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of hypospadias

The current state of tissue
engineering in the management

Yvonne Y. Chan®’, Matthew I. Bury
Earl Y. Cheng'? and Arun K. Sharma

solutions to these issues.

Hypospadias is a complex congenital malformation char-
acterized by the interruption of normal urethral devel-
opment, resulting in a urethral meatus located proximal
to the orthotopic meatal location at the tip of the glans
penis in men' (FIG. 1). Hypospadias often coexists
with deficiency of the ventral prepuce and chordee,
which is an abnormal penile curvature. Presentation
of hypospadias is variable, ranging from mild forms
with the meatus located at the corona (distal) to severe
forms with the meatus in the perineum (proximal)
(FIG. 1). Current management, especially for proximal
hypospadias, is far from optimal*’. Repair is chal-
lenging owing to the variable anatomy and quality of
the urethral plate. Those patients with fibrotic and defi-
cient urethral plates often require staged repair with
urethral plate augmentation with preputial or buccal
tissue’. Complications such as urethral strictures, fis-
tulae and dehiscence often lead to multiple surgical
procedures for each individual. Thus, tissue engineer-
ing, which combines the principles of engineering and
biological sciences to provide constructs that replace or
enhance the regeneration of damaged or deficient native
tissue, has a role in hypospadias repair”.

In this Review we discuss the considerable effect of
hypospadias on affected individuals and the need for
improved management options. We describe advan-
ces in urethral tissue engineering and barriers to the
clinical application of tissue-engineered constructs in
hypospadias repair.

', Emily M. Yura®?, Matthias D. Hofer?,

1,2,3,4,5,6

Abstract | Hypospadias is a congenital malformation resulting from the disruption of normal
urethral formation with varying global prevalence. Hypospadias repair, especially that of proximal
hypospadias (in which reconstruction of a long urethra is necessary), remains a surgical challenge
despite more than two decades of surgical technique development and refinement. The lack of
tissue substitutes with mechanical and biological properties similar to those of native urethra

is a challenge for which the field of tissue engineering might offer promising solutions. However,
the use of tissue-engineered constructs in preclinical studies is still hindered by complications
such as strictures or fistulae, which have slowed progression to clinical application. Furthermore,
the generation of uniform tubular constructs remains a challenge. Exciting advances in the
application of nanotechnology and 3D bioprinting to urethral tissue engineering might present

Prevalence

Hypospadias affects 1 in 200-300 newborn male babies
in the USA>‘. Numerous studies have been performed
globally and have shown a mean hypospadias preva-
lence of 19.9 in 10,000 in Europe, 34.2 in 10,000 in the
USA, 5.2 in 10,000 in South America, 0.6-69.0 in 10,000
in Asia, 5.9 in 10,000 in Africa, and 17.1-34.8 in 10,000 in
Australia’. However, data on the true prevalence and
trends of hypospadias are difficult to interpret given the
variability in hypospadias awareness and reporting in dif-
ferent geographical regions’. A study of 23 EUROCAT
registries noted a large amount of variability between reg-
istries, with reported prevalence ranging from 5.10 in
10,000 births in south Portugal to 36.83 in 10,000 births
in Germany®. Variations in reported prevalence might be
caused by factors including geographical differences in
genetic and environmental factors, increased practitioner
awareness of hypospadias over time and disparities in
hypospadias reporting between registries’.

Genetic and environmental factors

Hypospadias can be hereditary and can result from dis-
ruptions to various signalling pathways at the genetic
and/or molecular levels’ %, A cohort study of >1.2 million
boys in Denmark estimated the recurrence risk ratio of
hypospadias for first-degree relatives to be 11.6 (95%
CI9.75-13.7), with possible transmission via maternal
or paternal lines’. Mutations, copy number variations
and single-nucleotide polymorphisms in AR, SRD5A2,
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Key points

* Hypospadias is a common congenital abnormality with genetic, molecular and
environmental causes that can result in functional or cosmetic issues for affected

individuals.

* Distal hypospadias repair is relatively successful, but complication rates of proximal
hypospadias repair are high even for experienced surgeons despite surgical

technique refinement.

* Tissue engineering could address the lack of tissue substitutes with properties similar
to those of native urethra for use in urethral reconstruction.

* For hypospadias in particular, improved understanding of the mechanical properties
and biological support being provided by the corpus spongiosum is needed.

* Amongst the emerging tissue engineering technologies, nanotechnology could enable
alteration of the microenvironment to improve wound healing and regeneration, and
3D bioprinting could be used to offer patient-tailored urethral constructs.

* Scientific barriers, such as identifying the ideal tissue-engineered urethral construct,
and practical barriers, including institutional support and funding for translational
research, hamper clinical application of tissue-engineered constructs in hypospadias

repair.

