bioengineering m\py

Review

Tissue Engineering for Penile Reconstruction

Elissa Elia I'*, Christophe Caneparo 1'*:#{0, Catherine McMartin 2(7, Stéphane Chabaud !

and Stéphane Bolduc '/%*

check for
updates

Citation: Elia, E.; Caneparo, C.;
McMartin, C.; Chabaud, S.; Boldug, S.
Tissue Engineering for Penile
Reconstruction. Bioengineering 2024,
11,230. https://doi.org/10.3390/
bioengineering11030230

Academic Editor: Jinku Kim

Received: 8 November 2023
Revised: 19 February 2024

Accepted: 23 February 2024
Published: 28 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre de Recherche en Organogéneése Expérimentale/LOEX, Regenerative Medicine Division,
CHU de Québec-Université Laval Research Center, Québec, QC G1J 174, Canada;
elissa.elia@crchudequebec.ulaval.ca (E.E.); christophe73.caneparo@gmail.com (C.C.);
stephane.chabaud@crchudequebec.ulaval.ca (S.C.)

Division of Urology, Department of Surgery, CHU de Québec-Université Laval, Québec,

QC G1V 4G2, Canada; catherine.mcmartin.1@ulaval.ca

*  Correspondence: stephane.bolduc@fmed.ulaval.ca; Tel.: +1-418-990-8255

These authors contributed equally to this work.

1 Current address: Department of Pediatrics, Gynecology and Obstetrics, Faculty of Medicine, Geneva
University Hospitals, University of Geneva, CH-1205 Geneva, Switzerland.

Abstract: The penis is a complex organ with a development cycle from the fetal stage to puberty. In
addition, it may suffer from either congenital or acquired anomalies. Penile surgical reconstruction
has been the center of interest for many researchers but is still challenging due to the complexity of
its anatomy and functionality. In this review, penile anatomy, pathologies, and current treatments
are described, including surgical techniques and tissue engineering approaches. The self-assembly
technique currently applied is emphasized since it is considered promising for an adequate tissue-
engineered penile reconstructed substitute.
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1. Introduction

The penis can be subject to various congenital conditions, e.g., hypospadias or acquired
pathologies, e.g., narrowing. Medical or surgical treatments are currently available but
should be improved to improve patients” quality of care and life. In the most challenging
cases, a new technology, tissue engineering, could make a difference. It could be beneficial
to circumvent the lack of adequate tissue to graft and reduce potential comorbidities
associated with the donor site. Much progress has been made since the appearance of this
new technique, but much remains to be done. Currently, technologies have been developed
to meet the clinical needs corresponding to the different tissues making up the penis and
could ultimately lead to a complete reconstruction of this organ.

Penile development is a complex process starting during the fetal stage and pursuing
until puberty. This process involves many biological components, such as enzymes and
cytokines, which play an essential role in tissue development and maturation. Genetic and
environmental factors can affect normal penile development, leading to specific anomalies
and lack of functionality [1]. While some of these anomalies may only be aesthetic, some
patients experience reduced or suppressed organ functionality. The penile malfunctions
range from failed voiding to sexual and impaired fertility issues, which can also impact the
psychology and sociability of patients [2]. The affected children typically require surgical
treatment, which remains a tremendous aesthetic, functional, and anatomic challenge.

Furthermore, surgical techniques continuously evolve over the years, mainly due
to the high rate of complications and recurrences [3]. In addition, each surgery requires
a significant amount of adequate tissue, which could become problematic in cases of
recurrence since the same donor area can only be harvested once. Therefore, due to the
potential lack of available tissues to perform the surgeries, efforts have been made to think
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outside the box [4]. Whether cellular or acellular, many biomaterials have been tested to
perform surgeries, but the resulting recurrence rate still needs to be lowered [4].

The other common urethral disorder is its narrowing, called stenosis or stricture
when it affects the anterior urethra. Male urethral stenosis most often results from injury,
instruments, non-infectious inflammatory conditions of the urethra, hypospadias surgery,
and, finally, sexually transmitted diseases [5]. Urethral strictures result in more than 5000
inpatient visits yearly in the USA. Yearly office visits for urethral stricture numbered almost
5 million between 1992 and 2000 [6]. The total cost of urethral stenosis-related diseases
in the United States was approximately $300 million in 2010. The annual cost of health
spending is still increasing by more than 6000 USD per person after a diagnosis of urethral
stenosis [7]. Patients with urethral stricture also appear to have a higher rate of urinary
tract infection (41%) and incontinence (11%) [8].

In this review, we describe the penile anatomy, the different common penile patholo-
gies and anomalies, and the current surgical options. On the other hand, the ascending
impact of tissue engineering and its various applications will be discussed. However, any
cell therapy treatment and cosmetic surgeries will be excluded from this article.

2. Penile Anatomy

An overview of the normal penile anatomy will be given in this paragraph. In addition,
vascular and neural anatomy will be briefly discussed due to their critical roles in penile
function. Indeed, this anatomy must be considered during penile reconstruction. Otherwise,
dysfunction and recurrence may result in some patients.

The human penis is the male organ of urination and copulation and is composed of an
anterior and a posterior urethra (Figure 1A). It includes different tissues whose roles are
critical to maintaining their functionality. Two dorsolateral corpora cavernosa are located
side by side on the dorsal part of the penis (Figure 1B). Cylindrical in shape, they are part of
the erectile tissues. They become engorged with blood during the erection phase, allowing
the penis to stand up and maintain itself. The tunica albuginea is an extensible tissue rich
in elastin fibers, which envelope the corpora cavernosa. By constricting the deep dorsal
vein, blood cannot leave the penis, and the erection is maintained.
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Figure 1. Schematic penile anatomy. (A) Penile top view showing the different parts of the anterior
and posterior urethra. (B) Penile cross-section view showing the organization of the different
components of the penis.
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The corpus spongiosum is located on the ventral side of the corpus cavernosum and is
part of the erectile tissues. It surrounds the urethra from the prostate to the urethral meatus,
which allows the urine and semen to be transported. The male urethra is divided into
four regions, internally lined by different waterproof epithelia that avoid contact of urine
with the neighboring tissues. The prostatic urethra is lined with transitional epithelium
(urothelium). The membranous urethra is a transition region between the urothelium and
pseudostratified columnar epithelium. The bulbous urethra and the pendulous urethra are
lined with pseudostratified columnar epithelium. The fossa navicularis, the distal portion
of the urethra, just proximal to the external urethral orifice (meatus), is lined with squamous
epithelium continuous with that of the glans [9]. This cellular organization is also found
in the oral mucosa. These cells lay on the basal lamina and lamina propria, which allows
innervation, vascularization, and exchanges between the epithelial cells and the underlying
tissues [10]. A muscular layer surrounds the urethra, allowing it to compensate for the
increase in pressure during the passage of urine and facilitate its excretion.

The penile vasculature comprises three arteries: cavernosal, dorsal, and bulbourethral.
They all arise from the internal iliac artery through the internal pudendal artery. The deep
dorsal artery enables glans spongiosum enlargement during erection. The cavernosal artery
allows corporal enlargement. Those three arteries communicate as a network through an
anastomosis near the glans. Only one deep dorsal vein above the tunica albuginea provides
the blood a way out. Blood exit is possible through drainage from the corpora cavernosa
with emissary veins and from the corpus spongiosum with circumflex veins [11].

Penile innervation is composed of dorsal, cavernosal, and perineal nerves. Dorsal
nerves transport sensation to the penile skin. The perineal nerves supply the ventral shaft
skin, the frenulum, and the bulbospongiosus muscle. Cavernosal nerves are believed to
exchange signal communication implicated in erectile function [12]. Due to this anatomic
specificity, correction of congenital /acquired penile malformation like curvature or stenosis
can result in nerve damage and dysfunction.

In the next part, the related common penile pathologies will be discussed.

3. Common Penile Pathologies, Anomalies, and Treatments

Pathologies affecting the urethra can be classified into two major groups: congenital or
acquired [13] (Figure 2). As previously discussed, penile development is a complex process
starting during the fetal stage and pursuing until puberty with many involved critical
factors. In addition, a significant proportion of genitourinary malformations affect the penis.
Congenital and acquired anomalies of the penis usually involve anatomic abnormalities and
aesthetic discomfort. In addition, surgical repair is needed when the function is impaired
or cosmetic correction is desired. Several excellent reviews have been written and can be
read with profit [14-20].

Urethral reconstruction has received much attention recently due to the recurrence of
urethral strictures after treatments. Various surgical techniques have been developed [41].
Urethral stricture can be treated by urethral dilation and urethrotomy. However, in long
urethral strictures, substituting urethroplasty with genital skin and buccal mucosa grafts is
the only option [42]. The current gold-standard therapeutic approach for complex urethral
strictures usually involves reconstruction with autologous tissue from the oral mucosa [43].
However, surgical procedures are associated with severe complications, such as fistulas,
urethral strictures, and dehiscence of the repair or recurrence of chordee [44,45]. Moreover,
there are multiple situations whereby buccal mucosa is inadequate or inappropriate for
utilization [46].

Penile tissue fibrosis can be treated using cell therapy: mesenchymal stem cells (MSCs)
have proven to be the most effective, with a plethora of preclinical data suggesting the
benefit of stem cells for use in penile fibrosis [47]. Stem cell therapy has a promising future
in pediatric urological conditions [48,49].
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PENILE PATHOLOGIES
CONGENITAL ACQUIRED

Figure 2. Representation of the most common penile pathologies. The left/brown half is for
congenital penile anomalies, whereas the right/green half is for acquired penile pathologies. A larger
size of the circle indicates a more significant incidence in the population (without being proportional).
The references describing the pathologies are shown below. Congenital penile pathologies: hypospa-
dias [1,20-25], chordee [26], epispadias [27], phimosis [28-30], and micropenis [31,32]. Acquired
penile pathologies: Peyronie’s disease [33,34], stenosis [6,8], lymphoedema [35-37], priapism [36-40],
penile fracture [37], and buried penis [30].

Priapism treatment often uses an intracavernosal injection of a sympathomimetic
agent and shunt procedures that create a connection with the corpus cavernosa and a
neighboring structure [50]. A novel penoscrotal decompression technique has recently
been described. Early treatment with super-selective embolization can be required [51].
Surgical interventions have consisted primarily of penile revascularization surgery for
arterial insufficiency and penile venous surgery for corporoveno-occlusive dysfunction,
whatever the mechanism.

Penile vascular surgery for treating erectile dysfunction (ED) is still regarded cau-
tiously, but the surgical effectiveness remains debatable and unproven [52-54]. Further-
more, no complete restoration of erectile function is possible with the currently available
techniques [55].

As for Peyronie’s disease, allotransplantation and penile implants are emerging strate-
gies for treating all kinds of penile anomalies [17,56]. However, even if patients demon-
strated viable grafts and natural erection, some patients developed a urinary fistula and
graft rejections [57], which correlated with the results of the first penile transplantation
in the USA [58]. In addition to needing re-operations, penile transplantation requires
lifelong immunosuppression, exposure to malignancies and opportunistic infections for a
non-life-threatening disease [59].

Despite the use of a variety of tissues to correct penile pathologies, two severe limita-
tions of the currently used treatments exist: availability of a sufficient amount of adequate
tissues and post-graft complication. For example, we highlight the case of urethral re-
pair. Markiewicz et al. reviewed 1267 studies on the use of oral mucosa in reconstructive
surgery from 1966 to 2006. Oral mucosa-based urethroplasty has been used in 1353 cases
for urethral strictures and hypospadias/epispadias [15], with a success rate of 66.5% and
76.4% [60]. However, many complications are encountered. The removal of this tissue
has disadvantages in more than 80% of patients [61], such as pain, numbness, submucosal
scars, dry mouth, lesions [62], neurosensitive defects, discomfort [63], disorders of the
opening of the mouth (contracture), and risks of oral infections. In addition, compared to
the autologous urethral tissue, these substitutes have a limited barrier function for urine,
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a particularly toxic product. This can then lead to complications (strictures, failure of the
transplant, etc.) [64]. In addition, even if mucosa can be harvested from both cheeks, the
amount of tissue that can be harvested from a donor site is limited, which can be problem-
atic, especially in the case of prolonged urethral deficits. It should also be noted that the
mucosa cannot be harvested twice from the same site, further limiting surgical options in
the event of complications or recurrence of the pathology [65-67]. Donor site morbidity is
16 to 32% for buccal mucosa graft [68]. To overcome these difficulties, alternative methods
for urethral reconstruction are required. Tissue engineering can be a solution. Indeed,
using tissue-engineered grafts may prevent complications, thus reducing health costs and
improving the patients” quality of life.

4. Tissue Engineering

Tissue engineering is an expanding scientific field that involves many scientific dis-
ciplines, such as cell biology, chemistry, physics, toxicology, mechanical and electrical
engineering, etc. Its main objective is reconstructing tissues or organs in vitro [69-72].
These substitutes can be used for clinical applications such as grafts or biological dressings.
They can be used to produce models for studying physiological or pathological biological
processes [73,74].

Its principle is based on the association of four elements (Figure 3): first, the cells
can present more or less stemness and come from different stages of development [75,76].
Nevertheless, for clinical applications, autologous cells should be favored. The ideal for
research models is to use cells from the animal and the target organ when available: horse
lung cells to study equine asthma [77] or cells from the human bladder to model bladder
cancers [78].

- Casting
- Electrospinning
- Bioprinting
- Cell-sheet stacking
- Self-Assembly
- Somatic cells
including some
stem/progenitor
cells)
- Fetal stem cells

- Synthetic
- Neonatal stem cells - Hybrid
- Adult stem cells - Natural
(ASFS, MSCs, ..) - Decellularized
- Embryonic stem cells matrices

- Induced pluripotent
stem cells

- Self-Assembled

- Serum containing
medium

- Serum-free medium

- Xenogen-free medium

Figure 3. Principles of tissue engineering. Tissue engineering is the association between the cells,
the scaffold, the technique, and the cell culture medium.

