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1. Introduction

	 The lower urinary tract, mainly the bladder and urethra, can be affected by many con-
genital or acquired pathologies, which require surgical corrections. Currently, therapeutic 
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strategies can be effective for the less severe cases, but repairing or replacing severe ones 
remains a challenge due to the paucity of adequate tissues. This book chapter aims to suc-
cinctly describe the lower urinary tract and its most common pathologies requiring repair or 
replacement, which can be modelled using tissue engineering. An emphasis will be made on 
an innovative technique to produce tissue without the use of exogenous materials or the need 
for pre-existing scaffolds: the «self-assembly» developed by Dr. François A. Auger in the late 
1990s. 

2. Bladder

2.1. Anatomy

	 The bladder is the organ that stores urine produced by the kidneys [1]. From the lumen, 
the bladder wall is composed of a covering epithelium, a lamina propria, a muscularis, and an 
adventitia (Figure 1). The specialized pseudostratified epithelium of the bladder is called the 
urothelium [2]. The urothelium performs several functions, such as controlling patency and 
providing the first immune defence line to the bladder [3]. The urothelium is composed of 
apical, intermediate and basal layers [4]. On the apical surface of this urothelium are located 
umbrella-shaped cells, joined together by tight junctions [2]. These cells, often binucleated, 
are the most differentiated cells of the urothelium. The latter also shows an asymmetric uro-
thelial membrane consisting of a plaque of uroplakine proteins, mostly extracellular, which 
seals the bladder, thus protecting it against toxic substances present in the urine [2,5]. The 
glycocalyx, a layer of polysaccharides and proteins, such as Tamm-Horstfal protein, could also 
be seen at the luminal surface but is mainly produced by the kidney. The middle layer consists 
of five to seven layers of cells when the bladder is empty, while the layers are stretch down to 
two or three when the bladder is full. Due to its ability to adapt to changes in urine volume, the 
urothelium can also be referred to as a transitional epithelium [2]. The basal layer is attached 
to the basement membrane [6,7]. Therefore, most of the progenitor cells used for the turnover 
of the epithelium are located in the basal layer.

	 In contrast, the progenitors used for fast regeneration following injuries are located in 
the intermediate layers. Three layers of smooth muscle cells form the Detrusor: an inner and 
outer layer of longitudinal muscle and a middle layer of circular muscle [1,8]. These different 
orientations of muscle fibres allow the bladder to contract and expel urine through the urethra. 
After urination, the detrusor muscle relaxes and allows the bladder to stretch again to accumu-
late urine without internal pressure increase [8].
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Figure 1: Schema of the anatomy of the bladder wall, including a focus on the urothelium. The bladder wall consists 
of 4 sections: the urothelium (epithelium), the lamina propria (connective tissue), the Detrusor (muscle layers) and the 
adventice (fat tissue). The urothelium can be divided into the superficial layer (umbrella cells, the most differentiated), 
intermediate layer (several layers of partially differentiated cells and containing some progenitors useful to repair inju-
ries) and the basal layer (containing the less differentiated urothelial cells including progenitor/stem cells). 

2.2. Pathologies 

	 The most well-known bladder pathologies are bladder exstrophy, neurogenic bladder, 
painful bladder syndrome, cystitis, and bladder cancer. Bladder exstrophy is a congenital dis-
ease that is a malformation of the genitourinary tract exposing the bladder outside the body 
[9,10]. A neurogenic bladder is caused by neurological disorders such as spinal dysraphism, 
spinal cord injury, multiple sclerosis, and Parkinson's disease. This damage to the central ner-
vous system causes dysfunction of urination, which usually results in urinary incontinence 
[11]. Painful bladder syndrome, also called interstitial cystitis, results in pain localized to 
the bladder, pelvis, and abdomen. Patients also experience pain during urination and a high 
frequency of urination [12]. Interstitial cystitis is more common in women than in men. The 
interstitial cystitis pathophysiology is unknown, but several theories have been put forward, 
such as a decreased glycosaminoglycans (GAG) layer, altered urothelium permeability, and 
uroinflammation [12]. Bladder exstrophy, neurogenic bladder, and interstitial cystitis are out 
of the scope of the present chapter that will focus on cystitis and bladder cancer, for which 
disease models were developed using the self-assembly technique.

2.2.1. Cystitis

2.2.1.1. Urinary tract infection

	 A urinary tract infection (UTI) can be classified as acute or chronic cystitis [13]. UTI 
risk in men is lower due to their longer urethra and prostatic fluid, which acts as an antibac-
terial agent [13]. Indeed, 40% of women will develop cystitis during their lifetime [14]. In 
addition, a decrease in the amount of estrogen produced during menopause, and an increase 
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in urine pH, with a physiological value between 4.5 and 8, contribute to the colonization of 
pathogens [14,15]. Cystitis is characterized by frequent urination accompanied by a burning 
sensation and tingling [14]. The majority of UTI are caused by uropathogenic Escherichia coli 
(UPEC) bacteria. In the intestine, bacteria migrate along the urethra to reach the bladder or 
even the kidneys, where they cause a UTI or pyelonephritis. UTIs are more frequent in women 
mainly because their urethra is shorter, and thus, the bacteria are more likely to reach the blad-
der before being wiped out or eliminated by a trip to the bathroom [16]. The clinical difficulty 
encountered during UTI treatment is the recurrence of infections. An estimated 25% of women 
will experience a relapse of UTI within six months [17]. Moreover, to add to that, 90% of 
infections are caused by E.coli, accounting for about 6-8 million cases in the USA each year 
[18]. The tendency of relapses suggests the presence of intracellular reservoirs in the bladder. 
Studies have shown that quiescent intracellular reservoirs (QIR) are present in the lower lev-
els of the urothelium [19]. In these QIR, bacteria are somewhat asleep in an F-actine cocoon 
where they wait to be woken up and cause UTI recurrence. These relapses are caused every 
3 to 6 months when the infected cells are differentiated to replace the superficial cells due to 
their desquamation [20]. The differentiation of these cells causes a cytoskeleton modification, 
which breaks down the F-actine around the QIR. The newly freed bacteria can then multiply 
and cause another infection, starting the cycle again.