HSD3B2, WT1 and many other genes involved in early
urethral and genital tubercle development are associated
with hypospadias'®'®. As the technology for whole-
genome sequencing improves, more genetic variants
associated with the hypospadias phenotype will probably
be identified. The clinical implications of this emerging
information will need to be thoroughly scrutinized and
might help families identify predispositions to other
associated conditions. For example, an infant with
proximal hypospadias was noted to have a WT1 gene
alteration, which prompted early screening for Wilms
tumour and resulted in early detection and treatment'.

Environmental causes of hypospadias are more
challenging to establish than genetic factors given the
presence of multiple confounding factors. Studies have
suggested associations between hypospadias and mater-
nal exposure to endocrine-disrupting chemicals (EDCs)
and medications such as diethylstilboestrol, which was
historically given to women in the 1970s to prevent pre-
term labour, and valproate, which is an anticonvulsant
used to treat bipolar disorder and seizures'**". EDCs
include synthetic chemicals found in industrial solvents,
pesticides, plastics and medications, but can also include
natural chemicals found in food products. Exposure can
occur through occupation, use of products containing
EDC:s or pollution?'. Paternal EDC exposure at the time
of fertilization might be a potential risk factor for hypo-
spadias, but has been inconsistently demonstrated in
studies'>*>*. Hypospadias is also known to be associ-
ated with intrauterine growth retardation, which could
be caused by maternal placental insufficiency***.

Urethral development

Hypospadias results from interference in urethral for-
mation. Thus, a basic understanding of normal human
urethral development is necessary to comprehend this
condition. Theories about how the human urethra
develops have evolved over time from the ‘ectodermal
intrusion’ theory to the current ‘double zipper’” hypoth-
esis**. In 2015, Li et al." analysed eight developing
human male fetal specimens using optical projection
tomography and observed progression of the urethral

meatus from the scrotal folds to the glans penis along
with proximal to distal fusion of the urethral groove with
increasing gestational age'. This observation led investi-
gators to propose the ‘double zipper’ hypothesis in which
urethral development occurs via the processes of ure-
thral groove formation via canalization of the urethral
plate followed by fusion of the urethral groove. Failure
of urethral plate formation or canalization or failure of
urethral groove growth or fusion results in hypospadias'.

Further study increased understanding of glanular
urethral development, which is distinct from that of
penile urethral formation. Examination of 48 human
fetal penile specimens showed termination of the ure-
thral plate cannulation at the proximal glans with con-
tinued extension of the solid urethral plate to the tip*.
Urethral plate cannulation then occurs in an asymmet-
ric, ventral-to-dorsal manner without formation of ure-
thral grooves. The glanular urethra is then formed from
mesenchymal confluence with subsequent reabsorption
of endoderm cells ventral to the confluence”. The dis-
tinct differences in penile and glanular urethral forma-
tion might give insight into the differences in outcomes
of proximal and distal hypospadias surgical repair.
These observations have increased our knowledge of
the distinct differences between penile and glanular
urethral formation.

Hypospadias classification

Timing of urethral development disruption dictates the
location of the urethral meatus, with earlier time points
correlating with more proximal locations. Hypospadias
is, therefore, classified by the ultimate position of the
urethral meatus (FIG. 1). Many classification systems have
been reported, but the two most commonly used classifi-
cations were proposed by Duckett” in 1996 and Hadidi*
in 2004. Duckett categorized hypospadias into anterior
(distal penile to glanular), middle (proximal penile
and mid-shaft) and posterior (perineal to penoscrotal)
hypospadias®. Hadidi divided hypospadias into three
categories: glanular, distal (mid-shaft to coronal) and
proximal (perineal to proximal penile)®. These classifi-
cations help divide hypospadias into different categories
by meatal location, offering frameworks for reporting in
data registries. However, meatal location alone is argua-
bly insufficient to adequately represent the true severity
of the phenotype, and other factors, including degree of
ventral curvature and quality of the urethra plate, should
also be considered. At present, further standardization is
needed for hypospadias classification™.

Clinical goals of management

Hypospadias is not life threatening but can result in
functional issues with urination, intercourse and sperm
deposition in severely affected individuals®. Thus,
the main goals of management include reconstruction
of the urethra with placement of the meatus as close
to the tip of the glans as possible for proper aim of
the urinary stream and semen deposition, correction
of the penile curvature to minimize sexual dysfunc-
tion and achievement of acceptable cosmetic results
to reduce the psychosocial effect on the affected indi-
vidual. Thus, an understanding of urinary symptoms,
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sexual function and fertility, and psychosocial outcomes
in patients with hypospadias is important.

Urinary symptoms after hypospadias repair are
improved; comparison of patient-reported outcome
measures between men with uncorrected hypospadias,
successful repair or failed repair showed that spraying or
deviated streams were higher in those with failed repair
(39%) or uncorrected hypospadias (37%) than in those
with successful repair (13%) (P=0.003)*. An internet
survey of men, including 7.1% who had untreated hypo-
spadias, showed that those with untreated hypospadias
reported worse voiding and sexual function, more diffi-
culty with intercourse and more ventral penile curvature
than men who did not have hypospadias™. Evaluation
of patients who underwent hypospadias correction
revealed normal or mild voiding disturbances™.