The second element is the scaffolding, which is used to give shape to the tissue/organ
to be reconstructed but whose nature has significant implications; in particular, it provides
adequate mechanical resistance or signals promoting proliferation and differentiation of
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the cells, which will be used [79-82]. There is a vast variety of materials that can be used
and have been described [16,44].

The third element that enters the equation is the technique used to produce the scaf-
fold [16]. This can significantly influence the physicochemical parameters of the resulting
tissue, even with identical biomaterial. For example, the porosity of a scaffold produced
by electrospinning or moulding can be substantially different, just as the cohesion of other
materials can be improved depending on the technique used. Techniques can also be
combined to produce a result closer to expectations.

The fourth and final element we often underestimate is the culture media in which
the cells will be cultivated [83-87]. These media not only allow the cells to proliferate on
the surface or inside the material by providing it with signals, often in the form of growth
factors, but also allow the cells to differentiate to play their role, such as the formation of a
barrier to urine for epithelial cells [88,89] or the formation of a muscular structure to allow
contractions [90,91].

In this review, we will mainly discuss the materials used.

4.1. Urethroplasty
4.1.1. Synthetic Biomaterials

Non-degradable biomaterials: Non-degradable biomaterials such as silicone and poly-
tetrafluoroethylene (PTFE) have been tested for tissue reconstruction. Many complications
have been found, such as calcification, fistula formation, chronic hematuria, formation
of stones, and significant contraction up to 50% of the initial length. The success rate is
meagre, explaining these biomaterials’ fall out of favor [92,93].

Degradable biomaterials: Research then turned to degradable biomaterials, allowing
tissue growth while the scaffold resorbs over time in a controlled manner. Synthetic
biomaterial biodegradation duration generally varies from several days to months [94].
Incorporating cells into the scaffold improves the biocompatibility and maintenance of
the tissue because the cells contribute to the remodeling process. It is mainly due to the
synthesis of the components of the extracellular matrix, which are essential for the long-
term survival of the implanted construction. Indeed, proper synchronization between the
biodegradation of the scaffold and the production of cellular components is crucial for
the success of the transplant. In addition, the substitutes must match the replaced tissue’s
mechanical characteristics and allow its manipulation and suturing [95].

The most studied synthetic biomaterials are linear polyesters such as poly-lactic acid
(PLA), poly-glycolic acid (PGA), poly-lactic-co-glycolide (PLGA), and copolymers and
polycaprolactone (PCL) [96]. They have the advantage of being biocompatible 3D scaffolds
with low cost and malleable mechanical properties. Therefore, they allow rapid and
reproducible results with a low risk of contaminants, available every time (some being off
the shelf). In addition, they will enable the incorporation of substances such as growth
factors [94]. Despite this, these biomaterials have drawbacks, mainly the long-term effects
of matrix degradation products, which are little known and can, for example, exacerbate
inflammatory reactions. In addition, the environment is inadequate for the differentiation
and organization of epithelial cells, which can lead to non- or poorly functioning tissue,
allowing the passage of urine through the tissue and, therefore, the formation of stenosis
through inflammation and the graft [97,98].

4.1.2. Intelligent Biomaterials

“Intelligent” biomaterials have recently emerged, reversibly responding to temper-
ature, ionic strength, pH, or light [94,99,100]. Signaling molecules, such as extracellular
matrix components or growth factors, can be loaded onto these biomaterials. Delivery
can be triggered using external stimuli (e.g., pH, temperature, or light) or carried out as
the scaffolds are biodegraded [101]. These intelligent biomaterials are mainly studied
for the administration of drugs and medical device applications [94] but can be adapted
for urological use. Thermosensitive polymers represent the most significant part of these
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biomaterials. Depending on the temperature, the solubility of thermosensitive polymers
in aqueous solutions is modified. The most temperature-sensitive polymer in water is
poly (N-isopropylacrylamide) (PNIPAM) with a critical temperature of the solution lower
than 32 °C, which makes the polymer particularly applicable in biology [102]. Shape
Memory Polymers are another intelligent biomaterial first studied in vascular and bone
tissue engineering [103,104]. These materials were considered relevant in the context of
urinary stimuli. Indeed, these polymers have the distinction of existing in an original form
and being able to stay temporarily in another shape. The return to the original condition
occurs upon exposure to a stimulus, usually heat [105]. In the urethral context, it can stretch
during erection and return to its original form during detumescence, which gives it interest.
Other intelligent biomaterials are still in the early stages, such as acellular heparin-collagen
with growth factors [106] or the stress-induced rolling membrane [107].

4.1.3. Natural Biomaterials

Silk fibroin: Other natural polymers have been tested for urethral reconstruction,
particularly polymers derived from Bombys mori cocoons, such as silk fibroin [108,109],
previously used to make sutures. Their main advantage compared to other natural and
synthetic biomaterials is their excellent physical characteristics (elasticity and resistance to
tearing) [94]. Panilaitis et al. have shown that, in comparison to SIS, silk fibroin induces
fewer immunogenic and inflammatory responses, suggesting better biocompatibility com-
pared to conventional urological biomaterials [110]. Chung et al. demonstrated that using
a bilayered silk fibroin scaffold in rabbits allowed tissue regeneration like traditional SIS
matrices with reduced immunogenicity. However, this biomaterial comprises only two
elements: silk fibroin (75%) and sericin (25%), which remains far from the native tissue.

Furthermore, biodegradability is very long or even nonexistent [111]. Silk fibroin/keratin
films improved mechanical properties when blended with gelatin. After mixing with
calcium peroxide, an oxygen-generating substance, the films generated high oxygen levels,
promoting enhanced cellular growth and demonstrating antibacterial ability. A preclinical
trial showed the feasibility of applying this scaffold for repairing urinary tract defects.
Overall, this study suggests that the keratin/silk fibroin scaffold has the potential to be a
viable option for urinary tract tissue engineering, but further research is needed to fully
assess its safety and efficacy in vivo [112]. Recently, a bi-layer silk fibroin graft for tubular
urethroplasty in a porcine defect model was developed [113]; such a material could be
tested for urethroplasty soon.

Collagen: Collagen is also used to create scaffolds for tissue reconstruction. A study
completed in 2016 by Pinnagoda et al. showed increased burst pressure and weak suture re-
tention values when tubular acellular collagen scaffolds were used for urethral regeneration
in rabbit models. Collagen scaffolds showed good biocompatibility and gradual regen-
eration with time. No postoperative complications were observed in 60% of all animals.
However, stenosis and fistulae formation were seen in 40% of the animals (20% for each
of these complications) [114]. Several improvements have recently been performed using
these hydrogels, but further studies remain necessary to evaluate the potential of collagen
type I for urethral reconstruction [115]. Collagen type I scaffolds need to be cross-linked to
slow down enzymatic degradation and enhance their mechanical properties, but this could
cause the loss of their natural characteristics [116].

Decellularized matrices (SIS, BAM): On the other hand, so-called “natural” bioma-
terials have been studied in parallel with synthetic ones. They include animal matrices
or human cadaveric organs, which have been decellularized enzymatically, physically, or
chemically to obtain an acellular matrix whose mechanical properties and biochemical
environment are identical to native tissues. The main acellular matrices studied in vivo
for repairing penile tissues are the “Small Intestinal Submucosa” (SIS) and the “bladder
acellular matrix” (BAM) [117]. The SIS is mainly formed from the submucosa of the small
porcine intestine, where the mucous, serous, and muscular layers are mechanically removed
from the inner and outer surfaces of the intestinal wall to leave a 0.1 mm collagen-rich
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membrane [118,119]. In vivo, animal experiments and pilot studies in humans have shown
that this material can replace the urethra thanks to rapid cell ingrowth and significant
angiogenesis, comparable to skin and mucosal grafts [120-122]. Furthermore, these bioma-
terials are entirely biodegradable in four to eight weeks, can stretch under force, and have a
low tendency to tear [123]. Recently, the decellularized urethra has been evaluated in vitro
and proved to have the potential to be used for tissue engineering applications [124].

However, there exists a balance between a real immune risk due to the presence
of residues of biological elements in these tissues (DNA, prion) [125,126] and reduced
immunogenicity due to the high similarity of the decellularized matrix compared to the
native tissue [127]. Another limitation is the limited vascularization of these tissues, which
can induce necrosis of the implanted biomaterial. Furthermore, one of the significant
problems with acellular matrices, as shown by the experience in rabbits by Dorin et al.,
is that urothelial regeneration on the surface of the acellular graft is limited to 0.5 cm,
which compromises success in more complex cases, such as long urethral stenosis [128]. In
addition, this biomaterial does not allow mature tissue to fulfill its waterproof function.
It is, therefore, necessary, after urethral replacement, to carry out a period of “urinary
diversion” to allow the tissue to mature and become functional in preventing extravasation
of urine and early local irritation and, therefore, the risk of secondary inflammation and
scarring [129]. Other techniques implementing hydrophobic multilayer SIS to reduce
urine leakage have also been implemented, but these systems still need to satisfy all the
necessary constraints.

Despite the apparent benefits of SIS, the clinical results have been poor, with infections
being the most significant limitation [122,130]. The donor’s age and the intestine area from
which the SIS matrix is derived impact the regenerative potential, which has prevented
this biomaterial from being considered ideal for urethral repair [131]. Bladder Acellular
Matrix (BAM) is another example of a decellularized matrix that has successfully shown
regeneration of the urethra in vivo in rabbits [132,133]. Despite the rigorous and efficient
decellularization process, as for SIS, residual immunogenic components are found in BAM,
such as DNA, which can induce functional failures or even inflammatory reactions and,
therefore, rejection of transplants [134]. Another limitation of this type of biomaterial is the
significant variability from one batch to another, necessitating process improvement before
BAM can be applied in tissue engineering [94].

Despite the moderate success of degradable biomaterials in preclinical studies, the
transition in the patient remains a significant challenge today. Natural and synthetic
materials have been combined to produce hybrid biomaterials that better meet clinical
performance requirements. The properties targeted for tissue engineering applications are
mechanical resistance, cellular affinity to attract surrounding cells, porosity, biocompati-
bility, and biodegradability to renew the extracellular matrix. Current efforts are mainly
focused on determining the appropriate biomaterial and its synthesis for applications
in biology.

4.2. Tissue Engineering for Peyronie’s Disease Correction

To circumvent these inconveniences, natural and synthetic biomaterials have been
tested. Despite the advantages of polytetrafluoroethylene (PTFE) and polyethylene tereph-
thalate (PET) (cost, availability, low risk of contamination, etc.), severe fibrosis, inflam-
mation, impotence, and low satisfaction rate have been found and led to loss of interest
in them [135]. Ferretti et al. compared an acellular or cellularized PGA scaffold with
autologous fibroblast in rats for Peyronie’s disease. They showed that, at four months, a
significantly higher retraction was found in the acellular biomaterial than in the cellular-
ized one. Furthermore, erectile response to cavernous nerve stimulation was significantly
higher in the cellularized biomaterial [136]. Kershen et al. seeded smooth muscle and en-
dothelial cells onto biodegradable polymers and successfully implanted them into athymic
mice [137]. Despite progress, functional restoration of the corpora cavernosa with synthetic
biomaterials has been limited.
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Recently, a bi-layer silk fibroin graft has been used on a rabbit model as a substitute
for tunica albuginea in a corporoplasty experiment. The results seem satisfactory, with a
reduction of the expression of contractile proteins with a lower extent of fibrotic tissues,
contrary to what is observed when SIS or tunica vaginalis flaps were used [138].

Concerning the natural biomaterials, Knoll et al. tested SIS as a graft to correct penile
curvature on 148 patients with a follow-up of 6 to 96 months. Curvature recurrence ap-
peared in only 9% of patients, with a postoperative complication of only 5%. More than
87% of patients indicated having no erectile dysfunction [139]. However, other studies have
shown a much higher complication rate of 37%, including infection, curvature recurrence,
and hematoma [140]. The cadaveric pericardium has been tested in 11 patients with a
resolution of curvature in 81%, but long-term follow-up resulted in difficulties in main-
taining an erection [141]. Another study using pericardial graft in 81 men resulted in 75%
satisfaction with the same or better postoperative penile rigidity in 68% of patients [142].
Acceptable results have been obtained using cadaveric dura mater graft, but the report
indicated the risk of contracting Creutzfeld—Jacob Disease [143].

Cadaveric and xenograft materials are commercially available for Peyronie’s disease.
However, poor structural integrity outcomes of tunica albuginea were found, which added
fibrosis, inflammation, and contraction of the grafted area [144]. Allotransplantation [145]
and penile implants [146] are emerging concepts which are highly effective in restoring
penile functionalities, but life-long immunosuppression and considerable costs are the main
disadvantages. Finally, the application of commercially available hemostatic agents like
high-density collagen gel tubes has been tested in a rabbit model without suturing [147].
However, residual curvature has been found with weaker erections and resultant fibrosis.

4.3. Corpus Cavernosum Replacement Strategies

Excellent reviews have been published on this subject and can be referred to for more
information [17,148]. Many studies have been undertaken to reconstruct an adequate
substitute for the corpus cavernosum. Initial studies were initiated by Atala’s group,
who seeded human corporal endothelial cells (EC) and smooth muscle cells (SMC) on
biodegradable polyglycolic acid (PGA) scaffolds characterized by high tensile strength,
high melting point, and degradation properties. Although these scaffolds contributed to a
well-vascularized SMC and EC growth after implantation into mice, they could not mimic
the three-dimensional penile structures. Acellular matrices (ACM), similar to native tissues,
were prepared by decellularizing the extracellular matrix to improve the structure. Subse-
quently, the organization of SMC and endothelial cells increased, forming the vascularized
corpus cavernosum. However, the vascularization pattern differed from native human
tissue as this engineered corpus cavernosum was formed ex vivo before implantation. This
might harm cellular density and erectile function [17]. Chenyang Ji et al. demonstrated
that muscle-derived stem cells (MDSCs) seeded on acellular corporal collagen matrices
(ACCMs) could reconstitute a functional corpus tissue in vivo. However, different degrees
of fibrosis and necrosis were noticed due to a lack of capillaries and adequate nutrition for
the MDSCs. More advanced studies focused on promoting the formation of blood vessels
to improve MDSCs’ resistance to hypoxia. A lentiviral vector transducing method was
elaborated to create MDSCs expressing vascular endothelial growth factor (VEGF). These
cells showed better attachment and growth than untransfected cells, which indicates that
VEGEF plays a vital role in developing a vascularized corpus cavernosum tissue in vivo and
promoting the development of MDSCs [149].