2.2.1.2. ketamine-induced cystitis

	 Ketamine is a drug developed in the 1960s and commonly used as an anesthetic agent 
and an analgesic from a clinical point of view [21]. Its tendency to cause side effects, such as 
hallucinations and out-of-body experiences, has led it to be used as a recreational drug often 
used in parties and raves [22]. Subanesthetic doses of ketamine have been given to patients 
to remedy suicidal thoughts and have been given as an antidepressant [23]. A little over ten 
years ago, the connection between ketamine use and urinary tract damage was identified and 
studied [24]. The use of ketamine to alleviate the patient's pain is usually associated with 
damage to the bladder and other organs, which leads to a higher quantity of ketamine being 
used to control that pain. The ever-increasing dose of ketamine only worsens the damage to 
the urothelium. It leads to a vicious cycle of ketamine use, and the patient ends up with a 
ketamine addiction. A 2007 study demonstrated that ketamine abuse could induce hematuria, 
suprapubic pain and bladder inflammation [25]. Another study showed that the prescribed use 
of ketamine for chronic pain could still induce cystitis [26]. It is believed that ketamine and/or 
its metabolites could be responsible for urinary tract damages due to its presence in the urine 
for multiple days after ingestion [27]. Ketamine is a non-competitive N-methyl-D-aspartate 
(NMDA) receptor antagonist, and the NMDA receptor is responsible for calcium entry. The 
high concentrations of ketamine would lead to a calcium concentration elevation that would 
be toxic for the urothelium [28].
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2.2.2. Bladder cancer

	 Bladder cancer is the fifth most common cancer in men and the ninth overall. Ageing 
and smoking also promote the development of bladder cancer [29]. Indeed, smoking accounts 
for 50 to 65% of bladder cancers [30]. The diagnosis of bladder cancer is usually made af-
ter the age of 70 [29]. Patients with bladder cancer may have symptoms such as hematuria, 
increased urination and irritation, lower back pain, or a tumour visible on medical imaging 
[29,31]. Three different presentations of bladder cancer. An adenocarcinoma is a rare form that 
starts in glandular cells located in the bladder's lining. The second form of cancer is squamous 
cell carcinoma, which starts in the squamous cells of the bladder lining. This type is often 
triggered by long-term inflammation or irritation of the bladder. The third type of cancer is 
urothelial carcinoma, accounting for 90% of diagnosed cancers [31,32]. This type of cancer in-
cludes tumours of the renal pelvis, ureters, bladder, and proximal urethra [29]. It can appear in 
a non-invasive and non-aggressive form that can cause recurrence after treatment [33]. These 
tumours can also be invasive and aggressive, characterized by a high risk of death. The stage 
of bladder cancer depends on the level of invasion of the bladder wall. Non-invasive cancers, 
such as tumours affecting only the urothelium and lamina propria, are treated differently from 
cancers that invade muscle [29]. Cancer can spread throughout the body through the lymphatic 
system and blood via metastases that start from the target organ [31]. The prevalence in men 
is higher than in women [33]. However, cancers diagnosed in women are generally more inva-
sive, suggesting a potential role for hormones. 

2.3. Current treatments

2.3.1. cystitis

	 Treatment for acute cystitis involves preventing the spread of bacterial infection to the 
kidneys. Although most uncomplicated cystitis is cured without treatment, most patients use 
treatments, such as antibiotics to reduce the associated symptoms [13,15]. Factors such as al-
lergies and patient tolerance, drug side effects, and drug cost should be considered [13]. First-
line antibiotics used include nitrofurantoin, fosfomycin, and pivmecillinam. Some second-line 
antimicrobial agents are used for patients in whom first-line antibiotics have not worked [13]. 
Additionally, other treatments considered non-antimicrobial are used to prevent uncomplicat-
ed UTIs, such as D-mannose and cranberry extract. D-mannose, excreted in the urine, prevents 
bacteria from adhering to the urothelium [34]. As for cranberries, several formats exist, such 
as cranberry juice, whole cranberry or concentrated cranberry extracts, with a high content of 
type A proanthocyanidins (PAC-A) [35]. These PAC-A can be used to prevent urinary tract 
infections by inhibiting the adhesion of bacteria to the urothelium [35].
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2.3.2. Bladder cancer

	 Several factors will influence the prognosis, such as the cancer stage, the size of the 
tumours, the presence of recurrence and the type of cancer cells. Therefore, bladder cancer 
can be treated in different ways. The first step is to validate the presence of cancer by using 
cystoscopy, assessing kidney function and assessing the upper urinary tract by imaging [36]. 
In order to choose the most appropriate treatment to cure cancer, it is necessary to determine 
the stage of the disease using the staging process. Several exams can be considered, such as CT 
scan, magnetic resonance imaging (MRI) and positron emission tomography (PET), mainly 
used to detect malignant tumour cells. The different treatments currently used are surgery, che-
motherapy, radiotherapy, immunotherapy and targeted therapy. 