Sexual function and fertility are worse in those with
proximal hypospadias. A survey was completed by
119 men who underwent hypospadias repair as children
and was analysed according to primary urethral meatal
locations (glanular, distal or proximal). The rate of mild
erectile dysfunction was highest in those with proxi-
mal hypospadias (8.9% glanular, 50% distal and 72.2%
proximal) who also reported decreased sexual quality
of life compared with those who had distal or glanular
hypospadias®. A study administered a questionnaire
designed to evaluate fertility and psychosocial status to
167 adult men with a history of hypospadias and age-
matched controls and found no overall differences in
fertility, number of sexual partners or sexual interest
between the two groups®. However, those with proxi-
mal hypospadias, who comprised 13% of the patients,
did have lower sexual life satisfaction and lower reported
fertility than those with distal hypospadias and those
without hypospadias. Reported fertility was 22.7% in
those with proximal hypospadias compared with 52%
in those without hypospadias (P=0.002) and 53.9% in
those with distal hypospadias (P=0.001)*. Hypospadias
in certain patients has been hypothesized to be associated
with undescended testes and impaired semen quality”.
Prospective evaluation of semen parameters and erectile
function in 73 adult patients with history of hypospadias
showed poorer erectile function and semen quality in
men with proximal hypospadias than in men with distal
hypospadias and those without hypospadias (who had
comparable semen parameters)*. Comparison of semen
quality between men with isolated hypospadias and
those with hypospadias and additional genital disorders
showed that the latter have reduced semen quality””.

Previous studies have mainly focused on surgical and
functional outcomes of hypospadias repair, but contem-
porary studies are also starting to consider the psycho-
social outcomes in those with history of hypospadias.
Satisfaction with cosmetic appearance is highest in those
with successful repair (93%) compared with those who
have failed repair (77%) or uncorrected hypospadias
(67%) (P<0.001)*”. A large, registry-based, cohort
study of >4,000 individuals with a history of hypospa-
dias showed that they were more likely to receive a
disability pension than age-matched men without hypo-
spadias, but no difference was observed with regard to
marital status, education level, income and diagnosis
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Fig. 1| The meatal locations in varying degrees
of hypospadias. The potential meatal locations of
hypospadias in varying presentations, ranging from
glanular hypospadias to perineal hypospadias.

of psychiatric diseases™. A questionnaire-based study of

167 men with a history of hypospadias showed that hypo-
spadias did not affect marital status, employment, pres-
ence of children in the family or experience of bullying.
However, those with a history of proximal hypospadias
reported a tendency to avoid close relationships™.

Many studies to date have focused on physician-
reported outcomes and have been limited by the absence
of long-term follow-up data. However, increasing
emphasis has been placed on the importance of patient-
reported outcomes and the creation of measures to objec-
tively evaluate cosmetic and functional results following
hypospadias management™**. Future studies incorporat-
ing these factors and long-term, regular follow-up moni-
toring might provide a more accurate representation of
the success of current hypospadias management.

Current surgical management

Hypospadias treatment is surgical and involves repair
of the urethral defect and correction of the ventral cur-
vature. Surgical techniques for hypospadias repair have
changed and continue to evolve'. Given the plethora
of techniques used, no consensus exists on the best
approach. The choice of approach varies with patient
anatomy and surgeon preference®.

Glanular and distal hypospadias

Hypospadias management depends on the severity of
the condition (FIC. 2). In patients with glanular or distal
hypospadias and minimal functional issues, observation
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Fig. 2 | Surgical management algorithm for hypospadias. An algorithm showing the potential approach to hypospadias
management. The surgical approach is guided by meatal location, degree of chordee and the quality of urethral plate.

In a child with a distal hypospadias who has a straight urinary stream, is asymptomatic and has no penile curvature,
consider nonoperative management (asterisk). Tubularization can be performed as a second-stage repair 6 months
after chordee repair (double asterisk). Two-stage repair is recommended in patients with considerable chordee and/or
an unhealthy urethral plate. GAP, glans approximation plasty; MAGPI, meatal advancement and glanuloplasty;

TIP, tubularized incised plate urethroplasty; TPIF, transverse preputial island flap.

without surgical intervention might be chosen®. If
the parents desire repair, the American Academy of
Pediatrics recommends intervention between 6 to
12 months of age*. Various techniques have been
described. The tubularized incised plate (TIP) repair,
which is a commonly used technique, involves penile
degloving and creation of a relaxing incision in the
midline urethral plate®”. The urethral plate is then tubu-
larized and covered with a dartos flap**. The Mathieu
technique uses a penile shaft skin flap measured to the
distance from the meatus to the tip of the glans to gen-
erate the neourethra. The flap is flipped over the meatus
and sutured to the lateral edges of the urethral plate.
The meatal advancement and glanuloplasty (MAGPI)
technique involves making a longitudinal incision
in the glanular groove and closing the incision in a
Heineke-Mikulicz manner*. The glans approximation
plasty (GAP) procedure, which is only feasible in those
with wide urethral plates, involves tubularization of the
urethral plate without a relaxing incision®. In patients
in whom the urethral plate is of inadequate quality,

a transverse preputial island flap (TPIF) technique,
which involves harvesting a strip of inner preputial skin
with a preserved blood supply to create the ventral wall
of the neourethra, can be used®.