Another study by Geng An et al. was based on using three-dimensional (3D)-printed
hydrogel scaffolds with porous structures similar to those of penile cavernous tissue,
providing a suitable microenvironment for cell adhesion, growth, and migration. Heparin,
a polysaccharide with a good affinity for angiogenic factors such as VEGFE, was added
to the 3D-printed hydrogel scaffolds. On the other hand, hypoxia-inducible factor-1c
(HIF- 1or)-overexpressed MDSCs were created by lentiviral transfection. HIF-1x-mutated
MDSCs promoted neovascularization since HIF-1a is an essential transcription activator for
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regulating vascular growth factors. Heparin-coated scaffolds seeded with HIF-1a-mutated
MDSCs were implanted into injured corpora cavernosa. As a result, angiogenesis induced
by HIF-1a and VEGEF repaired the injured corpora cavernosa and restored penile erection
and ejaculation function in vivo [150].

4.4. Bioprinting

Three-dimensional bioprinting is a tissue reconstruction technique where the cells are
integrated into a cross-linkable hydrogel matrix called bioink to create 3D tissue equiva-
lent constructs in the desired pattern. Three-dimensional bioprinting requires essential
components such as 3D imaging, bioink, and a bioprinter [151].

The leading technologies used for deposition and patterning biological materials are
inkjet, microextrusion, and laser-assisted printing.

Inkjet bioprinting: This technique involves the deposition of tiny droplets of bioink,
a mixture of living cells and a biocompatible material, such as a hydrogel, using inkjet
printheads. The droplets are ejected from the printhead and deposited onto a substrate in
a precise pattern to create a 3D structure. This method is relatively inexpensive and can
produce high-resolution structures, but the high shear forces during droplet ejection can
damage the cells [152].

Microextrusion bioprinting: This technique uses a syringe or a pneumatic device to
extrude bioink through a nozzle onto a substrate, layer by layer. This technique can print
various cell types and materials, including viscous and high-density materials. However,
the resolution is limited, and the shear stress during the extrusion process can damage the
cells [152].

Laser-assisted bioprinting: This technique uses a laser to create a pressure wave that
ejects a droplet of bioink onto a substrate. This method allows for the precise deposition
of tiny droplets of bioink and can create complex structures with high spatial resolution.
However, the high cost of the equipment and the limited availability of suitable bioinks are
some of the challenges associated with this technique [152].

This technique remains challenging despite the benefits of 3D tissues with neovas-
cularization ability. The main challenges include culturing the printed construct with a
different supporting medium in a bioreactor or with any particular maturation setup. On
the other hand, nowadays, the highest possible printing resolution with a laser bioprinter
is 20 um, while small capillaries of native tissues are 3 um in diameter. In addition, the
complexity of the vascular networks has not yet been achieved in 3D bioprinting. Other
challenges are the requirement of a high number of cells, extensive research on optimal
bioink composition with good printing abilities, the shape fidelity, and the demand for
sophisticated advanced complementary bioprinting technologies with ensured environ-
ment and sterility maintenance. Bioprinting has several other difficulties, such as safety,
affordability, large-scale production for clinical translation, and ethical issues that include
the cell source and its processing procedures [151]. Bioprinting is not currently used for
penile reconstruction, but its application may be promising.

4.5. Acellularization of the Penis

Reconstruction for total penile defects is considered a unique challenge due to the
anatomic complexity of the penis. Decellularization helps maintain the structure and
functionality of the native organ and the extracellular matrix (ECM) architecture and limits
immunogenic responses. In addition, decellularized organ scaffolds provide biomechanical
support for cell adhesion, proliferation, and differentiation. Yu Tan et al. developed the
first protocol for decellularizing whole-organ human penile specimens for total penile
tissue engineering. The scaffold reported in Yu Tan et al.’s study represents the anatomical
complexity with an increased scaffold diameter due to the use of whole human organ spec-
imens with corpora and urethra rather than a single subunit. To overcome this challenge, a
hybrid decellularization scheme was applied, combining micro-arterial perfusion, urethral
tube perfusion, and standard external diffusion, followed by the recellularization of the
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scaffold with adipose-derived stem/stromal cells (ASCs). This scaffold is characterized by
a good ability to support cell attachment and growth. However, large-scale reseeding of the
entire scaffold may present a significant challenge. Furthermore, multiple cell lineages and
differentiation may be required to restore the complex cellular morphology of the penis.
Decellularizing the entire human penis is the initial step toward developing a successful
tissue-engineered human penile scaffold [153].

5. Tissue Engineering: The Self-Assembly Approach

In the last decades, a new tissue production method has been developed in LOEX,
Canada: the “self-assembly” [154]. This technique is based on the ability of fibroblast-
like cells to secrete and deposit their ECM to form cellularized sheets. The secretion of
collagen by cultured fibroblasts in a medium supplemented with ascorbate was initially
demonstrated by Sumner and Switzer [155], and the potential to form stroma by Senoo and
Hata [156] a few years later. These two studies are the basis for producing reconstructed
tissue with a scaffold free of any exogenous biomaterial. This technique has been suc-
cessfully applied to produce organs such as blood vessels and skin for severely burned
patients in the clinic [157]. Subsequently, other tissues, such as the cornea, were successfully
reconstructed in clinical trials [158]. Concerning the applications in the urology domain,
the self-assembly method allows the production of different substitutes, such as urethral
substitutes, which can be used for penile reconstruction. However, many other substitutes
can be produced, such as vaginal substitutes [159] and cancer models [160], but they will
not be described here.

5.1. Urethral Substitutes

Based on the skin and blood vessel models reconstructed at LOEX, the use of the
self-assembly technique has also been validated for the production of flat (Figure 4A) [161]
and tubular tissues (Figure 4B) [162].

The formation of a urothelium with adequate differentiation and a water-tightness
similar to the native tissue was then obtained by maturation either at the air/liquid interface
or by conditioning in a bioreactor [162].

Tissue was stimulated or not in a bioreactor. However, whatever the condition, all the
tissues, perfused or not, epithelialized or not, had sufficient mechanical strength for clinical
application (Figure 5) (Table 1) [163].

Table 1. Burst pressure of the tissue-engineered tubular genitourinary grafts compared to the native
porcine urethra.

Perfusion — - - + +

Native
Urothelial cells - - - - + porcine urethra
Weeks 2 3 4 3+1 3+1

Burst pressure

803 1133 1801 1761 1703 418
(mmHg)

Perfusion: — indicates no perfusion into bioreactor was performed; + indicates perfusion into bioreactor was
performed for the indicated time period in weeks. Urothelial cells: — indicates when no urothelial cells were
seeded into the tubular constructs; + indicates when urothelial cells were seeded into the tubular constructs.

These tissues have been implanted subcutaneously in mice and have shown excellent
transplant and survival rates [164]. Endothelialization facilitated early inosculation and
reperfusion, but its clinical benefit could not be demonstrated, probably due to the limited
thickness of the tissues. Subsequently, transplants were performed in rabbits. Despite some
technical challenges, these have been successful (Figure 6).
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Figure 4. Schematic protocol of urethral substitute production by the self-assembly method (flat

and tubular models). (A) Preparation of flat tissue (patch): The stromal cells are seeded on 6-well
plates containing a paper anchor used to limit contraction and to facilitate tissue manipulation. A
support stabilizes this anchoring. The cells are cultured in a medium supplemented with 50 ug/mL
of ascorbate. On day 28, the sheets are detached from the plastic, and three sheets are superimposed
to form a thicker tissue subjected to limited compression to allow the fusion of the cell sheets in
4 days. Then, the urothelial cells are seeded on the upper part of the construct and cultivated for
seven days in submerged condition. The constructions are then raised at the air/liquid interface
using a support for an additional 21 days to allow the epithelial cells to mature. (B) Diagram of the

“tubular” model production by the self-assembly technique. Classic tubular self-assembly technique.

The dermal fibroblasts are seeded in a cell culture plate covered with gelatin. They are grown for 28
days in the presence of ascorbate. The stromal sheet formed is tightly wound around a cylindrical
mandrel. The resulting construction is cultivated for four days to ensure the fusion of the sheets.
Once the fusion is complete, the mandrel can be removed, and the tubular structure can be perfused
to be seeded with urothelial cells. The tube is matured in a bioreactor.

Figure 5. Production and characterization of a tubular urethra produced in the laboratory by tissue
engineering with dermal fibroblasts. (A) The macroscopic appearance of the tubular tissue was
reconstructed after rolling a stromal sheet around a mandrel. (B) After urothelial seeding, the tubular
tissue is cannulated and put into a bioreactor for maturation. (C) Histological characterization of the
tubular tissue after maturation (Masson’s trichrome staining): a well-differentiated urothelium is
visible with basal intermediate umbrella cells.
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Figure 6. Macroscopic appearance of the tissues produced. (A) The appearance of flat human
urothelial tissue after production in the laboratory. (B) A flat urothelial substitute implanted on the
rabbit urethra.

However, two significant unfavorable in vitro results were noted: stiffness or lack of
elasticity and keratin 14 (K14) expression in the epithelial layer, which should be absent
from a mature urothelium but restricted to progenitor cells [165]. The native empty urethra
is arranged as a star, the branches expanding as the pressure generated by the urine flow
increases during urination [166]. This allows maximum pressure to be absorbed. An overly
rigid urethral tube could cause functional obstruction with long-term harmful effects on the
bladder. Therefore, they focused on using mesenchymal cells extracted from the urinary
tract to rebuild the tissues [165]. However, this is a challenge because these mesenchymal
cells deposit significantly less extracellular matrix than dermal fibroblasts. A recent study
by Caneparo et al. showed the variation in the strength, the strain failure, and the elastic
modulus of the substitutes reconstructed with different percentages of dermal (DF) and
vesical fibroblasts (VF) [167]. The strength, as well as the strain failure, increased with the
rate of dermal fibroblasts included in the mix. At the same time, the elasticity, which is the
opposite of the elastic modulus, decreased. These results helped to identify the best cell
composition. Combining 80% VF and 20% DF gives the optimal tissue strength, resistance,
and elasticity (Figure 7) [167].
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Figure 7. Characterization of the mechanical properties of the substitutes produced with different
ratios of vesical or dermal fibroblasts. Each symbol represents the mean of measurements of one
substitute. The 100% VF refers to the condition where the stroma of the urethra substitute was
reconstructed using vesical fibroblasts (VF) only. The 90/10 is for a mix of 90% VF and 10% dermal
fibroblasts (DF), 80/20 is for a mix of 80% VF and 20% DF, 70/30 is for a mix of 70% VF and 30% DF,
and 100% DF is for the condition where the stroma of the urethral substitute was reconstructed using
only DF. All the substitutes were produced using the hybrid technique of assemblage. (A) Maximal
strength was measured using Instron ElectroPuls E1000 (in N). (B) Failure strain in (%). (C) Elastic
modulus (inverse of elasticity) (in MPa).
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The first set of experiments used DF to produce the stroma. In this context, K14, a
protein usually expressed only in specific cells of the basal layer, was expressed throughout
the urothelium. The expression of K14 could be attributed to the use of DF, which are
non-specific cells of the urinary organs, leading to non-specific signals for urothelial cells.
Studies at LOEX have shown the importance of reconstructing tissue with mesenchymal
cells from the target organ to obtain adequate differentiation under physiological (cornea or
bladder) [165,168] or pathological (psoriatic skin) conditions [169]. Bouhout et al. showed
that contrarily to the DF-derived matrix, which led to a urothelium with an abnormal
structure, the VF-derived matrix allowed the development of a urothelium that shared
the phenotype of the native tissue [165]. A hybrid tissue mixing both cell types showed
a limited level of urothelial maturation, intermediate between both previously observed
phenotypes. These observations indicated that VF-derived stroma supports the urothelial
development, while the DF and the 1:1 mix population matrices led to hyperproliferation
of the urothelial cells rather than their differentiation (Table 2).

Table 2. Evaluation of the urothelium maturation on stroma of different origins.

Native Reconstructed Reconstructed Reconstructed
. Urothelial Urothelial Urothelial
Urothelial . . .
Tissue Tissue Tissue Tissue
(VF-Matrix) (VF:DF-Matrix) (DF-Matrix)
Presence of cells +++ +++ +++ +
Differentiation
+++ +++ +(+) -
of cells

(+++): presence and/or differentiation of the three urothelial cell layers; (+): presence of one urothelial cell layer;
(—): absence of differentiated cell layers.

Indeed, using urological cells has led to more elastic tissues and a well-differentiated
urothelium without the over-expression of K14 [165].

5.2. Tunic Albuginea Substitutes

As mentioned before, skin substitutes produced by the self-assembly technique are
already successfully applied to severely burned patients in the clinic [157]. In urology,
corpora cavernosa must correct the volume deficit to ensure the penile length and, therefore,
allow voiding in the standing position, permit sexual activity, and finally have a satisfactory
cosmetic appearance. To fulfill the demand for material for penile reconstruction in the case
of Peyronie’s disease, autologous tunica albuginea has been produced and tested using the
self-assembly method [170]. Imbeault et al. showed that the tissue-engineered endothelial-
ized tubular graft was mechanically sufficiently resistant for clinical use. Furthermore, its
structure was similar to the normal tunica albuginea. However, further functional testing
remains necessary.