	 Surgery is the first-line treatment for the treatment of bladder cancer [37]. For non-inva-
sive cancers, endoscopic transurethral resection of bladder tumour (TURBT) is the preferred 
treatment. TURBT can be used to diagnose and remove superficial bladder tumours present 
through the urethra. With this technique, it is possible to take a sample of the bladder's muscle 
layer at the base of the tumour to assess the level of invasion [38]. However, due to the high 
rate of recurrence using this method, patients may have to resort to chemotherapy or intra-
vesical immunotherapy, such as Bacillus Calmette-Guérin (BCG) [37,39]. Partial or radical 
cystectomy may also be used depending on the degree of invasion [31]. Radical cystectomy 
consists in completely removing the bladder, while partial cystectomy removes only part of 
it. For invasive bladder cancers, radical cystectomy followed by chemotherapy is the recom-
mended treatment [36]. When cystectomy is not considered [bladder sparing], i.e. the bladder 
may be retained in some patients, radiotherapy can be combined with chemotherapy [39]. 
Targeted therapy involves specifically attacking cancer cells and may cause minor damage to 
healthy cells, unlike chemotherapy and radiation therapy [31].

	 Patients may need adjuvant or neoadjuvant therapy such as chemotherapy or immu-
notherapy. Chemotherapy can be given before surgery to eliminate the risk of metastasis and 
after surgery to reduce the risk of recurrence [31].  Regarding immunotherapy, BCG is the 
most widely used treatment [37]. To fight against cancer, immunotherapy uses the patient's 
immune system [31]. BCG uses a tuberculosis vaccine containing attenuated bacteria that bind 
to the urothelium [40]. Following the internalization of BCG by urothelial cells, an immune 
response is triggered, ultimately allowing the destruction of cancer cells. In addition, the use 
of BCG improves cytotoxicity against tumour cells in the bladder since these cellular compo-
nents stimulate the differentiation of immune cells [41]. Another treatment is radiation therapy, 
which involves using x-rays to eradicate or prevent the growth of cancer cells [31] by causing 
DNA damage that results in the death of cancer cells [42].
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2.4. Alternative solutions (including tissue engineering]

	 Bladder replacement or repair can also be considered in some instances, for example, 
during a cystectomy. The preferred technique is replacing the bladder wall by using a urinary 
diversion with an ileal conduit. It is resistant, accessibility and well-vascularized [43, 44]. This 
method involves using segments of the intestine to increase the bladder's surface area or build 
a neobladder [45]. However, several complications can be caused by this technique. Indeed, 
knowing that the primary role of the intestine is to absorb nutrients, patients using this tech-
nique may present, among other things, vitamin deficiencies, metabolic acidosis, electrolyte 
imbalance, drug metabolism and liver problems [43]. 

	 In an attempt to circumvent these complications, tissue engineering of the bladder al-
lows repair or replacement of this organ [44]. The reconstructed tissue must be biocompatible, 
perform the functions of the native tissue, support a vascular network, exhibit appropriate me-
chanical properties, allow intercellular communications and cell adhesion, and differentiation 
and migration [46]. To achieve these goals, biomaterials and cells, sometimes stem cells, are 
used to reconstruct the bladder [44]. Scaffolds are the biomaterials used to direct cell growth 
and guide tissue development. Biomaterials must be strong enough to withstand the mechani-
cal forces induced by neighbouring structures and those generated by emptying and filling the 
bladder. In addition, they must be biodegradable to allow full tissue development [43]. These 
scaffolds can be derived from synthetic or natural components or be decellularized matrices 
[47].

	 Regarding synthetic matrices, the most frequently studied are polyglycolic acid (PGA), 
polylactic acid (PLA), copoly (lactic/glycolic) acid (PLGA) and poly (ε-caprolactone) (PCL). 
These synthetic polymer scaffolds are biodegradable, biocompatible and allow adequate cell 
growth [48]. However, these synthetic biomaterials have various drawbacks, some of which 
are shown in Table 1. In addition, silk fibroin is also used to fabricate bladder scaffolds due to 
its biomechanical characteristics [49].