To date, no consensus exists on the ideal method of
repair, but distal hypospadias repair has relatively low
complication and failure rates. In a study using a multi-
centre database of hypospadias surgery, the reoperation
rate was 9% in distal hypospadias repair. Increased age
at time of repair was associated with an increased risk of
requiring cystoscopy and urethral dilation or incision.
Each additional year of age at the time of initial repair
conferred an increased risk of 15% for cystoscopy and
21% for urethral dilation or incision’. A meta-analysis
comparing primary Mathieu and TIP repairs in distal
hypospadias showed an increased incidence of urethral
fistulas with the Mathieu approach compared with TIP
(5.3% versus 3.8%, P=0.028) and a higher incidence of
meatal stenosis in the TIP group than in the Mathieu
group (3.1% versus 0.7%, P<0.001). However, this dif-
ference was no longer seen after excluding studies that
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did not specify the follow-up duration*’. A meta-analysis
evaluated outcomes of TIP repairs and found fistula and
reoperation rates of 5.7% and 4.5%, respectively, follow-
ing primary distal repair®. Evaluation of urinary flow
parameters after distal hypospadias repair revealed
flow improvement with time and especially by 10 years
postoperatively.

Mid-shaft hypospadias often have a greater degree
of chordee than glanular or distal hypospadias®. If the
chordee is <30° and the urethral plate is healthy and wide
enough, the TIP or Mathieu technique can be used”.
If the urethral plate is insufficient, the TPIF technique
can be used®. A case series of 46 patients with mid-
shaft hypospadias repaired using this approach showed
a fistula rate of 2.2%"'. Alternatively, the urethral plate
can be augmented with an inner preputial inlay graft®.
In this technique, the urethral plate is incised longitu-
dinally from the hypospadiac meatus to the tip of the
penis. The plate is elevated off the underlying corporal
bodies and an appropriately sized inner preputial graft,
which is removed from its native blood supply, is placed
in this defect. The neourethra can be created via a single-
stage repair or a two-stage repair with a 6-month hiatus
to allow neovascularization of the graft”. A prospective
study in 230 individuals who underwent repair using
inlay grafts showed no incidences of meatal stenosis or
urethral diverticulum; fistula formation occurred in
3.9% of individuals™.

Proximal hypospadias

Proximal hypospadias repair is far more complex than
glanular or distal hypospadias repairs (which can be
completed in one operation) and often requires staged
repair®. Proximal hypospadias repair is challenging
owing to the often small and dysplastic urethral plates
and severe chordee. If the chordee is <30° after penile
degloving, the curvature can be corrected with dorsal
plication. If the urethral plate is healthy, a single-stage
approach with TIP can be attempted. If the urethral
plate is insufficient, it can be augmented with an inner
preputial inlay graft followed by single or two-stage
reconstruction®. If the curvature is >30° after penile
degloving, urethral plate division might be necessary
with subsequent deep transverse incisions of the tunica
albuginea or corporal body grafting if the severe chor-
dee persists>®. After chordee correction, the urethral
defect needs to be bridged. Multiple techniques have
been described, including the Byars flap in which the
preputial skin flaps are rotated ventrally along their vas-
cular pedicles to fill the gap. Alternatively, a dorsal inner
preputial skin flap can be harvested and quilted to the
underlying tunica albuginea to bridge the gap. The sec-
ond stage of the repair, during which the urethral plate
is tubularized, is usually undertaken 6 months after the
first stage**S.

Complication rates are high in proximal hypospa-
dias repair with a multivariate analysis showing that the
only predictive factor for re-intervention was the pres-
ence of proximal hypospadias (OR 3.27, P=0.012)>>*".
The complication rate was 56% in a cohort who
underwent single-stage or two-stage proximal hypo-
spadias repair, with complications developing in 62% of
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those who underwent single-stage repair and in 49%
of those who underwent staged repair™. In another study,
68% of the cohort who underwent two-stage proximal
hypospadias repair with transposed preputial skin flaps
required additional unplanned operations®. Similarly, the
complication rate was 68% in 38 patients who underwent
two-stage proximal hypospadias repairs using inner pre-
putial flaps™. These results from surgeons experienced in
hypospadias repair illustrate the considerable difficulty
in proximal hypospadias management, which poses the
challenge of needing to reconstruct long urethras with
minimal healthy urethral tissues in patients undergoing
primary repair and often deficient healthy urethral tis-
sues in those undergoing re-repair’. Advances in urethral
tissue engineering would have a large effect on proximal
hypospadias repair by potentially creating compara-
ble urethral substitutes for use in patients in whom the
urethral plates are deficient or lacking.