6. Limitations and Perspectives

Because of a lack of penile tissue for surgeries, many tissue engineering strategies have
been set up (Table 3), with their advantages and inconveniences. Due to the high morbidity
rate in patients and the lack of durable long-term results, an autologous urethra produced
in vitro from a small biopsy may be the solution. Autologous cells would provide better
growth potential, vital for correcting congenital anomalies. The self-assembly technique
offers a living autologous tissue free of exogenous materials and their inconveniences.
Since the cells are autologous, fewer adverse events may be expected following the graft.
However, the preparation time of this tissue shall be taken into consideration. The re-
construction process is about three months, from the initial biopsy to cell culture and the
completely mature and functional tissue for the graft.

Given that most patients must wait months before being operated on and that these
operations are not threatening the patient’s life, the delay does not represent a significant
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inconvenience. To overcome the need to collect bladder cells from patients, induced pluripo-
tent stem cells (iPSCs) may, in the future, be differentiated from patient blood samples into
different cell types to reconstruct the desired tissue. Thus, the invasiveness of the operation
could be replaced by a simple blood sample. However, tumor and mis-differentiation must
be monitored at all differentiation steps [171]. Production costs must also be considered
because autologous tissue engineering production is much more expensive than a simple
acellular biomaterial. However, fewer complications are expected with greater patient
acceptability and less cost after implantation. Paying more to produce this tissue should
save some of the additional surgeries.

Table 3. The different types of tissues, materials, and methods applied for penile reconstruction.

Type Year Animal Outcome Reference
Tissues
. 1890 Human [172]
zral (bauccal, lingual) 1992 Dog/Human + [173]
ucos 1992 Human [174]
. . 1953 Human [175]
Genital skin 2008 Human - [176]
1979 Human [177]
Dermal grafts 1995 Human - [178]
Vein graft 1998 Human + [179]
Tunica vaginalis 1995 Human — [180]
Fascia 2022 Human + [181]
Materials
. 2012 In vitro [97]
* —

Synthetic 2004 In vitro/mouse +/ [98]
. . . 2013 In vitro + [102]
Intelligent biomaterials: 2015 In vitro [103]

Natural
Acellular matrices 2007 Human +/— [120]
2007 Human [121]
-silk fibroin 2013 Human [122]
-collagen 2012 Rabbit [132]
2015 [133]
2014 Rabbit [111]
2018 Rabbit [115]
Penile Decellularization 2019 In vitro + [145]
. 2011 Mouse [170]
Self-assembly technique 2013 Mouse + [164]

In the outcome column, — is for negative outcome and + for positive outcome; —/+ are for outcome presenting
positive and negative aspects. Other tissue engineering techniques have been used to reconstruct other organs
and may be applied for penile reconstruction in the future, such as cell sheet production. The outcome in the table
represents an overview of the results of the different cited articles related to the same type of tissue, material, or
technique. The list presented above represents the trend in penile tissue engineering in the last decades. For a
more exhaustive list, see references [17,42,44,49,94,148,182]. * PLA, PGA, PLGA, PCL.

7. Conclusions

The penis is a complex organ whose reconstruction requires different techniques.
These techniques exist, but work has yet to be done so far to respond to the complexity of
the organ as a whole. Among the reconstruction strategies currently applied, self-assembly
is one of the most interesting.

In conclusion, patients” quality of life presenting congenital or acquired penile anoma-
lies should be significantly improved with an autologous tissue free of exogenous biomate-
rials reconstructed by the self-assembly technique. Despite the few inconveniences of this
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technique, the tissue quality produced should allow patients to return to a potentially more
normal life.
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3D 3-Dimensional
ACCMs Acellular corporal collagen matrix
ACM Acellular matrix
BAM Bladder acellular matrix
BMC Bladder mesenchymal cell
DF Dermal fibroblast
EC Endothelial cell
ECM Extracellular matrix
HIF-1a Hypoxia-inducible factor-1c
IPsC Induced pluripotent stem cell
K14 Keratin 14
LOEX Laboratoire d’Organogenese Expérimentale
MDSCs Muscle-derived stem cell
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PET Polyethylene terephthalate
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PLA Poly-lactic acid
PLGA Poly-lactic-co-glycolide
PNIPAM Poly N-isopropylacrylamide
PTFE Polytetrafluoroethylene
SIS Small intestinal submucosa
SMC Smooth muscle cell
ucC Urothelial cell
VEGF Vascular endothelial growth factor
VF Vesical fibroblast
References
1.  Bouty, A.; Ayers, K.L.; Pask, A.; Heloury, Y.; Sinclair, A.H. The Genetic and Environmental Factors Underlying Hypospadias. Sex.
Dev. 2015, 9, 239-259. [CrossRef]
2. Loftus, C.J.; Wood, H.M. Congenital causes of neurogenic bladder and the transition to adult care. Transl. Androl. Urol. 2016, 5,
39-50. [CrossRef] [PubMed]
3. Keays, M.A.; Dave, S. Current hypospadias management: Diagnosis, surgical management, and long-term patient-centred
outcomes. Can. Urol. Assoc. J. 2017, 11, S48-S53. [CrossRef] [PubMed]
4. Abbas, T.O.; Mahdi, E.; Hasan, A.; AlAnsari, A.; Pennisi, C.P. Current Status of Tissue Engineering in the Management of Severe
Hypospadias. Front. Pediatr. 2017, 5, 283. [CrossRef] [PubMed]
5. Stein, ML.].; DeSouza, R.A. Anterior urethral stricture review. Transl. Androl. Urol. 2013, 2, 32-38. [CrossRef]
6. Mangera, A.; Osman, N.; Chapple, C. Evaluation and management of anterior urethral stricture disease. FI000Res 2016, 5, 153.
[CrossRef]
7. Davis, N.E; Quinlan, M.R.; Bhatt, N.R.; Browne, C.; MacCraith, E.; Manecksha, R.; Walsh, M.T.; Thornhill, J.A.; Mulvin, D.

Incidence, Cost, Complications and Clinical Outcomes of Iatrogenic Urethral Catheterization Injuries: A Prospective Multi-
Institutional Study. J. Urol. 2016, 196, 1473-1477. [CrossRef]


https://doi.org/10.1159/000441988
https://doi.org/10.3978/j.issn.2223-4683.2015.12.03
https://www.ncbi.nlm.nih.gov/pubmed/26904411
https://doi.org/10.5489/cuaj.4386
https://www.ncbi.nlm.nih.gov/pubmed/28265319
https://doi.org/10.3389/fped.2017.00283
https://www.ncbi.nlm.nih.gov/pubmed/29404308
https://doi.org/10.3978/j.issn.2223-4683.2012.11.05
https://doi.org/10.12688/f1000research.7121.1
https://doi.org/10.1016/j.juro.2016.05.114

Bioengineering 2024, 11, 230 17 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

Santucci, R.A.; Joyce, G.E; Wise, M. Male urethral stricture disease. J. Urol. 2007, 177, 1667-1674. [CrossRef]

Pederzoli, F; Joice, G.; Salonia, A.; Bivalacqua, T.].; Sopko, N.A. Regenerative and engineered options for urethroplasty. Nat. Rev.
Urol. 2019, 16, 453—464. [CrossRef]

Andersson, K.E.; McCloskey, K.D. Lamina propria: The functional center of the bladder? Neurourol. Urodyn. 2014, 33, 9-16.
[CrossRef]

Baskin, L.S.; Erol, A.; Li, Y.W.; Liu, W.H. Anatomy of the neurovascular bundle: Is safe mobilization possible? J. Urol. 2000, 164,
977-980. [CrossRef]

Chung, B.I; Sommer, G.; Brooks, ].D. Anatomy of the Lower Urinary Tract and Male Genitalia. In Campbell-Walsh Urology;
Elsevier: Amsterdam, The Netherlands, 2012.

Perron, J. Abnormalities of the penis and abnormalities of the end of the urethra: Their surgical treatment. Soins 1969, 14, 347-353.
Barbagli, G.; Palminteri, E.; Lazzeri, M.; Guazzoni, G. Anterior urethral strictures. BJU Int. 2003, 92, 497-505. [CrossRef] [PubMed]
Barbagli, G.; Sansalone, S.; Djinovic, R.; Romano, G.; Lazzeri, M. Current controversies in reconstructive surgery of the anterior
urethra: A clinical overview. Int. Braz. ]. Urol. 2012, 38, 307-316; discussion 316. [CrossRef] [PubMed]

Caneparo, C.; Chabaud, S.; Bolduc, S. Reconstruction of Vascular and Urologic Tubular Grafts by Tissue Engineering. Processes
2021, 9, 513. [CrossRef]

Andrew, T.W.; Kanapathy, M.; Murugesan, L.; Muneer, A.; Kalaskar, D.; Atala, A. Towards clinical application of tissue engineering
for erectile penile regeneration. Nat. Rev. Urol. 2019, 16, 734-744. [CrossRef] [PubMed]

Yao, A.; Ingargiola, M.].; Lopez, C.D.; Sanati-Mehrizy, P.; Burish, N.M.; Jablonka, E.M.; Taub, P.J. Total penile reconstruction: A
systematic review. J. Plast. Reconstr. Aesthet. Surg. 2018, 71, 788-806. [CrossRef] [PubMed]

Anderson, D.; Laforge, J.; Ross, M.M.; Vanlangendonck, R.; Hasoon, J.; Viswanath, O.; Kaye, A.D.; Urits, I. Male Sexual
Dysfunction. Health Psychol. Res. 2022, 10, 37533. [CrossRef]

Kraft, K.H.; Shukla, A.R.; Canning, D.A. Proximal hypospadias. Sci. World J. 2011, 11, 894-906. [CrossRef]

Boillot, B.; Teklali, Y.; Moog, R.; Droupy, S. Penile congenital abnormalities. Prog. Urol. 2013, 23, 664—673. [CrossRef] [PubMed]
Caione, P. Prevalence of hypospadias in European countries: Is it increasing? Eur. Urol. 2009, 55, 1027-1029; discussion 1029-1030.
[CrossRef]

Nelson, C.P; Park, ]. M.; Wan, ].; Bloom, D.A.; Dunn, R.L.; Wei, ].T. The increasing incidence of congenital penile anomalies in the
United States. . Urol. 2005, 174, 1573-1576. [CrossRef]

Sagodi, L.; Kiss, A.; Kiss-Toth, E.; Barkai, L. Prevalence and possible causes of hypospadias. Orv. Hetil. 2014, 155, 978-985.
[CrossRef]

He, H.G.; Han, C.H.; Zhang, W. A Mouse Model of Hypospadias Induced by Estradiol Benzoate. Cell Biochem. Biophys. 2015, 73,
589-592. [CrossRef] [PubMed]

Montag, S.; Palmer, L.S. Abnormalities of penile curvature: Chordee and penile torsion. Sci. World J. 2011, 11, 1470-1478.
[CrossRef] [PubMed]

Lloyd, J.C.; Wiener, ].S.; Gargollo, P.C.; Inman, B.A.; Ross, S.S.; Routh, ]J.C. Contemporary epidemiological trends in complex
congenital genitourinary anomalies. J. Urol. 2013, 190, 1590-1595. [CrossRef] [PubMed]

Shankar, K.R.; Rickwood, A.M. The incidence of phimosis in boys. BJU Int. 1999, 84, 101-102. [CrossRef]

Hayashi, Y.; Kojima, Y.; Mizuno, K.; Kohri, K. Prepuce: Phimosis, paraphimosis, and circumcision. Sci. World J. 2011, 11, 289-301.
[CrossRef] [PubMed]

Chan, L.H.; Wong, K. K. Common urological problems in children: Prepuce, phimosis, and buried penis. Hong Kong Med. . 2016,
22,263-269. [CrossRef] [PubMed]

Bouvattier, C. Micropenis. Arch. Pediatr. 2014, 21, 665-669. [CrossRef] [PubMed]

Hatipoglu, N.; Kurtoglu, S. Micropenis: Etiology, diagnosis and treatment approaches. J. Clin. Res. Pediatr. Endocrinol. 2013, 5,
217-223. [CrossRef] [PubMed]

Sun, A.J.; Li, S.; Eisenberg, M.L. The Impact of Clostridium Histolyticum Collagenase on the Prevalence and Management of
Peyronie’s Disease in the United States. World ]. Mens. Health 2019, 37, 234-239. [CrossRef] [PubMed]

Pryor, J.; Akkus, E.; Alter, G.; Jordan, G.; Lebret, T.; Levine, L.; Mulhall, ].; Perovic, S.; Ralph, D.; Stackl, W. Peyronie’s disease.
J. Sex. Med. 2004, 1, 110-115. [CrossRef] [PubMed]

Yu, X.; Zhang, Y. Surgical Treatment of Primary Penile Scrotal Lymphedema: A Case Report. Urology 2021, 149, 225-226.
[CrossRef] [PubMed]

Shim, T.N.; Doiron, PR.; Francis, N.; Minhas, S.; Muneer, A.; Hawkins, D.; Dinneen, M.; Bunker, C.B. Penile lymphoedema:
Approach to investigation and management. Clin. Exp. Dermatol. 2019, 44, 20-31. [CrossRef] [PubMed]

Wood, D.; Woodhouse, C. Penile anomalies in adolescence. Sci. World J. 2011, 11, 614-623. [CrossRef] [PubMed]

Ericson, C.; Baird, B.; Broderick, G.A. Management of Priapism: 2021 Update. Urol. Clin. North. Am. 2021, 48, 565-576. [CrossRef]
[PubMed]

Keskin, D.; Cal, C.; Delibas, M.; Ozyurt, C.; Gunaydin, G.; Nazli, O.; Cureklibatir, I. Intracavernosal adrenalin injection in
priapism. Int. |. Impot. Res. 2000, 12, 312-314. [CrossRef]