	 The decellularized matrices mainly come from the organs of pigs since their bladder is 
similar to humans. Indeed, the matrices often originate from the decellularized bladder [blad-
der acellular matrix graft, BAMG] or the small intestine submucosa [SIS] [48]. These matrices 
are obtained from tissues from which all the cells have been eliminated, which allows the de-
sired tissue development. In addition, this type of matrix allows rapid neovascularization and 
degrades slowly after implantation [43,48]. 
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2.5. Self-assembly protocol

	 The self-assembly method is a tissue-engineered reconstruction technique that produces 
tissues similar to native tissues and does not require biomaterials [50]. Indeed, this method 
involves using the patient's cells to rebuild the tissue [46]. This helps reduce immunological 
risks and transplant rejection. Dr. François A. Auger introduced this technique in the late 1990s 
to produce blood vessels then bilayered skin substitutes for severely burned patients. It derived 
from the discovery of Switzer and Summer in 1972 that human skin fibroblast culture allows 
collagen synthesis in the presence of ascorbate [vitamin C] [51], and the one of Senoo and Hata 
in 1989 that L-ascorbic acid 2-phosphate stimulates collagen accumulation, cell proliferation, 
and formation of a three-dimensional tissue-like substance by skin fibroblasts [52]. Ascorbic 
acid is a cofactor that allows the enzyme propyl-4-hydroxylase to produce and assemble col-
lagen fibres and thus form an extracellular matrix (ECM] [53]. Indeed, type I and III collagens, 
along with elastin, glycosaminoglycans and several others, constitute the main components of 
the ECM through a structural network, allowing the mechanical resistance of the tissues [54]. 
Without sufficient mechanical strength, the tissue is too fragile and cannot be manipulated or 
grafted onto the patient. It is possible to seed the top of the scaffold formed by the fibroblasts 
with keratinocytes to form an epidermis, in the case of the skin, and endothelial seed cells in-
side the tube formed by rolling the scaffold around a mandrel, in the case of the blood vessels. 
Due to the composition and organization of the ECM close to the native tissue, and the use of 
organ-specific cells, the epithelium reaches a high level of differentiation [55,56]. With time 
and skin and blood vessels, different tissues were derived, such as the cornea, adipose tissues, 
urological tissues (bladder and urethra, the topic of this chapter], vagina, neural tubes or car-
diac valves [57].

	 In addition to the obvious clinical applications, fundamental study models have been 
derived from these reconstructed tissues to understand pathologies in a context close to na-

Table 1: Biomaterials, A non-exhaustive list of biomaterials used for bladder reconstruction with their advantages and 
drawbacks.

Matrices Advantages Drawbacks

Synthetic
PGA -	 Low risk of contamination

-	 Biodegradable
-	 Biocompatible
-	 Low cost
-	 Highly tunable

-	 Inadequate environment for 
epithelial cell differentiation.
-	 Potential for inflammatory 
reactions

PLA

PLGA

PCL

Natural BAMG
-	 Retention of most of the biological and 
mechanical properties of native tissues
-	 Slow rate of degradation after implantation
-	 Better environment for migration and 
differentiation than synthetic biomaterials

-	 Potential for immune reaction 
-	 Not entirely adequate for 
migration and differentiation
-	 Limited neovascularization 

SIS

S i l k 
fibroin

-	 Biodegradable
-	 Biocompatible
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tive human tissue. Indeed, most studies are performed on inadequate models associated with 
a low potential for clinical translation [58]. For example, monolayers of cells in plastic Petri 
dishes generally do not make it possible to recreate either the complexity of the organization 
of the tissue in three dimensions, and therefore, the cell dynamics, polarity in particular, and 
hence differentiation, or the interactions between cells and the ECM, which a protein coating 
can very partially represent. Similarly, laboratory animals often show significant differences 
between species, humans included. The contribution of these models to the advancement of 
science should not be underestimated. Nevertheless, biological complexity obliges us to rec-
ognize that it is necessary to develop more sophisticated models, and perhaps in the mid-term, 
not only to recreate tissues in the laboratory but also to interconnect them, similarly to organ-
on-chip technology, which is exciting but too simplistic given the complexity of realistic bio-
logical conditions.

	 In this context, the self-assembly technique has made it possible to study skin patholo-
gies such as hypertrophic scars [59], systemic sclerosis [scleroderma) [60], melanoma [61,62] 
and basal carcinoma, psoriasis [63], epidermolysis bullosa [64], neurofibromatosis [65], or 
skin manifestations of amyotrophic lateral sclerosis [ALS) [66]. Studies have also been carried 
out to understand better Fuchs' dystrophy, which affects the corneal endothelium [67]. Models 
have also been developed to infect an immunocompetent vaginal mucosa model by the human 
immunodeficiency virus [HIV) [68]. These various models could also serve as a solid basis 
for conducting permeability studies for the pharmaceutical industry as current in vitro models 
often lack complexity.

2.5.1. Bladder reconstruction using the self-assembly protocol

	 Using the same protocol designed to reconstruct bilayered skin, bladder substitutes were 
produced using human dermal fibroblasts and porcine urothelial cells [69,70]. First, the use of 
porcine dermal fibroblasts was evaluated but did not allow reaching a sufficient mechanical 
resistance to be grafted in pigs, the reference model for bladder [71]. Next, porcine urothelial 
cells were also used because obtaining a bladder biopsy from pigs is more accessible than in 
humans. A completely human-derived tissue was then produced [72], and finally, organ-spe-
cific fibroblasts replaced dermal fibroblasts, allowing a better differentiation of the urothelium 
[55]. Stimulation in the bioreactor was also tested but not significantly impacted the differen-
tiation of the bladder urothelium.