Urethral tissue engineering

Repairing proximal hypospadias is challenging. As ure-
thral plates with dysplastic tissue are deficient, substi-
tutes for urethral tissue (such as buccal mucosal, bladder
mucosal and postauricular grafts) are used to create
the neourethra'®*, which strains the autologous tissue
donor sites, especially in patients requiring repeated
interventions. Tissue engineering, which combines bio-
engineering principles, material sciences and aspects of
nanotechnology, could lead to the creation of tissue with
properties similar to those of normal urethra®. Scaffolds
are integral to this process and provide the structural
support necessary for cellular localization, maturation
and ultimately tissue development®. The ideal scaffold is
biocompatible and biodegradable, possesses mechanical
properties similar to those of the native organ and can be
successfully surgically manipulated’. Various scaffolds
exist and can be classified according to whether they are
made of natural or synthetic material®’. Scaffolds made
from natural polymers in part include those derived from
collagen, chitosan, alginates, gelatin, elastin or silk.
Natural scaffolds can also be made from decellularized
tissue, such as small intestinal submucosa (SIS) or bladder
acellular matrices (BAMs), which preserve tissue micro-
architecture and growth factors®'. Synthetic scaffolds are
made of synthetic polymers including polyglycolic acid
(PGA), polylactic acid (PLA) and poly(lactic-co-glycolic
acid) (PLGA), among others®”*'. Hybrid scaffolds are
generated by using a combination of synthetic and nat-
ural materials®. Scaffolds can be acellular or cell-seeded
with stem cells or differentiated cells. Cell-seeded scaf-
folds provide additional support by using autologous
cells that aid in regeneration®’.

Acellular scaffolds

Acellular scaffolds promote local cellular migration and
growth by providing the structural and growth factor
support necessary for native cellular regeneration®*®".

Naturally derived scaffolds. Various naturally derived
scaffolds for facilitating urethral tissue regeneration
have been investigated®*’. Collagen-based scaffolds,
which can be moulded to the configuration of a human
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urethra, have been commonly used®’. Double-layered
high-density collagen tubes were used to replace 2-cm
native urethral defects in 20 male white rabbits that had
undergone subtotal urethral excision®. Voiding cys-
tourethrography was performed at 1, 3, 6 and 9 months
and the regenerated urethras were evaluated by histol-
ogy and immunohistochemistry. Fistula and stricture
rates were both 20%. Urothelial and vascular regenera-
tion were visualized at 1 month after the procedure and
smooth muscle bundle formation was visualized at
6 months. Cellular organization improved over time
and began to resemble that of the native rabbit urethra
6-9 months after the procedure®.

Silk fibroin scaffolds are naturally derived scaffolds
that are gaining popularity for bladder and urethral
regeneration®. This scaffold purportedly has better
elasticity than other biomaterials, including collagen
and PLA, and is relatively nonimmunogenic compared
with collagen and PLA*". In one study, acellular silk
fibroin scaffolds used in ventral onlay urethroplasties
were compared with SIS grafts or urethrotomy alone
in adult male rabbits. Epithelial and smooth muscle
regeneration were equivalent in both silk fibroin and
SIS groups, but silk fibroin scaffolds elicited lower levels
of inflammatory response®. Silk fibroin has also been
used to develop composite scaffolds. A composite silk,
keratin, gelatin and calcium peroxide (CPO) film that
facilitates high continuous oxygen delivery had similar
regenerative outcomes to SIS in reconstructions of rabbit
urethral defects®. Furthermore, scaffolds without CPO
had higher incidences of fistula, which was seen in all
animals within this group. Complete, patent urethras
were noted in the groups treated with films containing
CPO or with SIS alone. Surprisingly, the CPO scaffolds
had strong antimicrobial activities against Escherichia
coli and Staphylococcus aureus. The authors postulated
that this activity could be secondary to the degradation
products of CPO and could potentially reduce the neg-
ative effects of infection on wound healing, but further
investigation is warranted®. Lv et al.*” used a complex
composite scaffold instead of a commercially availa-
ble scaffold, such as SIS®. Making SIS + CPO scaffolds
is potentially possible, but the mechanical properties
of the material, rate of oxygen diffusion and nature of
scaffold degradation might not be ideal for continuous
oxygen delivery. The investigators noted that methods
for detecting the rate of oxygen delivery are still being
refined. Improvements in techniques and understand-
ing of how to facilitate oxygen delivery means that this
biomaterial or the techniques involved potentially could
provide additional benefits beyond what is currently
commercially available.