Steinberg, M.H. Sickle cell anemia, the first molecular disease: Overview of molecular etiology, pathophysiology, and therapeutic
approaches. Sci. World ]. 2008, 8, 1295-1324. [CrossRef]


https://doi.org/10.1016/j.juro.2007.01.041
https://doi.org/10.1038/s41585-019-0198-y
https://doi.org/10.1002/nau.22465
https://doi.org/10.1016/S0022-5347(05)67230-8
https://doi.org/10.1046/j.1464-410X.2003.04379.x
https://www.ncbi.nlm.nih.gov/pubmed/12930407
https://doi.org/10.1590/S1677-55382012000300003
https://www.ncbi.nlm.nih.gov/pubmed/22765862
https://doi.org/10.3390/pr9030513
https://doi.org/10.1038/s41585-019-0246-7
https://www.ncbi.nlm.nih.gov/pubmed/31649327
https://doi.org/10.1016/j.bjps.2018.02.002
https://www.ncbi.nlm.nih.gov/pubmed/29622476
https://doi.org/10.52965/001c.37533
https://doi.org/10.1100/tsw.2011.76
https://doi.org/10.1016/j.purol.2013.01.022
https://www.ncbi.nlm.nih.gov/pubmed/23830261
https://doi.org/10.1016/j.eururo.2009.01.051
https://doi.org/10.1097/01.ju.0000179249.21944.7e
https://doi.org/10.1556/OH.2014.29858
https://doi.org/10.1007/s12013-015-0616-6
https://www.ncbi.nlm.nih.gov/pubmed/27259297
https://doi.org/10.1100/tsw.2011.136
https://www.ncbi.nlm.nih.gov/pubmed/21805016
https://doi.org/10.1016/j.juro.2013.04.034
https://www.ncbi.nlm.nih.gov/pubmed/23791903
https://doi.org/10.1046/j.1464-410x.1999.00147.x
https://doi.org/10.1100/tsw.2011.31
https://www.ncbi.nlm.nih.gov/pubmed/21298220
https://doi.org/10.12809/hkmj154645
https://www.ncbi.nlm.nih.gov/pubmed/27149978
https://doi.org/10.1016/j.arcped.2014.03.016
https://www.ncbi.nlm.nih.gov/pubmed/24768548
https://doi.org/10.4274/Jcrpe.1135
https://www.ncbi.nlm.nih.gov/pubmed/24379029
https://doi.org/10.5534/wjmh.180073
https://www.ncbi.nlm.nih.gov/pubmed/30588781
https://doi.org/10.1111/j.1743-6109.2004.10116.x
https://www.ncbi.nlm.nih.gov/pubmed/16422991
https://doi.org/10.1016/j.urology.2020.08.029
https://www.ncbi.nlm.nih.gov/pubmed/32861698
https://doi.org/10.1111/ced.13609
https://www.ncbi.nlm.nih.gov/pubmed/30009576
https://doi.org/10.1100/tsw.2011.38
https://www.ncbi.nlm.nih.gov/pubmed/21399858
https://doi.org/10.1016/j.ucl.2021.07.003
https://www.ncbi.nlm.nih.gov/pubmed/34602176
https://doi.org/10.1038/sj.ijir.3900539
https://doi.org/10.1100/tsw.2008.157

Bioengineering 2024, 11, 230 18 of 23

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

Corradini, F.; Zattoni, M.; Barbagli, G.; Bianchi, G.; Giovanardi, M.; Serafini, C.; Genna, V.G.; Ribbene, A.; Balo, S.; Fidanza, F;
et al. Comparative Assessment of Cultures from Oral and Urethral Stem Cells for Urethral Regeneration. Curr. Stem Cell Res. Ther.
2016, 11, 643-651. [CrossRef]

Rashidbenam, Z.; Jasman, M.H.; Hafez, P.; Tan, G.H.; Goh, E.H.; Fam, X.I.; Ho, C.C.K.; Zainuddin, Z.M.; Rajan, R.; Nor, EM.; et al.
Overview of Urethral Reconstruction by Tissue Engineering: Current Strategies, Clinical Status and Future Direction. Tissue Eng.
Regen. Med. 2019, 16, 365-384. [CrossRef]

Xuan, Z.; Zachar, V.; Pennisi, C.P. Sources, Selection, and Microenvironmental Preconditioning of Cells for Urethral Tissue
Engineering. Int. ]. Mol. Sci. 2022, 23, 14074. [CrossRef] [PubMed]

Casarin, M.; Morlacco, A.; Dal Moro, F. Tissue Engineering and Regenerative Medicine in Pediatric Urology: Urethral and Urinary
Bladder Reconstruction. Int. . Mol. Sci. 2022, 23, 6360. [CrossRef] [PubMed]

Culenova, M.; Ziaran, S.; Danisovic, L. Cells Involved in Urethral Tissue Engineering: Systematic Review. Cell Transplant. 2019,
28, 1106-1115. [CrossRef] [PubMed]

Browne, B.M.; Vanni, A.]. Use of Alternative Techniques and Grafts in Urethroplasty. Urol. Clin. North. Am. 2017, 44, 127-140.
[CrossRef] [PubMed]

Milenkovic, U.; Albersen, M.; Castiglione, F. The mechanisms and potential of stem cell therapy for penile fibrosis. Nat. Rev. Urol.
2019, 16, 79-97. [CrossRef] [PubMed]

Sharma, S.; Gupta, D.K. Tissue Engineering and Stem Cell Therapy in Pediatric Urology. J. Indian. Assoc. Pediatr. Surg. 2019, 24,
237-246. [CrossRef]

Pozzi, E.; Muneer, A.; Sangster, P.; Alnajjar, H.M.; Salonia, A.; Bettocchi, C.; Castiglione, F.; Ralph, D.]J. on behalf of the Trauma,
Reconstructive Urology Working Party of the European Association of Urology (EAU) Young Academic Urologists (YAU).
Stem-cell regenerative medicine as applied to the penis. Curr. Opin. Urol. 2019, 29, 443—-449. [CrossRef]

Johnson, M.].; Kristinsson, S.; Ralph, O.; Chiriaco, G.; Ralph, D. The surgical management of ischaemic priapism. Int. |. Impot. Res.
2020, 32, 81-88. [CrossRef]

Alnajjar, HM.; Muneer, A. Recent advances in understanding and treating priapism. Fac. Rev. 2022, 11, 23. [CrossRef]

Hsieh, C.H.; Hsu, G.L.; Chang, S.J.; Yang, S.S.; Liu, S.P; Hsieh, ]J.T. Surgical niche for the treatment of erectile dysfunction. Int. J.
Urol. 2020, 27, 117-133. [CrossRef]

Molodysky, E.; Liu, S.P.; Huang, S.J.; Hsu, G.L. Penile vascular surgery for treating erectile dysfunction: Current role and future
direction. Arab. . Urol. 2013, 11, 254-266. [CrossRef]

Munarriz, R.; Thirumavalavan, N.; Gross, M.S. Is There a Role for Vascular Surgery in the Contemporary Management of Erectile
Dysfunction? Urol. Clin. North. Am. 2021, 48, 543-555. [CrossRef]

Kayes, O.; Shabbir, M.; Ralph, D.; Minhas, S. Therapeutic strategies for patients with micropenis or penile dysmorphic disorder.
Nat. Rev. Urol. 2012, 9, 499-507. [CrossRef] [PubMed]

Kohn, T.P; Pena, V.; Redett lii, R.J., 3rd; Burnett, A.L. Penile allotransplantation: Early outcomes from reported cases and
survivorship considerations. Minerva Urol. Nephrol. 2021, 73, 333-341. [CrossRef]

Sopko, N.A,; Burnett, A.L. Penile transplantation is here. Lancet 2017, 390, 1008-1010. [CrossRef] [PubMed]

Cetrulo, C.L., Jr.; Li, K.; Salinas, H.M.; Treiser, M.D.; Schol, I.; Barrisford, G.W.; McGovern, FJ.; Feldman, A.S.; Grant, M.T.;
Tanrikut, C.; et al. Penis Transplantation: First US Experience. Ann. Surg. 2018, 267, 983-988. [CrossRef]

Kueckelhaus, M.; Fischer, S.; Seyda, M.; Bueno, E.M.; Aycart, M.A.; Alhefzi, M.; EIKhal, A.; Pomahac, B.; Tullius, S.G. Vascular-
ized composite allotransplantation: Current standards and novel approaches to prevent acute rejection and chronic allograft
deterioration. Transpl. Int. 2016, 29, 655-662. [CrossRef]

Markiewicz, M.R.; Lukose, M.A.; Margarone, ].E., 3rd; Barbagli, G.; Miller, K.S.; Chuang, S.K. The oral mucosa graft: A systematic
review. J. Urol. 2007, 178, 387-394. [CrossRef]

Aldaqadossi, H.A.; Shaker, H.; Youssof, H.; Kotb, Y.; Eladawy, M. Outcomes of staged lingual mucosal graft urethroplasty for
redo hypospadias repair. J. Pediatr. Urol. 2019, 15, 519.e511-519.e517. [CrossRef] [PubMed]

Nelson, C.P,; Bloom, D.A.; Kinast, R.; Wei, ].T.; Park, ]. M. Patient-reported sexual function after oral mucosa graft urethroplasty
for hypospadias. Urology 2005, 66, 1086-1089; discussion 1089-1090. [CrossRef]

Markiewicz, M.R.; DeSantis, J.L.; Margarone, ].E., 3rd; Pogrel, M.A.; Chuang, S.K. Morbidity associated with oral mucosa harvest
for urological reconstruction: An overview. J. Oral. Maxillofac. Surg. 2008, 66, 739-744. [CrossRef] [PubMed]

Dublin, N.; Stewart, L.H. Oral complications after buccal mucosal graft harvest for urethroplasty. BJU Int. 2004, 94, 867-869.
[CrossRef] [PubMed]

Djordjevic, M.L. Graft surgery in extensive urethral stricture disease. Curr. Urol. Rep. 2014, 15, 424. [CrossRef]

Kim, S.J.; Lee, J.; Park, C.H.; Park, ].Y.; Song, S.H.; Kim, K.S.; Kim, H.G. Urethral defect due to periurethral abscess treated with a
tunica vaginalis flap: A case report. Medicine 2018, 97, €13249. [CrossRef] [PubMed]

Hmida, W.; Othmen, M.B.; Bako, A ; Jaidane, M.; Mosbabh, E. Penile skin flap: A versatile substitute for anterior urethral stricture.
Int. Braz. J. Urol. 2019, 45, 1057-1063. [CrossRef] [PubMed]

Versteegden, L.R.; de Jonge, PK,; IntHout, J.; van Kuppevelt, T.H.; Oosterwijk, E.; Feitz, W.E; de Vries, R.B.; Daamen, W.E. Tissue
Engineering of the Urethra: A Systematic Review and Meta-analysis of Preclinical and Clinical Studies. Eur. Urol. 2017, 72,
594-606. [CrossRef]

Langer, R.; Vacanti, ].P. Tissue engineering. Science 1993, 260, 920-926. [CrossRef]


https://doi.org/10.2174/1574888X10666150902094644
https://doi.org/10.1007/s13770-019-00193-z
https://doi.org/10.3390/ijms232214074
https://www.ncbi.nlm.nih.gov/pubmed/36430557
https://doi.org/10.3390/ijms23126360
https://www.ncbi.nlm.nih.gov/pubmed/35742803
https://doi.org/10.1177/0963689719854363
https://www.ncbi.nlm.nih.gov/pubmed/31237144
https://doi.org/10.1016/j.ucl.2016.08.003
https://www.ncbi.nlm.nih.gov/pubmed/27908367
https://doi.org/10.1038/s41585-018-0109-7
https://www.ncbi.nlm.nih.gov/pubmed/30367131
https://doi.org/10.4103/jiaps.JIAPS_77_18
https://doi.org/10.1097/MOU.0000000000000636
https://doi.org/10.1038/s41443-019-0197-9
https://doi.org/10.12703/r/11-23
https://doi.org/10.1111/iju.14157
https://doi.org/10.1016/j.aju.2013.05.001
https://doi.org/10.1016/j.ucl.2021.07.002
https://doi.org/10.1038/nrurol.2012.150
https://www.ncbi.nlm.nih.gov/pubmed/22890302
https://doi.org/10.23736/S2724-6051.21.04144-8
https://doi.org/10.1016/S0140-6736(17)31933-5
https://www.ncbi.nlm.nih.gov/pubmed/28823495
https://doi.org/10.1097/SLA.0000000000002241
https://doi.org/10.1111/tri.12652
https://doi.org/10.1016/j.juro.2007.03.094
https://doi.org/10.1016/j.jpurol.2019.06.007
https://www.ncbi.nlm.nih.gov/pubmed/31303449
https://doi.org/10.1016/j.urology.2005.05.057
https://doi.org/10.1016/j.joms.2007.11.023
https://www.ncbi.nlm.nih.gov/pubmed/18355598
https://doi.org/10.1111/j.1464-410X.2004.05048.x
https://www.ncbi.nlm.nih.gov/pubmed/15476524
https://doi.org/10.1007/s11934-014-0424-3
https://doi.org/10.1097/MD.0000000000013249
https://www.ncbi.nlm.nih.gov/pubmed/30431606
https://doi.org/10.1590/s1677-5538.ibju.2018.0652
https://www.ncbi.nlm.nih.gov/pubmed/31038860
https://doi.org/10.1016/j.eururo.2017.03.026
https://doi.org/10.1126/science.8493529

Bioengineering 2024, 11, 230 19 of 23

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Berthiaume, F.,; Maguire, T.J.; Yarmush, M.L. Tissue engineering and regenerative medicine: History, progress, and challenges.
Annu. Rev. Chem. Biomol. Eng. 2011, 2, 403—430. [CrossRef]

Langer, R.; Vacanti, ]. Advances in tissue engineering. J. Pediatr. Surg. 2016, 51, 8-12. [CrossRef]

Zhang, J.; Xu, W,; Li, C.; Meng, F; Guan, Y.; Liu, X.; Zhao, ].; Peng, J.; Wang, Y. Tissue Engineering Microtissue: Construction,
Optimization, and Application. Tissue Eng. Part B Rev. 2022, 28, 393-404. [CrossRef]