2.5.2. Protocol for reconstruction (Figure 2)

	 Fibroblasts obtained from a bladder biopsy are cultured in vitro in the presence of 50 µg/
ml ascorbate for four weeks to produce a stroma sheet. The use of a paper anchor and weights 
helps to limit the contraction of the reconstructed tissue [70]. After one month of culture, 
three sheets of bladder stroma are superimposed to form a thicker and more resistant scaffold. 
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2.5.3. Disease modelling

2.5.3.1. Bladder cancer

	 Several 3D in vitro models of cancer have been produced by the self-assembly method 
[73], such as basal cell carcinoma, cutaneous neurofibroma [74], cutaneous melanoma and 
uveal melanoma [75]. The use of 3D models has several advantages as they have properties 
similar to microarchitecture in vivo and mimic cell-cell interactions in vivo [76]. These models 
have helped to understand the importance of the tumour microenvironment better. Using this 
self-assembly technique, a 3D human model was produced to study bladder cancer by moni-
toring the growth and invasion of cancer cells [77]. This human 3D model consists of a differ-
entiated urothelium, fibroblasts, and endothelial cells (78). When the tissue is rebuilt, invasive 
or non-invasive cancer cells are deposited on the surface of the tissue as compact spheroids. As 
expected, non-invasive bladder cancer cells (here RT4 cell line) remained in the urothelium, 
whereas invasive bladder cancer cells (here T24 cell line) crossed the basal lamina and invaded 
the stroma. The use of tissue engineering for the modelling of pathologies makes it possible 
to understand the associated physiology better and thus to develop better treatments [76]. This 
model also allowed to test the effect of mitomycin C, a chemotherapeutic agent instilled in the 

Figure 2: Production of urological flat models using self-assembly technique. The process takes two months, the first 
month to produce the stroma and the second month to allow epithelial differentiation. The protocol derived from the 
initial protocol used to produce skin substitutes designed by Dr. François A. Auger at LOEX. By varying the type of 
fibroblasts and epithelial cells, several kinds of tissues can be produced.

The urothelial cells, also extracted from a bladder biopsy, are then seeded on the scaffold. Af-
ter a 1-week horizontal expansion of urothelial cells, the reconstructed tissue is raised at the 
air/liquid interface, allowing the upper surface to come into contact with air, stimulating the 
maturation of urothelial cells [70]. The final three-dimensional tissue resulting from this self-
assembly protocol can be easily manipulated and potentially grafted. Recently, large surface 
tissues have been produced for the skin, and larger grafts could be produced for bladder aug-
mentation in a large animal. 
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bladder used to treat superficial bladder cancer. The reduction of cancer cell viability was not-
ed with time. This technique paves the way to personalized medicine using 3D human-derived 
tissues. 

	 The bladder cancer model developed from the self-assembly technique could serve as a 
drug testing platform and for carcinogenic study. Bisphenol A (BPA) is a chemical often used 
in the manufacture of plastics. These bisphenols are endocrine disruptors that can modulate 
several signaling pathways that can lead to cancer development. Since bisphenols are stored in 
the bladder, they could lead to the development of bladder cancer [79]. The 3D model of blad-
der cancer will help to study the impact of BPA on the initiation and progression of bladder 
cancer [77].

2.5.3.2. Urinary tract infection

	 Using a 3D bladder model, the different UTI steps were reproduced to understand better 
the formation of intracellular bacteria colonies (IBC) and QIR. By maintaining the infection 
of 3D bladder models for a precise amount of time, it is possible to predict either infection is 
in progress or the bacteria are in QIR. The 3D model also allows us to try different UTI treat-
ments at different stages of the infection, and therefore, the effects of that same treatment can 
be analyzed. The main goal for treatments against UTI would be to differentiate the QIR pre-
maturely and then treat them with antibiotics to, in a way, empty the reservoirs. The use of chi-
tosan as an exfoliator of the urothelium has been tested on mice and showed promising results. 
Another technique used has been developing mannosides or pilicides that interfere with bacte-
rial attachment to the urothelium [80,81]. Using the 3D model could be the next best thing to 
get results, as close as possible, to treatments of actual patients. In the case of UTIs, 3D models 
pose two crucial factors, which show its promising future, the differentiation and stratification 
of the urothelium and the fact that the cells used are from human donors. The 3D model would 
better represent actual organs and does not require ethical approbation to be tested.

2.5.3.3. ketamine-induced cystitis

	 A 3D human bladder model can better understand the ketamine mechanisms and affect 
the lower urinary tract. For example, bladder tissue models were conditioned with different 
ketamine concentrations and then viewed by Masson's trichrome to observe how the tissues 
would be damaged by ketamine-induced apoptosis of the superficial cells [21]. Although a 3D 
human bladder model has not been used to find a treatment for ketamine damages to the blad-
der, such as induced cystitis and apoptosis, the 3D model has allowed a better understanding 
and visualization of the damages caused by ketamine. The examination of ketamine on the 
urothelium would be necessary to find a way to reduce the damages caused by ketamine use 
for either clinical uses or as an antidepressant. In some cases, using a Transforming Growth 
Factor (TGF)-β1 receptor inhibitor showed promising results in reducing the damage to the 
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urothelium due to ketamine use [82]. Although the present study was performed on rat blad-
ders and a monolayer of urothelial cells, the use of the TGF-β1 receptor inhibitor, in combi-
nation with ketamine, reduced the thinning of the urothelium and bladder fibrosis. To better 
understand ketamine exposition and how it interacts with the urothelium, upgrades to the 3D 
human model would be optimal, including a vascular network and immune cells [21].