The amniotic membrane is another biomaterial that
has been used in urethral regeneration with or without
the epithelium layer’’. The membrane is rich in essen-
tial growth factors including vascular endothelial growth
factor (VEGF) and platelet-derived growth factor
(PDGF), which enhances wound healing and decreases
inflammation, and has low immunogenicity”"” In one
study, human amniotic membrane xenografts were used
to repair 10-mm urethral defects in 20 rabbits. Fistula
occurred in one animal (5%) and strictures occurred in

two (10%). Complete re-epithelialization of the xeno-
graft was observed but no definitive muscle layer was
seen”’. The combination of amniotic membranes and
buccal mucosa for urethroplasty to repair 10 x 5-mm sur-
gically created urethral defects in male rabbits improved
tissue healing and decreased inflammation compared
with controls’. Amniotic membrane is an inexpensive
source of biomaterial for urethral regeneration, but fur-
ther research is necessary to develop standardized pro-
tocols for its processing, characterization and storage.
Tissue properties vary between different regions of the
amniotic membrane, making it a heterogeneous mate-
rial to work with”. Future research might improve our
understanding of these variations and potentially lead to
the use of other biomaterials or additional growth fac-
tors to minimize this heterogenicity. Combinations of
the membrane with other biomaterials including nano-
fibres might reduce its fragility and increase its suitability
for widespread use’”.

Naturally derived decellularized scaffolds. Naturally
derived matrices obtained via tissue decellularization
are scaffolds that preserve tissue microarchitecture®'.
Commonly used decellularized scaffolds in tissue engi-
neering include SIS and BAM®'. In one study, single-
layer SIS grafts were used for urethral replacement in
male rabbits as onlays (nine animals) or for tubular
replacement (nine animals)’®. Animals either had a
15-mm defect created in the ventral penile urethra
(18 animals) or had a 15-mm segment of their penile
urethra excised (18 animals). In nine animals, the ven-
tral defect was closed with SIS onlay grafts, and the
results were compared with nine control animals that
had spontaneous regeneration without repair. In the
nine animals that had complete excision of the urethra,
the defect was bridged with a 15-mm segment of tubu-
larized SIS; regeneration in this group was compared
with that in nine controls in which the excised ure-
thral defect was not bridged. Histological examination
revealed inferior healing with the SIS onlay grafts, which
lacked formation of smooth muscle fascicles, compared
with spontaneous regeneration; instead, abundant
collagenized fibrous tissue was observed. Poor tissue
healing, with development of fistulas or strictures, was
observed in rabbits with a tubular defect, whether or
not it was bridged with SIS. Repair with tubularized SIS
grafts resulted in fibrosis with luminal obstruction. The
authors concluded that SIS onlay alone was inferior to
spontaneous regeneration, and SIS was unsuitable for
use as a tubularized urethral substitute in this model”.
Subsequently, use of single-layer SIS, four-layer SIS and
buccal mucosa for the repair of 10 x 5-mm urethral
defects was compared in 36 male rabbits, with 12 ani-
mals in each group. The degree of fibrosis, epithelial
regeneration and neovascularization were similar across
all groups but graft shrinkage was less in the group
receiving the four-layer SIS repair”.

BAMs are also commonly used in urethral regener-
ation. Urethroplasty was performed to repair a 1.5-cm
urethral defect in rabbits using BAM either treated with
peracetic acid or not’®. Peracetic acid increased the
porosity of the scaffold, which minimized exogenous
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cellular components and increased cellular migra-
tion, infiltration and proliferation. Regeneration of
the urothelium and smooth muscle was faster in the
experimental group in which the increased porosity
of the scaffold facilitated nutrient transfer and cellu-
lar viability”®. A BAM hydrogel and silk fibroin com-
posite scaffold was created that was pre-vascularized
using a 2-week incubation period in the omentum of
male rabbits and used to repair autologous urethral
defects”. Repairs using the BAM composite scaffolds
had increased vascularization and wider calibre urethras
than repairs using composite scaffolds of collagen hydro-
gel and silk fibroin or silk fibroin-only scaffolds (which
were similarly incubated in the omentum before use)”.
Similar success was achieved using autologous urethral
tissue-embedded acellular porcine bladder submucosa
matrices (BSMs)®. Normal urethral lumen, complete
epithelialization and muscle regeneration were observed
in rabbits that underwent urethroplasty with autol-
ogous urethral tissue-embedded acellular BSM. Those
rabbits that underwent urethroplasty with an acellular
BSM graft had abundant fibrous tissue deposition and
lacked circular smooth muscle bundles®.

Preputial acellular matrices (PAMs) and decellu-
larized urethral tissue have also been used as scaffolds
for urethral regeneration. PAM generated from decel-
lularized prepuces from circumcised boys were used
to repair 5x 5-mm ventral surgically created urethral
defects in male rabbits®’. The results were compared
with those in rabbits in which defects were closed in
layers (six animals), closed in layers with application
of fibrin sealant (six animals), closed with PAM graft
alone (six animals) or closed with a PAM graft and fibrin
sealant (six animals). Animals with defects repaired
using a PAM had a wide-calibre urethra with complete
transitional cell layers over the graft at all time points®'.
Decellularization and recellularization of urethral tissue
have been successfully performed and might offer new
avenues for future urethral tissue regeneration®>*’. One
study evaluated the decellularization of eight human
urethras with the surrounding corpus spongiosum. The
scaffolds were transplanted into the omentum of 12 male
rats to evaluate their suitability for in vivo recellulariza-
tion*. Initial results were promising, with angiogenesis
and epithelialization of the scaffold. In vivo recellular-
ization was found to be more successful than in vitro
cellularization®. In another study, 17 porcine urethras
(9 female, 8 male) were decellularized and then seeded
with human muscle progenitor cells, human skeletal
myoblasts and adipose-derived stromal vascular frac-
tions®. The overall tissue microstructure was main-
tained in the decellularization process and the urethra
bioscaffold provided a suitable environment for cellular
adhesion and proliferation.