Bedard, P.; Gauvin, S.; Ferland, K.; Caneparo, C.; Pellerin, E.; Chabaud, S.; Bolduc, S. Innovative Human Three-Dimensional
Tissue-Engineered Models as an Alternative to Animal Testing. Bioengineering 2020, 7, 115. [CrossRef]

Roy, V.; Magne, B.; Vaillancourt-Audet, M.; Blais, M.; Chabaud, S.; Grammond, E.; Piquet, L.; Fradette, J.; Laverdiere, I.; Moulin,
V.J.; et al. Human Organ-Specific 3D Cancer Models Produced by the Stromal Self-Assembly Method of Tissue Engineering for
the Study of Solid Tumors. Biomed. Res. Int. 2020, 2020, 6051210. [CrossRef] [PubMed]

Caneparo, C.; Sorroza-Martinez, L.; Chabaud, S.; Fradette, ].; Bolduc, S. Considerations for the clinical use of stem cells in
genitourinary regenerative medicine. World J. Stem Cells 2021, 13, 1480-1512. [CrossRef]

Reiss, J.; Robertson, S.; Suzuki, M. Cell Sources for Cultivated Meat: Applications and Considerations throughout the Production
Workflow. Int. J. Mol. Sci. 2021, 22, 7513. [CrossRef]

Vargas, A.; Peltier, A.; Dube, ].; Lefebvre-Lavoie, J.; Moulin, V.; Goulet, E; Lavoie, J.P. Evaluation of contractile phenotype in
airway smooth muscle cells isolated from endobronchial biopsy and tissue specimens from horses. Am. J. Vet. Res. 2017, 78,
359-370. [CrossRef] [PubMed]

Ringuette Goulet, C.; Bernard, G.; Chabaud, S.; Couture, A.; Langlois, A.; Neveu, B.; Pouliot, E; Bolduc, S. Tissue-engineered
human 3D model of bladder cancer for invasion study and drug discovery. Biomaterials 2017, 145, 233-241. [CrossRef]
Chaudhari, A.A.; Vig, K.; Baganizi, D.R; Sahu, R.; Dixit, S.; Dennis, V.; Singh, S.R.; Pillai, S.R. Future Prospects for Scaffolding
Methods and Biomaterials in Skin Tissue Engineering: A Review. Int. J. Mol. Sci. 2016, 17, 1974. [CrossRef]

Baudequin, T.; Tabrizian, M. Multilineage Constructs for Scaffold-Based Tissue Engineering: A Review of Tissue-Specific
Challenges. Adv. Healthc. Mater. 2018, 7, 1700734. [CrossRef]

Loh, Q.L.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: Role of porosity and pore size. Tissue Eng.
Part B Rev. 2013, 19, 485-502. [CrossRef] [PubMed]

Almeida, H.A.; Bartolo, PJ. Biomimetic Boundary-Based Scaffold Design for Tissue Engineering Applications. Methods Mol. Biol.
2021, 2147, 3—-18. [CrossRef]

Lam, J.; Lee, E.J.; Clark, E.C.; Mikos, A.G. Honing Cell and Tissue Culture Conditions for Bone and Cartilage Tissue Engineering.
Cold Spring Harb. Perspect. Med. 2017, 7, a025734. [CrossRef]

Caneparo, C.; Baratange, C.; Chabaud, S.; Bolduc, S. Conditioned medium produced by fibroblasts cultured in low oxygen
pressure allows the formation of highly structured capillary-like networks in fibrin gels. Sci. Rep. 2020, 10, 9291. [CrossRef]
Pellerin, F.A.; Caneparo, C.; Pellerin, E.; Chabaud, S.; Pelletier, M.; Bolduc, S. Heat-Inactivation of Fetal and Newborn Sera Did
Not Impair the Expansion and Scaffold Engineering Potentials of Fibroblasts. Bioengineering 2021, 8, 184. [CrossRef]

Caneparo, C.; Chabaud, S.; Fradette, J.; Bolduc, S. Evaluation of a Serum-Free Medium for Human Epithelial and Stromal Cell
Culture. Int. ]. Mol. Sci. 2022, 23, 10035. [CrossRef] [PubMed]

Pisciolaro, R.L.; Duailibi, M.T.; Novo, N.E; Juliano, Y.; Pallos, D.; Yelick, P.C.; Vacanti, J.P.; Ferreira, L.M.; Duailibi, S.E. Tooth
Tissue Engineering: The Importance of Blood Products as a Supplement in Tissue Culture Medium for Human Pulp Dental Stem
Cells. Tissue Eng. Part A 2015, 21, 2639-2648. [CrossRef] [PubMed]

Shi, J.G.; Fu, WJ.; Wang, X.X,; Xu, Y.D.; Li, G.; Hong, B.F,; Hu, K; Cui, EZ.; Wang, Y.; Zhang, X. Transdifferentiation of human
adipose-derived stem cells into urothelial cells: Potential for urinary tract tissue engineering. Cell Tissue Res. 2012, 347, 737-746.
[CrossRef] [PubMed]

Zhao, Z.; Yu, H,; Fan, C.; Kong, Q.; Liu, D.; Meng, L. Differentiate into urothelium and smooth muscle cells from adipose
tissue-derived stem cells for ureter reconstruction in a rabbit model. Am. J. Transl. Res. 2016, 8, 3757-3768.

Zupancic, D.; Mrak Poljsak, K.; Kreft, M.E. Co-culturing porcine normal urothelial cells, urinary bladder fibroblasts and smooth
muscle cells for tissue engineering research. Cell Biol. Int. 2018, 42, 411-424. [CrossRef]

Wu, R;; Liu, G.; Bharadwaj, S.; Zhang, Y. Isolation and myogenic differentiation of mesenchymal stem cells for urologic tissue
engineering. Methods Mol. Biol. 2013, 1001, 65-80. [CrossRef]

Li, H.; Xu, Y; Xie, H.; Li, C.; Song, L.; Feng, C.; Zhang, Q.; Xie, M.; Wang, Y.; Lv, X. Epithelial-differentiated adipose-derived stem
cells seeded bladder acellular matrix grafts for urethral reconstruction: An animal model. Tissue Eng. Part A 2014, 20, 774-784.
[CrossRef]

Ribeiro-Filho, L.A.; Sievert, K.D. Acellular matrix in urethral reconstruction. Adv. Drug Deliv. Rev. 2015, 82-83, 38—46. [CrossRef]
Abbas, T.O.; Yalcin, H.C.; Pennisi, C.P. From Acellular Matrices to Smart Polymers: Degradable Scaffolds that are Transforming
the Shape of Urethral Tissue Engineering. Int. J. Mol. Sci. 2019, 20, 1763. [CrossRef] [PubMed]

Knecht, S.; Erggelet, C.; Endres, M.; Sittinger, M.; Kaps, C.; Stussi, E. Mechanical testing of fixation techniques for scaffold-based
tissue-engineered grafts. . Biomed. Mater. Res. B Appl. Biomater. 2007, 83, 50-57. [CrossRef]

Nooeaid, P; Salih, V.; Beier, ].P.; Boccaccini, A.R. Osteochondral tissue engineering: Scaffolds, stem cells and applications. . Cell
Mol. Med. 2012, 16, 2247-2270. [CrossRef] [PubMed]

Jeong, S.I; Kim, B.S.; Lee, YM.; Ihn, K.J.; Kim, S.H.; Kim, Y.H. Morphology of elastic poly(L-lactide-co-epsilon-caprolactone)
copolymers and in vitro and in vivo degradation behavior of their scaffolds. Biomacromolecules 2004, 5, 1303—-1309. [CrossRef]


https://doi.org/10.1146/annurev-chembioeng-061010-114257
https://doi.org/10.1016/j.jpedsurg.2015.10.022
https://doi.org/10.1089/ten.teb.2020.0370
https://doi.org/10.3390/bioengineering7030115
https://doi.org/10.1155/2020/6051210
https://www.ncbi.nlm.nih.gov/pubmed/32352002
https://doi.org/10.4252/wjsc.v13.i10.1480
https://doi.org/10.3390/ijms22147513
https://doi.org/10.2460/ajvr.78.3.359
https://www.ncbi.nlm.nih.gov/pubmed/28240945
https://doi.org/10.1016/j.biomaterials.2017.08.041
https://doi.org/10.3390/ijms17121974
https://doi.org/10.1002/adhm.201700734
https://doi.org/10.1089/ten.teb.2012.0437
https://www.ncbi.nlm.nih.gov/pubmed/23672709
https://doi.org/10.1007/978-1-0716-0611-7_1
https://doi.org/10.1101/cshperspect.a025734
https://doi.org/10.1038/s41598-020-66145-z
https://doi.org/10.3390/bioengineering8110184
https://doi.org/10.3390/ijms231710035
https://www.ncbi.nlm.nih.gov/pubmed/36077429
https://doi.org/10.1089/ten.tea.2014.0617
https://www.ncbi.nlm.nih.gov/pubmed/26414682
https://doi.org/10.1007/s00441-011-1317-0
https://www.ncbi.nlm.nih.gov/pubmed/22290635
https://doi.org/10.1002/cbin.10910
https://doi.org/10.1007/978-1-62703-363-3_7
https://doi.org/10.1089/ten.tea.2013.0122
https://doi.org/10.1016/j.addr.2014.11.019
https://doi.org/10.3390/ijms20071763
https://www.ncbi.nlm.nih.gov/pubmed/30974769
https://doi.org/10.1002/jbm.b.30765
https://doi.org/10.1111/j.1582-4934.2012.01571.x
https://www.ncbi.nlm.nih.gov/pubmed/22452848
https://doi.org/10.1021/bm049921i

Bioengineering 2024, 11, 230 20 of 23

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Ceonzo, K.; Gaynor, A.; Shaffer, L.; Kojima, K.; Vacanti, C.A.; Stahl, G.L. Polyglycolic acid-induced inflammation: Role of
hydrolysis and resulting complement activation. Tissue Eng. 2006, 12, 301-308. [CrossRef]

Ribeiro, C.; Sencadas, V.; Correia, D.M.; Lanceros-Mendez, S. Piezoelectric polymers as biomaterials for tissue engineering
applications. Colloids Surf. B Biointerfaces 2015, 136, 46-55. [CrossRef]

Lv, X,; Feng, C.; Liu, Y.; Peng, X.; Chen, S.; Xiao, D.; Wang, H.; Li, Z.; Xu, Y.; Lu, M. A smart bilayered scaffold supporting
keratinocytes and muscle cells in micro/nano-scale for urethral reconstruction. Theranostics 2018, 8, 3153-3163. [CrossRef]
Knipe, ].M.; Peppas, N.A. Multi-responsive hydrogels for drug delivery and tissue engineering applications. Regen. Biomater.
2014, 1, 57-65. [CrossRef] [PubMed]

Jochum, ED.; Theato, P. Temperature- and light-responsive smart polymer materials. Chem. Soc. Rev. 2013, 42, 7468-7483.
[CrossRef]

Correia, C.O.; Leite, A.].; Mano, J.F. Chitosan/bioactive glass nanoparticles scaffolds with shape memory properties. Carbohydr.
Polym. 2015, 123, 39-45. [CrossRef]

Tzoneva, R.; Seifert, B.; Behl, M.; Lendlein, A. Elastic multiblock copolymers for vascular regeneration: Protein adsorption and
hemocompatibility. Clin. Hemorheol. Microcirc. 2012, 52, 337-348. [CrossRef]

Hardy, ].G.; Palma, M.; Wind, S.].; Biggs, M.]. Responsive Biomaterials: Advances in Materials Based on Shape-Memory Polymers.
Adv. Mater. 2016, 28, 5717-5724. [CrossRef]

Roelofs, L.A.; Oosterwijk, E.; Kortmann, B.B.; Daamen, W.E,; Tiemessen, D.M.; Brouwer, K.M.; Eggink, A.J.; Crevels, A.J.; Wijnen,
R.M.; van Kuppevelt, T.H.; et al. Bladder Regeneration Using a Smart Acellular Collagen Scaffold with Growth Factors VEGF,
FGF2 and HB-EGF. Tissue Eng. Part A 2016, 22, 83-92. [CrossRef]

Yuan, B.; Jin, Y.; Sun, Y.; Wang, D.; Sun, J.; Wang, Z.; Zhang, W.; Jiang, X. A strategy for depositing different types of cells in three
dimensions to mimic tubular structures in tissues. Adv. Mater. 2012, 24, 890-896. [CrossRef]

Xie, M.; Song, L.; Wang, J.; Fan, S.; Zhang, Y.; Xu, Y. Evaluation of stretched electrospun silk fibroin matrices seeded with urothelial
cells for urethra reconstruction. J. Surg. Res. 2013, 184, 774-781. [CrossRef]

Sack, B.S.; Mauney, J.R.; Estrada, C.R., Jr. Silk Fibroin Scaffolds for Urologic Tissue Engineering. Curr. Urol. Rep. 2016, 17, 16.
[CrossRef] [PubMed]

Panilaitis, B.; Altman, G.H.; Chen, J.; Jin, H.].; Karageorgiou, V.; Kaplan, D.L. Macrophage responses to silk. Biomaterials 2003, 24,
3079-3085. [CrossRef] [PubMed]

Chung, Y.G.; Tu, D.; Franck, D.; Gil, E.S.; Algarrahi, K.; Adam, R.M.; Kaplan, D.L.; Estrada, C.R,, Jr.; Mauney, J.R. Acellular
bi-layer silk fibroin scaffolds support tissue regeneration in a rabbit model of onlay urethroplasty. PLoS ONE 2014, 9, €91592.
[CrossRef] [PubMed]

Lv, X,; Li, Z; Chen, S.; Xie, M.; Huang, ].; Peng, X.; Yang, R.; Wang, H.; Xu, Y.; Feng, C. Structural and functional evaluation of
oxygenating keratin/silk fibroin scaffold and initial assessment of their potential for urethral tissue engineering. Biomaterials 2016,
84,99-110. [CrossRef] [PubMed]