3. Urethra

3.1. Anatomy

	 Because of its size and position, the male urethra is more likely to contract pathologies 
than the female urethra (18-20 cm vs 4 cm respectively [83]). For this reason, we will focus 
on the male anatomy (Figure 3). The male urethra is divided into two major parts from the 
bladder neck to the urethral meatus: the posterior and the anterior urethra. The posterior ure-
thra is further divided into the prostatic and the membranous urethra. The first one originates 
at the end of the bladder neck and crossing the prostate, whereas the membranous urethra is 
surrounded by the external urethral sphincter [83]. The latter allows controlling the urine flow. 
The anterior urethra comprises the bulbar urethra, the penile/pendulous urethra, and the fossa 
navicularis. It is covered by a layer of corpus spongiosum, a spongy tissue protecting the ure-
thra, surrounded by a layer of tunica albuginea, a fibrous elastic tissue. The fossa navicularis is 
located at the tip of the penis and is lined by a stratified squamous epithelium resembling the 
buccal mucosa [46]. 

The lumen part of the urethra is lined with transitional epithelium, also called the urothelium. 
Its star shape is accommodating, depending on the internal pressure. During urine flow, the 
increase of pressure flattens the tissues and the epithelial cells, leading to a thinner tissue (up 
to twice its size after 5 hours) [84]. The urothelium is supported by connective tissues, which 
mainly play a nutritional function.  The latter is surrounded by muscular fibers creating a peri-
staltic movement helping the urine flow. The muscular fibers also play a mechanical role by 
limiting the deformation of the urethra caused by increased internal pressure (Figure 4).
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3.2. Pathologies

	 The penis can be affected by many pathologies requiring the reconstruction of the ure-
thra. However, in this segment, we will focus only on urethral pathologies. There are two main 
types of pathologies affecting the male urethra: congenital and acquired pathologies. 

3.2.1. Hypospadias

	 The most common congenital pathology is hypospadias [85], a malformation occurring 
during the embryologic tubularization of the urethra, leading to its shortening and causing 
a proximal urethral meatus opening on the ventral side of the penis. This malformation af-
fects 0.4% of male newborns [86]. On the opposite, epispadias is characterized by a meatus 

Figure 4: Details of urethral layers. The urethra consists of 3 successive layers. The lumen to the periphery, the 
urothelium, the lamina propria or connective tissue and finally, the muscular layer. The lumen of the urethra has a star 
shape at rest. Under the pressure of urine flow, the lumen becomes more circular. This morphological change helps to 
prevent high-pressure damage.

Figure 3: Schema of the anatomy of the male urethra. The male urethra consists of 2 sections, the posterior urethra, 
prostatic and membranous urethra, and the anterior urethra, including the bulbar urethra, pendulous urethra and fossa 
navicularis.  
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positioned on the dorsal side of the penis. The extreme cases may lead to infertility and in-
continence. Even if the latter is less common than hypospadias, the same treatments may be 
required. Its severity depends on the position of the meatus compared to its normal position at 
the tip of the glans. If the meatus opening is localized on the scrotum, the urethra reconstruc-
tion is longer and more challenging than distal hypospadias. 

3.2.2. Urethral strictures (or stenosis)

	 Strictures are the most common pathologies concerning the acquired anomalies, with 
5 million office visits per year in the US [87]. The latter is due to a narrowing of the anterior 
urethra by scar tissues. It can be caused by surgery, bacterial or nonbacterial inflammation, 
sexually transmitted disease, and trauma or injury. If the narrowing happens on the posterior 
urethra, it is called a stenosis. 

3.3. Current treatments

	 Because urethral pathology severity depends on many criteria, no gold standard has 
been established [88]. Among them, the position and the length of the pathology, the age of the 
patient, and pre-existing conditions or surgery. If the patient suffers from a short non-severe 
stricture or stenosis, the most cost-effective treatment is an endoscopic urethrotomy [89]. In 
this scenario, a small tube containing instruments and a camera are inserted through the ure-
thra. The surgeon then uses a blade or a laser to incise the obstructed area. Considered a minor 
surgery, the urethrotomy is characterized by a shorter recovery time and a more nominal cost 
than a urethroplasty [89]. However, it is not suitable for more complex cases and can lead to 
more recurrences [90]. Also, it has been reported that the success rate is low after the first ure-
throtomy [91].   

	 If the stenosis or stricture is not severe, a dilatation can be applied. Dilatation consists 
of introducing a tube in the urethra until it reaches the narrowing. By adding air to the tube, 
its diameter increases to exert pressure on the wall of the urethra to allow the liquid to pass. 
Unfortunately, studies showed that the fibrous tissues causing the narrowing continue to grow, 
leading to recurrences. In the last case scenario, a stent can be placed inside the urethra to 
maintain the opening. 

	 Urethroplasty represents an alternative to urethrotomy to treat more complex cases [89]. 
A urethroplasty is characterized by an autologous reconstruction of the urethra using genital or 
non-genital tissues, such as tunica vaginalis (serous membrane covering the testicles), penile 
or scrotal skin flaps, or buccal/lingual mucosa graft. The latter can also be used to treat hypo-
spadias and epispadias. However, surgeons are facing many disadvantages. Among them, the 
quantity of tissues that can be harvested is limited, representing a challenge for long strictures 
[92]. Furthermore, comorbidities, such as scars and complications, may occur at the donor site 
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(e.g. difficulty to open the mouth [92], scars on the testicle, etc.).  