Naturally derived acellular scaffolds offer the struc-
tural architecture, growth factors and extracellular
matrix proteins that help facilitate regeneration. How-
ever, these scaffolds are limited by protein variability
between batches and their poor efficacy in the repair of
long urethral defects®"*!. Dorin et al.** showed that the
use of acellular matrices to repair tubularized defects
longer than 0.5 cm results in considerable collagen
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deposition and fibrosis**. Despite this limitation, these
acellular scaffolds still have potential applications in the
repair of smaller defects.

Synthetic scaffolds. Synthetic scaffolds derived from
PLA, PLGA, poly-L-lactide-co-¢-caprolactone (PLCL),
polytetrafluoroethylene (PTFE) and others have also
been used in tissue regeneration with varying results™®.
A study of urethral replacement with PTFE in ten dogs
showed development of fibrous tubes around the graft
without evidence of regeneration of normal urethral
tissue®. In another study in dogs, 4 cm of urethra was
replaced with a graft of polyglactin fibre mesh coated
with polyhydroxybutyric acid and evidence of patent
neourethra was seen by 1 year®. Composite scaffolds
such as a combination of poly(rL-lactide) (PLLA) and
poly(ethylene glycol) (PEG) have also been created.
Scaffolds of PLLA-PEG seeded with human amniotic
mesenchymal cells were used to repair 20-mm urethral
defects in male rabbits and resulted in no strictures
or fistula formation, whereas strictures or fistula were
seen in 72.2% of control animals repaired with primary
closure”. Studies of PLCL have shown promising results
in vitro, suggesting it has the ability to effectively support
the growth of human urothelial cells***. Human urothe-
lial cells were seeded on human amniotic membranes
and synthetic PLCL, and cellular viability, proliferation
and differentiation were compared. PLCL provided bet-
ter cellular support®. A comparison of the characteristics
of different types of PLCL matrix (smooth, textured and
compression-moulded) and of their ability to support
cellular adhesion and growth showed that smooth and
textured surfaces offered the best support™.

The mechanical properties of these materials can
be more easily controlled and dependably reproduced
than those of naturally derived biomaterials. The risk
of inflammatory response, material inelasticity and an
asynchronous rate of scaffold degradation relative to
tissue regeneration make using these materials chal-
lenging®**. Nevertheless, emerging studies suggest that
certain polymers such as PLCL might have potential in
urothelial tissue engineering.

Role of growth factors

Acellular scaffolds can be used to enrich the regenerative
environment with growth factors, as well as provide 3D
support for cellular growth. Growth factors have been
used to enhance regeneration via fusion proteins such as
a collagen-binding VEGF (CBD-VEGF) protein™. In this
study, a 5-cm segment of the anterior urethra in beagle
dogs was replaced with a tubularized collagen scaffold
with (five animals) or without (five animals) CBD-VEGE
CBD-VEGF was dissolved in phosphate-buffered saline
and the solution was dripped on to the collagen scaf-
folds of the experimental group before implantation.
The neourethras were evaluated at 6 months with retro-
grade urethrography, urodynamic studies and immuno-
histochemistry. Improved smooth muscle generation
and neovascularization were seen in the neourethra of
the animals receiving the CBD-VEGF-treated scaffold
compared with the neourethra in those receiving the
collagen-only scaffold. However, strictures were seen
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in all animals in both groups, but these were worse in
those receiving the collagen-only scaffold. The diameters
of the neourethra at the centre, at the anastomosis and in
the middle in the two groups were evaluated. The mean
neourethral diameter in the animals receiving the CBD-
VEGF-treated scaffold was significantly larger than in
those receiving collagen-only scaffold (1.86+0.19 mm
versus 0.92+0.13mm, P<0.05). However, both mean
neourethral diameters were significantly smaller than
that of normal urethras (5.94+0.65mm, P<0.01)*.
A similar study was performed using a fusion protein
of collagen-binding domain and basic fibroblast growth
factor (CBD-bFGF) to reconstruct 5-cm urethral defects
in male beagle dogs”. The urethras were reconstructed
with collagen tubes with (five animals) and without
(five animals) CBD-bFGEF. Fewer fistulae were seen in
the animals receiving the CBD-bFGF-modified tube
than in those receiving the unmodified tube (20% versus
60%), and more favourable regeneration was also seen in
those receiving the CBD-bFGF-modified tube’'.