Gundogdu, G.; Okhunov, Z.; Cristofaro, V.; Starek, S.; Veneri, F; Orabi, H.; Jiang, P.; Sullivan, M.P.; Mauney, J.R. Evaluation
of Bi-Layer Silk Fibroin Grafts for Tubular Ureteroplasty in a Porcine Defect Model. Front. Bioeng. Biotechnol. 2021, 9, 723559.
[CrossRef] [PubMed]

Pinnagoda, K.; Larsson, H.M.; Vythilingam, G.; Vardar, E.; Engelhardt, E.M.; Thambidorai, R.C.; Hubbell, ].A.; Frey, P. Engineered
acellular collagen scaffold for endogenous cell guidance, a novel approach in urethral regeneration. Acta Biomater. 2016, 43,
208-217. [CrossRef]

Larsson, H.M.; Vythilingam, G.; Pinnagoda, K.; Vardar, E.; Engelhardt, E.M.; Sothilingam, S.; Thambidorai, R.C.; Kamarul, T.;
Hubbell, J.A.; Frey, P. Fiber density of collagen grafts impacts rabbit urethral regeneration. Sci. Rep. 2018, 8, 10057. [CrossRef]
Vardar, E.; Engelhardt, E.M.; Larsson, H.M.; Mouloungui, E.; Pinnagoda, K.; Hubbell, ].A.; Frey, P. Tubular Compressed Collagen
Scaffolds for Ureteral Tissue Engineering in a Flow Bioreactor System. Tissue Eng. Part A 2015, 21, 2334-2345. [CrossRef] [PubMed]
Davis, N.F.; Cunnane, E.M.; O'Brien, E]J.; Mulvihill, J.].; Walsh, M.T. Tissue engineered extracellular matrices (ECMs) in urology:
Evolution and future directions. Surgeon 2018, 16, 55-65. [CrossRef]

Badylak, S.F; Lantz, G.C.; Coffey, A.; Geddes, L.A. Small intestinal submucosa as a large diameter vascular graft in the dog.
J. Surg. Res. 1989, 47, 74-80. [CrossRef]

Zhang, Y.; Kropp, B.P; Moore, P.; Cowan, R.; Furness, P.D., 3rd; Kolligian, M.E.; Frey, P.; Cheng, E.Y. Coculture of bladder
urothelial and smooth muscle cells on small intestinal submucosa: Potential applications for tissue engineering technology.
J. Urol. 2000, 164, 928-934; discussion 925-934. [CrossRef]

Fiala, R; Vidlar, A.; Vrtal, R.; Belej, K.; Student, V. Porcine small intestinal submucosa graft for repair of anterior urethral strictures.
Eur. Urol. 2007, 51, 1702-1708; discussion 1708. [CrossRef]

Palminteri, E.; Berdondini, E.; Colombo, F.; Austoni, E. Small intestinal submucosa (SIS) graft urethroplasty: Short-term results.
Eur. Urol. 2007, 51, 1695-1701; discussion 1701. [CrossRef]

Orabi, H.; Safwat, A.S.; Shahat, A.; Hammouda, H.M. The use of small intestinal submucosa graft for hypospadias repair: Pilot
study. Arab. J. Urol. 2013, 11, 415-420. [CrossRef]

Kubricht, W.S., 3rd; Williams, B.J.; Eastham, J.A.; Venable, D.D. Tensile strength of cadaveric fascia lata compared to small
intestinal submucosa using suture pull through analysis. J. Urol. 2001, 165, 486—490. [CrossRef] [PubMed]


https://doi.org/10.1089/ten.2006.12.301
https://doi.org/10.1016/j.colsurfb.2015.08.043
https://doi.org/10.7150/thno.22080
https://doi.org/10.1093/rb/rbu006
https://www.ncbi.nlm.nih.gov/pubmed/26816625
https://doi.org/10.1039/C2CS35191A
https://doi.org/10.1016/j.carbpol.2014.12.076
https://doi.org/10.3233/CH-2012-1609
https://doi.org/10.1002/adma.201505417
https://doi.org/10.1089/ten.tea.2015.0096
https://doi.org/10.1002/adma.201104589
https://doi.org/10.1016/j.jss.2013.04.016
https://doi.org/10.1007/s11934-015-0567-x
https://www.ncbi.nlm.nih.gov/pubmed/26801192
https://doi.org/10.1016/S0142-9612(03)00158-3
https://www.ncbi.nlm.nih.gov/pubmed/12895580
https://doi.org/10.1371/journal.pone.0091592
https://www.ncbi.nlm.nih.gov/pubmed/24632740
https://doi.org/10.1016/j.biomaterials.2016.01.032
https://www.ncbi.nlm.nih.gov/pubmed/26826299
https://doi.org/10.3389/fbioe.2021.723559
https://www.ncbi.nlm.nih.gov/pubmed/34604185
https://doi.org/10.1016/j.actbio.2016.07.033
https://doi.org/10.1038/s41598-018-27621-9
https://doi.org/10.1089/ten.tea.2015.0048
https://www.ncbi.nlm.nih.gov/pubmed/26065873
https://doi.org/10.1016/j.surge.2017.07.002
https://doi.org/10.1016/0022-4804(89)90050-4
https://doi.org/10.1016/S0022-5347(05)67220-5
https://doi.org/10.1016/j.eururo.2007.01.099
https://doi.org/10.1016/j.eururo.2006.12.016
https://doi.org/10.1016/j.aju.2013.09.003
https://doi.org/10.1097/00005392-200102000-00031
https://www.ncbi.nlm.nih.gov/pubmed/11176402

Bioengineering 2024, 11, 230 21 of 23

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

147.

148.

149.

Kuniakova, M.; Klein, M.; Galfiova, P.; Csobonyeiova, M.; Feitscherova, C.; Polak, S.; Novakova, Z.V.; Topoliova, K.; Trebaticky, B.;
Varga, I; et al. Decellularization of the human urethra for tissue engineering applications. Exp. Biol. Med. 2023, 248, 1034-1042.
[CrossRef] [PubMed]

Kasravi, M.; Ahmadi, A.; Babajani, A.; Mazloomnejad, R.; Hatamnejad, M.R.; Shariatzadeh, S.; Bahrami, S.; Niknejad, H.
Immunogenicity of decellularized extracellular matrix scaffolds: A bottleneck in tissue engineering and regenerative medicine.
Biomater. Res. 2023, 27, 10. [CrossRef] [PubMed]

Feil, G.; Christ-Adler, M.; Maurer, S.; Corvin, S.; Rennekampff, H.O.; Krug, J.; Hennenlotter, J.; Kuehs, U.; Stenzl, A.; Sievert, K.D.
Investigations of urothelial cells seeded on commercially available small intestine submucosa. Eur. Urol. 2006, 50, 1330-1337.
[CrossRef] [PubMed]

Wang, B.; Qinglai, T.; Yang, Q.; Li, M.; Zeng, S.; Yang, X.; Xiao, Z.; Tong, X.; Lei, L.; Li, S. Functional acellular matrix for tissue
repair. Mater. Today Bio 2023, 18, 100530. [CrossRef]

Dorin, R.P; Pohl, H.G.; De Filippo, R.E.; Yoo, ].J.; Atala, A. Tubularized urethral replacement with unseeded matrices: What is the
maximum distance for normal tissue regeneration? World . Urol. 2008, 26, 323-326. [CrossRef]

Yoo, J.].; Meng, ].; Oberpenning, F.; Atala, A. Bladder augmentation using allogenic bladder submucosa seeded with cells. Urology
1998, 51, 221-225. [CrossRef] [PubMed]

Hauser, S.; Bastian, PJ.; Fechner, G.; Muller, S.C. Small intestine submucosa in urethral stricture repair in a consecutive series.
Urology 2006, 68, 263-266. [CrossRef]

Nuininga, J.E.; van Moerkerk, H.; Hanssen, A.; Hulsbergen, C.A.; Oosterwijk-Wakka, J.; Oosterwijk, E.; de Gier, R.P,; Schalken,
J.A.; van Kuppevelt, T.; Feitz, W.F. Rabbit urethra replacement with a defined biomatrix or small intestinal submucosa. Eur. Urol.
2003, 44, 266-271. [CrossRef]

Gu, G.L; Xia, SJ.; Zhang, J.; Liu, G.H.; Yan, L.; Xu, Z.H.; Zhu, Y.J. Tubularized urethral replacement using tissue-engineered
peritoneum-like tissue in a rabbit model. Urol. Int. 2012, 89, 358-364. [CrossRef] [PubMed]

Chun, S.Y;; Kim, B.S.; Kwon, S.Y,; Park, S.I.; Song, PH.; Yoo, E.S.; Kim, B.W.; Kwon, T.G.; Kim, H.T. Urethroplasty using autologous
urethral tissue-embedded acellular porcine bladder submucosa matrix grafts for the management of long-segment urethral
stricture in a rabbit model. J. Korean Med. Sci. 2015, 30, 301-307. [CrossRef] [PubMed]

Roth, C.C.; Kropp, B.P. Recent advances in urologic tissue engineering. Curr. Urol. Rep. 2009, 10, 119-125. [CrossRef] [PubMed]
Lentz, A.C.; Carson, C.C., 3rd. Peyronie’s surgery: Graft choices and outcomes. Curr. Urol. Rep. 2009, 10, 460-467. [CrossRef]
Ferretti, L.; Giuliani, M.; Bessede, T.; Qiu, X.; Zhang, H.; Alsaid, B.; Durrbach, A.; Giuliano, F.; Benoit, G.; Droupy, S. Tissue engi-
neering for penile surgery: Comparative study of noncellular and cell-seeded synthetic grafts for tunica albuginea replacement.
J. Sex. Med. 2012, 9, 625-631. [CrossRef]

Eberli, D.; Susaeta, R.; Yoo, ].J.; Atala, A. A method to improve cellular content for corporal tissue engineering. Tissue Eng. Part A
2008, 14, 1581-1589. [CrossRef]

Gundogdu, G.; Okhunov, Z; Starek, S.; Veneri, F; Orabi, H.; Holzman, S.A.; Sullivan, M.P,; Khoury, A.E.; Mauney, ].R. Evaluation
of Bi-Layer Silk Fibroin Grafts for Penile Tunica Albuginea Repair in a Rabbit Corporoplasty Model. Front. Bioeng. Biotechnol.
2021, 9, 791119. [CrossRef]

Knoll, L.D. Use of small intestinal submucosa graft for the surgical management of Peyronie’s disease. ]. Urol. 2007, 178,
2474-2478; discussion 2478. [CrossRef]

Breyer, B.N.; Brant, W.O.; Garcia, M.M.; Bella, A.]J.; Lue, T.E. Complications of porcine small intestine submucosa graft for
Peyronie’s disease. J. Urol. 2007, 177, 589-591. [CrossRef]

Leungwattanakij, S.; Bivalacqua, T.J.; Reddy, S.; Hellstrom, W.]. Long-term follow-up on use of pericardial graft in the surgical
management of Peyronie’s disease. Int. J. Impot. Res. 2001, 13, 183-186. [CrossRef]

Taylor, FL.; Levine, L.A. Surgical correction of Peyronie’s disease via tunica albuginea plication or partial plaque excision with
pericardial graft: Long-term follow up. J. Sex. Med. 2008, 5, 2221-2228; discussion 2229-2230. [CrossRef] [PubMed]

Fallon, B. Cadaveric dura mater graft for correction of penile curvature in Peyronie disease. Urology 1990, 35, 127-129. [CrossRef]
Leungwattanakij, S.; Bivalacqua, T.J.; Yang, D.Y.; Hyun, ].S.; Hellstrom, W.]. Comparison of cadaveric pericardial, dermal, vein,
and synthetic grafts for tunica albuginea substitution using a rat model. BJU Int. 2003, 92, 119-124. [CrossRef] [PubMed]

van der Merwe, A.; Graewe, F.; Zuhlke, A.; Barsdorf, N.-W.; Zarrabi, A.D.; Viljoen, ].T.; Ackermann, H.; Spies, P.V.; Opondo, D.;
Al-Qaoud, T; et al. Penile allotransplantation for penis amputation following ritual circumcision: A case report with 24 months
of follow-up. Lancet 2017, 390, 1038-1047. [CrossRef]

Henry, G.D.; Donatucci, C.F; Conners, W.; Greenfield, ].M.; Carson, C.C.; Wilson, S.K,; Delk, J.; Lentz, A.C.; Cleves, M.A;
Jennermann, C.J.; et al. An outcomes analysis of over 200 revision surgeries for penile prosthesis implantation: A multicenter
study. J. Sex. Med. 2012, 9, 309-315. [CrossRef] [PubMed]

Micol, L.A.; Arenas da Silva, L.E; Geutjes, PJ.; Oosterwijk, E.; Hubbell, J.A.; Feitz, W.E; Frey, P. In-vivo performance of
high-density collagen gel tubes for urethral regeneration in a rabbit model. Biomaterials 2012, 33, 7447-7455. [CrossRef] [PubMed]
Choubhan, J.D.; Thakker, P.U; Terlecki, R.P. Engineering of erectile tissue: The state and future of corporal restoration. World J.
Urol. 2020, 38, 2109-2113. [CrossRef]

An, G, Ji, C.; Wei, Z.; Chen, H.; Zhang, J. Engineering of corpus cavernosum using vascular endothelial growth factor-expressing
muscle-derived stem cells seeded on acellular corporal collagen matrices. Urology 2013, 81, 424-431. [CrossRef]


https://doi.org/10.1177/15353702231162092
https://www.ncbi.nlm.nih.gov/pubmed/37073134
https://doi.org/10.1186/s40824-023-00348-z
https://www.ncbi.nlm.nih.gov/pubmed/36759929
https://doi.org/10.1016/j.eururo.2006.05.041
https://www.ncbi.nlm.nih.gov/pubmed/16820260
https://doi.org/10.1016/j.mtbio.2022.100530
https://doi.org/10.1007/s00345-008-0316-6
https://doi.org/10.1016/S0090-4295(97)00644-4
https://www.ncbi.nlm.nih.gov/pubmed/9495701
https://doi.org/10.1016/j.urology.2006.02.044
https://doi.org/10.1016/S0302-2838(03)00249-5
https://doi.org/10.1159/000339745
https://www.ncbi.nlm.nih.gov/pubmed/22797559
https://doi.org/10.3346/jkms.2015.30.3.301
https://www.ncbi.nlm.nih.gov/pubmed/25729254
https://doi.org/10.1007/s11934-009-0022-y
https://www.ncbi.nlm.nih.gov/pubmed/19239816
https://doi.org/10.1007/s11934-009-0073-0
https://doi.org/10.1111/j.1743-6109.2011.02561.x
https://doi.org/10.1089/ten.tea.2007.0249
https://doi.org/10.3389/fbioe.2021.791119
https://doi.org/10.1016/j.juro.2007.08.044
https://doi.org/10.1016/j.juro.2006.09.051
https://doi.org/10.1038/sj.ijir.3900676
https://doi.org/10.1111/j.1743-6109.2008.00941.x
https://www.ncbi.nlm.nih.gov/pubmed/18637996
https://doi.org/10.1016/0090-4295(90)80058-U
https://doi.org/10.1046/j.1464-410X.2003.04279.x
https://www.ncbi.nlm.nih.gov/pubmed/12823395
https://doi.org/10.1016/S0140-6736(17)31807-X
https://doi.org/10.1111/j.1743-6109.2011.02524.x
https://www.ncbi.nlm.nih.gov/pubmed/22082149
https://doi.org/10.1016/j.biomaterials.2012.06.087
https://www.ncbi.nlm.nih.gov/pubmed/22795859
https://doi.org/10.1007/s00345-019-02786-8
https://doi.org/10.1016/j.urology.2012.10.042

Bioengineering 2024, 11, 230 22 of 23

150.