	 In last resort, patients who have undergone many failed surgeries and/or have a very 
complex case can be treated using a catheter to permanently connect the bladder to an external 
bag, allowing the excretion of urine. However, frequent visits to hospitals and many complica-
tions, such as a high risk of infection, significantly reduce the patient’s quality of life [93].

3.4. Alternative solutions (including tissue engineering)

	 To avoid the necessity of harvesting autologous tissues and the associated complica-
tions, tissue engineering could represent an alternative. Indeed, the reconstruction of function-
al urethral tissues using only a tiny biopsy could provide adequate treatment for patients with 
complex anomalies. However, the engineered tissue must be biocompatible, fulfill the func-
tions of the native tissue, support a vascular network, exhibit proper mechanical proprieties, 
allow intercellular communications and cell adhesion, and its differentiation and migration. 
Currently, the use of engineered tissues is limited by the high costs and the duration of produc-
tion. 

	 In order to reduce the costs, synthetic biomaterials like poly PLA and PLGA have been 
tested. They provide a solid base onto which cells can be seeded, with modellable mechanical 
resistance and limited risk of contamination with xenogenes [94]. Unfortunately, studies have 
shown that synthetic biomaterials do not offer suitable environments for epithelial cell differ-
entiation, limiting the biologic function of the obtained tissue [95]. Also, hydrolytic products 
can be released during their biodegradation that can cause inflammatory reactions [95]. 

	 To bypass the adverse effects of synthetic biomaterials, scientists have tested natural 
biomaterials like scaffolds produced with collagen type I or silk. For example, silk fibroins 
exhibit good biomechanical proprieties, such as elasticity, biodegradability and biocompat-
ibility. Pre-clinical results are encouraging, demonstrating efficient urothelium regeneration 
and smooth muscle cells [49], but further research is necessary to examine the clinical and 
long-term effects. 

	 On the other side, decellularized ECM has been tested as a biomaterial. They are animal 
matrices or cadaveric organs that were decellularized through chemical, physical or enzymatic 
treatment. Among them, SIS, BAMG, pericardium, and acellular corpus spongiosum matrix 
have been intensely studied [46,94]. The main advantages are maintaining the architectur-
al, mechanical, and chemical proprieties of the native tissue while eliminating the biological 
components that can cause immune reactions [94]. However, studies have shown that a small 
quantity of residual deoxyribonucleic acid (DNA) could remain, causing an immune risk for 
the patient [96].
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	 Furthermore, this technique has been proven to be effective only on reconstructions 
smaller than 0.5cm. Indeed, the patient's cells have limited migration capacities on the matrix 
[97]. This problem could be overcome by seeding patient cells onto the decellularized matrix 
[98]. Unfortunately, the vascularization of those tissues remains limited, which increases the 
chances of necrosis or ischemia, ultimately leading to graft failure [99].   

	 In order to gather the advantages of synthetic and natural biomaterials, it is possible 
to strengthen a collagen type I scaffold with synthetic materials. This combination creates a 
hybrid biomaterial with synthetic mechanical resistance and natural biocompatibility [100]. 
Furthermore, this hybrid type shows better results than substitutes using only collagen materi-
als in elastin deposition and cell arrangement [101]. 

	 Relatively new technology consists of intelligent biomaterials. These biomaterials are 
considered "intelligent" because they can react to different stimuli, such as light, pH, ionic 
strength and temperature [95,102,103]. Of particular interest, biomaterials were designed to 
expand in the presence of a stimulus and to return to its natural shape when over [104]. This 
principle can be adapted to the urethra with a graft capable of returning to its shape after erec-
tion or urine passage. Even if there is limited research on the subject, the results are promising.

	 Another alternative consists of bioprinting 3D substitutes, allowing the total control 
of the microarchitecture of the tissue. Living cells are printed inside a biomaterial adapted to 
patients. Zhang et al. succeeded in producing a urethral substitute with the same mechanical 
proprieties as the native tissue, using primary urothelial cells and smooth muscle cells printed 
inside a mix of hydrogel and PLCL [L‐lactide‐co‐ɛ‐caprolactone) [105]. Even though this 
technology is promising, its use is limited by the availability and cost of bio-ink [106]. Also, 
the size and the complexity of the tissue produced are limited, and the process is long [107]. 

3.5. Self-assembly

	 As previously discussed in this chapter [Figure 2], the self-assembly method can be used 
to produce tissues from patients' cells without exogenous scaffolds. The flat tissue model can 
be used in reconstructions that involve only a section of the circumference of the urethra. For 
pathologies affecting the whole circumference, tubular structures have been developed [Figure 
5]. Previously used to fabricate blood vessels [108], the tubular self-assembly technique has 
been adapted for urethral reconstructions [109]. First, mesenchymal cells are cultured with 
ascorbate for four weeks to produce a sufficient ECM sheet. The sheet is then rolled around a 
mandrel to form a tubular structure and cultured with ascorbate for an additional two to four 
weeks to allow fusion of the multiple layers. Next, the mandrel is removed, and epithelial cells 
are seeded into the tube. The tissue is then placed in a bioreactor for two weeks. This flow en-
sures the maturation of the epithelial layer in dynamic conditions, leading to a ready to graft 
tissue. 
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4. Challenges and perspectives 

	 The lower urinary tract, including bladder and urethra, presents pathologies, which may 
require organ reconstruction. Tissue engineering can be an alternative for the most severe 
cases, including those presenting complications and recurrences. Indeed, some of the current 
treatments (e.g. enterocystoplasty] are still used by clinicians because no other alternatives are 
available, even if the tissues used for these surgeries have functions that differ significantly 
from those of the urinary tract tissues. In many cases, those grafts could not fulfill the primary 
function of the organs but also present side effects. To circumvent these inconveniences, re-
constructing organ-specific substitutes using the self-assembly technique without adding an 
exogenous scaffold can represent an alternative for these patients; however, the latter present 
inconvenient and challenges. 

