which some 
authors have concluded that SIS cannot substitute the entero-
cystoplasty [43, 44].

Clinical experience on bladder tissue engineering 
(biomaterials seeded with autologous cells)

In 2006, Atala et al. reported their clinical experience of 
seven patients with myelomeningocele using collagen only 
or composite collagen, polyglycolic acid bladder acellu-
lar matrix seeded with autologous urothelial and muscle 
cells [39]. The study highlights the importance of using an 
autologous cell tissue source to avoid an adverse immune-
response while including muscle tissue in the seeded cell to 
enhance the presence of all bladder tissue components, as 
seen in their full-thickness bladder biopsies. Furthermore, 
the importance of an omental wrap for vascular supply was 
described with better outcomes. However, another three 
studies sponsored by Tengion, the company for autolo-
gous cell-seeded polyglycolide/polylactide matric scaffold Ta
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(bankrupted in 2014), showed poor outcomes among all tri-
als [40–42] with no bladder compliance or capacity improve-
ment. When used as a conduit, all patients eventually needed 
explantation; as augmentation, severe complications such 
as bladder rupture, small bowel obstruction, and infections 
were reported.

Discussion

Regenerative medicine using tissue engineering technology 
has been given high expectations due to its rapid develop-
ment with potential for revolutionary treatment strategies 
[46, 47]. Specifically, in the field of reconstructive urology, 
there is high demand for a tissue-engineered product to be 
used as urinary conduits or augment patches to eliminate the 
use of bowel as the replacement [48]. Reports from animal 
studies using tissue bioengineering for bladder substitutes 
seem to be promising [20, 49]; however, in our review of 
clinical studies to date, all have shown non-satisfactory 
results.

The clinical experience using biomaterials stand alone 
either natural source or synthetics have shown that native 
urothelial has the capability to regenerate; yet, the muscle 
fiber layers only develop into fibrotic tissue and leading to 
eventual contracture inability to function. Similarly, with 
scaffold seeded with autologous stem cells, adequate devel-
opment of all layers may be seen in histological study; how-
ever, the functional capability as the bladder organ in toto 
was not achieved, considering that multiple aspect of its 
development was not taken into consideration. It is impor-
tant to understand that the bladder biological function is 
not simply for storage. Behind its urothelial regenerative 
capability and frequent urine expulsion lies a complex and 
unique infrastructure. Hence, the complex function requires 

composite histology and anatomy (special urothelial lining, 
muscle and extracellular matrix ratio). It has the characteris-
tic of impermeable lining with moderately dynamic muscu-
lar and richly vascularized organ with intricate innervation 
(Fig. 1) [3]. The fractional understanding of bladder with 
simplicity in functional assessment among the pre-clinical 
and clinical studies has led us to underestimate the bladder 
and assume rapid success in tissue engineering [49, 50].

A recent review by Adamowicz et al. summarizes the 
understanding of tissue engineering from pre-clinical experi-
ments and gave important factors to consider for transla-
tional application of bladder tissue engineering include (a) 
generating a physiological mechanical property specific for 
the urinary system; (b) adequate pre-vascularity or capa-
bility for diffuse vascularization post-implantation to avoid 
necrosis of the graft; (c) antifibrosis and immunomodulating 
properties that avoid extensive local scarring; (d) neuronal 
network innervation of the graft with the capacity to gener-
ate/receive signal conduction; and an (e) ideal micro-envi-
ronment to sustain healthy autologous cells with appropriate 
growth factors to ensure quality graft growth [11].

In principle, the biomaterial as scaffold matrix needs to 
be dynamic and yet to allow cells to grow into them [50]. 
Hence, they need to be permeable, but, when the scaffold 
or biomaterial is permeable, the regenerating cells from the 
native tissue will compete with urine seeping through the 
pores, causing fibrosis [51]. Therefore, it is a good strat-
egy to consider to have the scaffold seeded with autologous 
cells prior to implantation, but, then, there should be a fast 
and effective blood vessels growth to sustain the viability of 
the seeded cells when implanted; otherwise, the cells will 
die and the pores will be leaking urine/then causes fibro-
sis [50–52]. A possible strategy that could work is to have 
the cell-seeded scaffolds implanted into a diverted bladder, 
while maintaining some robust method of nutrient delivery 

Fig. 1  Bladder structural anatomy and histologic characteristics. Adopted and reprinted by permission from Springer Nature: lic number 
4,553,430,369,670 Ajalloueian et al. [49]
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to the cell-seeded scaffold. Until the adequate angiogenesis 
occurred to supplement the cell-seeded scaffold with the 
necessary nutrients, then the bladder can be undiverted.

In general, the ideal engineered bladder needs to endure 
the urinary physiologic environment with the characteristics 
for supporting repeated storage and emptying of urine [53]. 
Addressing these complex and intricate processes requires 
more extensive research and advancements in technology; 
however, in the process of clinical studies, there need to 
have a both quality and safety of biomaterials in the human 
subjects [54]. To date, 3D-bioprinting, stem cell applica-
tion, nanotechnology, and complex neuronal technologies 
are underway in pre-clinical phases [55–60], which should 
further advance the bladder tissue engineering experience.

Conclusion

The current clinical experience of bladder tissue engineering 
has not met a satisfactory outcome to replace enterocysto-
plasty. The main limitation was being due to the biomechani-
cal characteristics of the urinary bladder and physiologic 
requirements to function optimally. Furthermore, issues 
regarding neovascularization and graft contraction due to 
immune-reaction or graft necrosis need to be addressed. 
Autologous cell-seeding and omental wrapping upon 
implantation seem to improve the clinical outcome; how-
ever, this is still not sufficient to endure long-term follow-up. 
While some of the clinical studies reported continence in a 
few patients, spontaneous voiding did not occur due to lack 
of neuronal networking as seen in a native bladder. Cur-
rently, technological advancements and scientific discoveries 
are underway to address these limitations and to advance 
bladder tissue engineering as a possible management option 
for patients needing a new bladder from oncologic, acquired, 
or congenital neurogenic and myogenic conditions.
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