151.

152.
153.

154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

An, G.; Guo, F; Liu, X;; Wang, Z.; Zhu, Y.; Fan, Y.; Xuan, C; Li, Y.;; Wu, H.; Shi, X,; et al. Functional reconstruction of injured corpus
cavernosa using 3D-printed hydrogel scaffolds seeded with HIF-1alpha-expressing stem cells. Nat. Commun. 2020, 11, 2687.
[CrossRef]

Sekar, M.P,; Budharaju, H.; Zennifer, A.; Sethuraman, S.; Vermeulen, N.; Sundaramurthi, D.; Kalaskar, D.M. Current standards
and ethical landscape of engineered tissues-3D bioprinting perspective. . Tissue Eng. 2021, 12, 20417314211027677. [CrossRef]
Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773-785. [CrossRef]

Tan, Y.; Landford, WN.; Garza, M.; Suarez, A.; Zhou, Z.; Coon, D. Complete Human Penile Scaffold for Composite Tissue
Engineering: Organ Decellularization and Characterization. Sci. Rep. 2019, 9, 16368. [CrossRef] [PubMed]

Saba, I.; Jakubowska, W.; Boldug, S.; Chabaud, S. Engineering Tissues without the Use of a Synthetic Scaffold: A Twenty-Year
History of the Self-Assembly Method. Biomed. Res. Int. 2018, 2018, 5684679. [CrossRef] [PubMed]

Switzer, B.R.; Summer, G.K. Collagen synthesis in human skin fibroblasts: Effects of ascorbate, -ketoglutarate and ferrous ion on
proline hydroxylation. J. Nutr. 1972, 102, 721-728. [CrossRef] [PubMed]

Hata, R.; Senoo, H. L-ascorbic acid 2-phosphate stimulates collagen accumulation, cell proliferation, and formation of a three-
dimensional tissuelike substance by skin fibroblasts. J. Cell Physiol. 1989, 138, 8-16. [CrossRef] [PubMed]

Germain, L.; Larouche, D.; Nedelec, B.; Perreault, I.; Duranceau, L.; Bortoluzzi, P.; Beaudoin Cloutier, C.; Genest, H.; Caouette-
Laberge, L.; Dumas, A.; et al. Autologous bilayered self-assembled skin substitutes (SASSs) as permanent grafts: A case series of
14 severely burned patients indicating clinical effectiveness. Eur. Cell Mater. 2018, 36, 128-141. [CrossRef] [PubMed]

Le-Bel, G.; Guerin, L.P; Carrier, P.; Mouriaux, F.; Germain, L.; Guerin, S.L.; Bazin, R. Grafting of an autologous tissue-engineered
human corneal epithelium to a patient with limbal stem cell deficiency (LSCD). Am. |. Ophthalmol. Case Rep. 2019, 15, 100532.
[CrossRef]

Orabi, H.; Saba, I.; Rousseau, A.; Bolduc, S. Novel three-dimensional autologous tissue-engineered vaginal tissues using the
self-assembly technique. Transl. Res. 2017, 180, 22-36. [CrossRef]

Ringuette-Goulet, C.; Boldug, S.; Pouliot, F. Modeling human bladder cancer. World J. Urol. 2018, 36, 1759-1766. [CrossRef]
Bouhout, S.; Perron, E.; Gauvin, R.; Bernard, G.; Ouellet, G.; Cattan, V.; Bolduc, S. In vitro reconstruction of an autologous,
watertight, and resistant vesical equivalent. Tissue Eng. Part A 2010, 16, 1539-1548. [CrossRef]

Cattan, V.; Bernard, G.; Rousseau, A.; Bouhout, S.; Chabaud, S.; Auger, F.A.; Bolduc, S. Mechanical stimuli-induced urothelial
differentiation in a human tissue-engineered tubular genitourinary graft. Eur. Urol. 2011, 60, 1291-1298. [CrossRef]

Bouhout, S.; Gauvin, R.; Gibot, L.; Aube, D.; Bolduc, S. Bladder substitute reconstructed in a physiological pressure environment.
J. Pediatr. Urol. 2011, 7, 276-282. [CrossRef] [PubMed]

Imbeault, A.; Bernard, G.; Rousseau, A.; Morissette, A.; Chabaud, S.; Bouhout, S.; Bolduc, S. An endothelialized urothelial
cell-seeded tubular graft for urethral replacement. Can. Urol. Assoc. . 2013, 7, E4-E9. [CrossRef] [PubMed]

Bouhout, S.; Chabaud, S.; Bolduc, S. Organ-specific matrix self-assembled by mesenchymal cells improves the normal urothelial
differentiation in vitro. World J. Urol. 2016, 34, 121-130. [CrossRef] [PubMed]

Versteegden, L.R.; van Kampen, K.A.; Janke, H.P.; Tiemessen, D.M.; Hoogenkamp, H.R.; Hafmans, T.G.; Roozen, E.A.; Lomme,
R.M.; van Goor, H.; Oosterwijk, E.; et al. Tubular collagen scaffolds with radial elasticity for hollow organ regeneration. Acta
Biomater. 2017, 52, 1-8. [CrossRef]

Caneparo, C.; Chabaud, S.; Fradette, J.; Bolduc, S. Engineered human organ-specific urethra as a functional substitute. Sci. Rep.
2022, 12, 21346. [CrossRef]

Carrier, P; Deschambeault, A.; Audet, C.; Talbot, M.; Gauvin, R.; Giasson, C.J.; Auger, FA.; Guerin, S.L.; Germain, L. Impact of
cell source on human cornea reconstructed by tissue engineering. Investig. Ophthalmol. Vis. Sci. 2009, 50, 2645-2652. [CrossRef]
Jean, J.; Lapointe, M.; Soucy, J.; Pouliot, R. Development of an in vitro psoriatic skin model by tissue engineering. J. Dermatol. Sci.
2009, 53, 19-25. [CrossRef]

Imbeault, A.; Bernard, G.; Ouellet, G.; Bouhout, S.; Carrier, S.; Bolduc, S. Surgical option for the correction of Peyronie’s disease:
An autologous tissue-engineered endothelialized graft. J. Sex. Med. 2011, 8, 3227-3235. [CrossRef]

Kumar, D.; Anand, T.; Kues, W.A. Clinical potential of human-induced pluripotent stem cells: Perspectives of induced pluripotent
stem cells. Cell Biol. Toxicol. 2017, 33, 99-112. [CrossRef]

Korneyev, I; Ilyin, D.; Schultheiss, D.; Chapple, C. The first oral mucosal graft urethroplasty was carried out in the 19th century:
The pioneering experience of Kirill Sapezhko (1857-1928). Eur. Urol. 2012, 62, 624—627. [CrossRef]

Burger, R.A.; Muller, S.C.; el-Damanhoury, H.; Tschakaloff, A.; Riedmiller, H.; Hohenfellner, R. The buccal mucosal graft for
urethral reconstruction: A preliminary report. J. Urol. 1992, 147, 662-664. [CrossRef]

Dessanti, A.; Rigamonti, W.; Merulla, V.; Falchetti, D.; Caccia, G. Autologous buccal mucosa graft for hypospadias repair: An
initial report. J. Urol. 1992, 147, 1081-1083; discussion 1083-1084. [CrossRef]

Presman, D.; Greenfield, D.L. Reconstruction of the perineal urethra with a free full-thickness skin graft from the prepuce. J. Urol.
1953, 69, 677-680. [CrossRef]

Barbagli, G.; Guazzoni, G.; Lazzeri, M. One-stage bulbar urethroplasty: Retrospective analysis of the results in 375 patients. Eur.
Urol. 2008, 53, 828-833. [CrossRef]

Wild, R.M.; Devine, CJ., Jr.; Horton, C.E. Dermal graft repair of Peyronie’s disease: Survey of 50 patients. . Urol. 1979, 121, 47-50.
[CrossRef] [PubMed]


https://doi.org/10.1038/s41467-020-16192-x
https://doi.org/10.1177/20417314211027677
https://doi.org/10.1038/nbt.2958
https://doi.org/10.1038/s41598-019-51794-6
https://www.ncbi.nlm.nih.gov/pubmed/31704952
https://doi.org/10.1155/2018/5684679
https://www.ncbi.nlm.nih.gov/pubmed/29707571
https://doi.org/10.1093/jn/102.6.721
https://www.ncbi.nlm.nih.gov/pubmed/4337638
https://doi.org/10.1002/jcp.1041380103
https://www.ncbi.nlm.nih.gov/pubmed/2910890
https://doi.org/10.22203/eCM.v036a10
https://www.ncbi.nlm.nih.gov/pubmed/30209799
https://doi.org/10.1016/j.ajoc.2019.100532
https://doi.org/10.1016/j.trsl.2016.07.019
https://doi.org/10.1007/s00345-018-2369-5
https://doi.org/10.1089/ten.tea.2009.0473
https://doi.org/10.1016/j.eururo.2011.05.051
https://doi.org/10.1016/j.jpurol.2011.03.002
https://www.ncbi.nlm.nih.gov/pubmed/21527232
https://doi.org/10.5489/cuaj.187
https://www.ncbi.nlm.nih.gov/pubmed/23401738
https://doi.org/10.1007/s00345-015-1596-2
https://www.ncbi.nlm.nih.gov/pubmed/26008115
https://doi.org/10.1016/j.actbio.2017.02.005
https://doi.org/10.1038/s41598-022-25311-1
https://doi.org/10.1167/iovs.08-2001
https://doi.org/10.1016/j.jdermsci.2008.07.009
https://doi.org/10.1111/j.1743-6109.2011.02374.x
https://doi.org/10.1007/s10565-016-9370-9
https://doi.org/10.1016/j.eururo.2012.06.035
https://doi.org/10.1016/S0022-5347(17)37340-8
https://doi.org/10.1016/S0022-5347(17)37478-5
https://doi.org/10.1016/S0022-5347(17)68129-1
https://doi.org/10.1016/j.eururo.2008.01.041
https://doi.org/10.1016/S0022-5347(17)56657-4
https://www.ncbi.nlm.nih.gov/pubmed/366185

Bioengineering 2024, 11, 230 23 of 23

178.

179.

180.

181.

182.

Austoni, E.; Colombo, E; Mantovani, F; Patelli, E.; Fenice, O. Radical surgery and conservation of erection in Peyronie’s disease.
Arch. Ital. Urol. Androl. 1995, 67, 359-364. [PubMed]

Lue, T.E; El-Sakka, A.I. Venous patch graft for Peyronie’s disease. Part I: Technique. J. Urol. 1998, 160, 2047-2049. [CrossRef]
[PubMed]

Helal, M.A.; Lockhart, J.L.; Sanford, E.; Persky, L. Tunica vaginalis flap for the management of disabling Peyronie’s disease:
Surgical technique, results, and complications. Urology 1995, 46, 390-392. [CrossRef]

Ulubay, M.; Akdeniz, E. The Effect of Autologous Temporal Fascia Graft on Erectile Function and Psychometric Properties in
Peyronie’s Disease Patients. Urol. ]. 2022, 20, 48-55. [CrossRef] [PubMed]

Saad, S.; Osman, N.I.; Chapple, C.R. Tissue engineering: Recent advances and review of clinical outcome for urethral strictures.
Curr. Opin. Urol. 2021, 31, 498-503. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/pubmed/8589753
https://doi.org/10.1016/S0022-5347(01)62239-0
https://www.ncbi.nlm.nih.gov/pubmed/9817320
https://doi.org/10.1016/S0090-4295(99)80225-8
https://doi.org/10.22037/uj.v19i.7376
https://www.ncbi.nlm.nih.gov/pubmed/36528798
https://doi.org/10.1097/MOU.0000000000000921
https://www.ncbi.nlm.nih.gov/pubmed/34397507

	Introduction 
	Penile Anatomy 
	Common Penile Pathologies, Anomalies, and Treatments 
	Tissue Engineering 
	Urethroplasty 
	Synthetic Biomaterials 
	Intelligent Biomaterials 
	Natural Biomaterials 

	Tissue Engineering for Peyronie’s Disease Correction 
	Corpus Cavernosum Replacement Strategies 
	Bioprinting 
	Acellularization of the Penis 

	Tissue Engineering: The Self-Assembly Approach 
	Urethral Substitutes 
	Tunic Albuginea Substitutes 

	Limitations and Perspectives 
	Conclusions 
	References