	 One of the drawbacks of the self-assembly protocol, especially in severely burned pa-
tients, is the time required to produce the substitute. The production requires about two months, 
a longer time than the competitors using exogenous matrices, synthetic, natural or decellular-
ized. However, in the context of the repair or replacement of sections of the lower urinary tract, 
the cases are rarely life-threatening, especially for the cases of congenital anomalies. 

	 It should also be noted that, as a corollary, the cost of production is higher than the 
biomaterial produced by the industry. Nevertheless, as substitutes produced using the self-as-
sembly technique show, contrarily to many grafts prepared using biomaterials, a better level of 
differentiation of the epithelium offers a barrier function as soon as the graft is in place. Thus, 

Figure 5: Production of urological tubular models using the self-assembly technique. The production of the tubular 
model takes longer than the flat model due to the time required to obtain a complete fusion of the rolls. The step of 
maturation of the urothelial cells is done in dynamic conditions using a bioreactor. 

	 Like the bladder substitutes, a genitourinary tubular tissue has been produced using the 
self-assembly method using human dermal fibroblasts and porcine urothelial cells.  The re-
constructed urethra exhibited adequate mechanical resistance and burst pressure [109]. Then, 
human urothelial cells were used for subsequent reconstructions, and tubes were matured in 
bioreactors. In contrast to static culture, dynamic culture allowed better differentiation of the 
urothelium, showing histological proprieties close to the ones of the native tissue, with a sig-
nificantly improved expression of keratin-20 and uroplakins [110].
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it potentially lowers the rate of recurrence and complication. Consequently, it should reduce 
the overall cost for the healthcare system. 

	 In the reconstruction of substitutes using organ-specific cells, a biopsy from the patients 
is needed. Unfortunately, some patients, especially those suffering from congenital anomalies 
or cancer, may present cells that cannot be used [111]. It is the case for self-assembly but also 
for all techniques using organ-specific cells. Nevertheless, shortly, the use of induced pluripo-
tent stem cells (IPSC) could allow, from a simple blood sample, to obtain the different cell 
types needed for the reconstruction. 

	 Finally, even if the ECM architecture and the microenvironment of substitutes produced 
by the self-assembly protocol using organ-specific cells are very close to native tissues, they 
remain simple, comprising 2 or 3 types of cells, which is far from the complexity of the native 
tissues. Nevertheless, this model complexification could lead us soon to produce more com-
plex organs, such as kidneys or prostate.

	 Among the challenges to be met, the production of thick and then endothelialized tissue 
is on track to be completed. Indeed, whether the objective is to reconstruct tissues for trans-
plantation or to conceive models as complete as possible, vascular network formation within 
the 3D tissue is essential. For example, the early stages of metastasis or the diffusion dynamics 
of various factors within the tissue [112] could be better studied in such models. Creating a 3D 
network of capillaries inside tissues produced by the self-assembly technique has been done 
using several approaches, which have given interesting results in the clinic by demonstrating 
that tissues produced with these approaches were perfused more quickly than non-endothelial-
ized tissues. Initially, the surface of ECM sheets was seeded by human umbilical cord vein en-
dothelial cells (HUVEC) or microvascular endothelial cells (MVEC) just before the stacking 
step to form an endothelialized stroma [113,114]. Recently, another technique was introduced. 
The HUVEC / MVEC were seeded with the stromal cells to produce the sheet and formed a 
capillary network throughout its entire thickness [115]. It was then possible to reseed endo-
thelial cells and stromal cells on the ECM sheet to thicken it and homogenize the distribution 
of cells. Reseeded sheets can also be stacked to have a network of capillaries harmoniously 
distributed in relatively thick tissue.

	 Personalized medicine is the future medicine where each person can receive appropriate 
treatment for the pathology that affects him or her, adapted to each unique profile [116-119]. 
In this future, health costs will be reduced by avoiding the use of expensive drugs that may 
not prove helpful for a specific person, therefore, shortening treatment times and reducing side 
effects. Still unimaginable a half-century ago, but today within our reach, the development of 
complex research models from a patient's cells where all aspects could be parameterized and 
controlled, unlike current cellular or animal models, open new ways to discover better 
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treatments. Also, people will be able to have access to a range of tissues reconstructed in the 
laboratory with their cells and therefore perfectly immuno-compatible, having a degree of dif-
ferentiation, and therefore functionality, as high as possible, allowing a return to a better qual-
ity of life. Thus, direct clinical applications and advancement of knowledge originating from 
tissue engineering now have the potential to change the face of medicine. 
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