Similarly, collagen biomatrices incubated with
growth factors (including VEGF, fibroblast growth
factor 2 and heparin-binding epidermal growth fac-
tor) were used to repair 1-cm urethral defects in a New
Zealand white rabbit model (32 animals total, 16 each
in the experimental and control groups)®. Incubation
with the growth factors improved extracellular matrix
deposition, neovascularization and urothelium regener-
ation. However, these improvements in regeneration did
not translate to positive functional outcomes. Relative
urethral narrowing was seen at 2 weeks in the four
animals that received the growth factor-supplemented
biomatrix compared with those that received the
unsupplemented biomatrix. Diverticula formed in
the remaining 11 of 12 rabbits with the growth factor-
supplemented biomatrix; in 1 of the 11 rabbits a fistula
had formed at 24 weeks. The animals that received the
unsupplemented biomatrix had no strictures, fistulae or
change in urethral calibre”. The results of these stud-
ies suggest the polarizing effects when using VEGE, for
example. Tissue neovascularization is accomplished but
accompanied by abnormal tissue formation including
fistula and diverticula formation.

Further work is necessary to understand the proper
timing of growth factor release in the regeneration pro-
cess, the optimal growth factor combinations and subse-
quent concentrations necessary, and the most effective
methods of delivery to facilitate optimal cellular migra-
tion and development for urethral formation. Further
studies are needed to explore these avenues. Developing
the optimal growth factor and scaffold combinations
would also require further evaluation®”.

Cell-seeded scaffolds

Cell-seeded scaffolds have emerged as promising alter-
natives to acellular scaffolds. Cellularization promotes
vascularization and the development of urothelial bar-
riers to urine, mitigating local inflammation and fibro-
sis caused by urine leaks®>***. A large meta-analysis did
not show superiority of cell-seeded scaffolds over acel-
lular scaffolds, but in preclinical studies they have been
associated with a lower rate of adverse effects®.

Cell sources. Cell sources used for seeding in urethral
tissue engineering can be classified into three main cat-
egories: terminally differentiated cells, stem cells and
progenitor cells”. Terminally differentiated cells, which
include smooth muscle cells, epithelial cells and fibro-
blasts, can enhance the development of the epithelial
or muscle layers in the regenerated urethras”. Smooth
muscle cells and urothelial cells can be obtained from
bladder biopsies’”. Epithelial cells can be obtained
from foreskin tissue or oral mucosal biopsies™. Fibroblasts
can be obtained from skin biopsies’. Obtaining these
cells might require procedures such as bladder, skin
or oral biopsies, but some studies have demonstrated
successful collection of urothelial cells in voided urine
specimens or bladder washes’*””. Stem cells have the
potential to differentiate into various cell types nec-
essary for urethral regeneration, unlike differentiated
cells, and can also enhance angiogenesis®. Sources of
stem cells include embryonic stem cells, induced pluri-
potent stem cells and adult stem cells (which include
urine-derived stem cells (USCs), bone marrow-derived
mesenchymal stem cells (BMSCs), adipose-derived stem
cells (ADSCs), human umbilical cord-derived stem cells
and urethral stem cells)’®. Embryonic stem cells have
the highest differentiation potential, but ethical con-
cerns regarding the cell sources have limited their use,
especially with the advent of induced pluripotent stem
cells”'. Induced pluripotent stem cells are adult differ-
entiated cells that are induced to resemble pluripotent
stem cells. However, some concerns remain regarding
risk of teratoma formation with the use of these cell
types'®. Adult stem cells can be obtained from various
sources, including bone marrow and adipose tissue, but
are multipotent and only have the ability to differentiate
into some cell types'”. Progenitor cells, such as endo-
thelial progenitor cells (EPCs), are primitive cells that are
programmed to differentiate into a specific cell type but
are not terminally differentiated”'*!"". These cells can
be obtained through differentiation of induced pluripo-
tent stem cells or from umbilical cord blood and adult
peripheral blood”. EPCs are being studied for their role
in vascularization of engineered tissue'’'.

Terminally differentiated cells. Scaffolds seeded with ter-
minally differentiated cells have shown enhanced ure-
thral regeneration in many studies. In a study in male
dogs, urethral defects of >0.5 cm were treated using long,
cell-seeded, tubularized urethral constructs. Autologous
bladder epithelial and smooth muscle cells were seeded
onto 6-cm collagen tubular matrices, which were used
for urethroplasty in 15 animals. The results were com-
pared with those in six control animals in which defects
were repaired with unseeded constructs. Cell-seeded
scaffolds promoted both epithelial and smooth muscle
regeneration, whereas only epithelial regeneration was
seen with the unseeded control constructs®”. Similar
successes were demonstrated with two-layer engineered
urethras generated from epithelial sheets derived from
oral mucosa and muscle sheets made of collagen matrices
seeded with muscle-derived cells'*” and tubularized acel-
lular bladder matrices seeded with autologous epithelial
and smooth muscle cells'”. In a study in female dogs,
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silk fibroin matrices seeded with autologous oral kera-
tinocytes and fibroblasts were used for repair of 5-cm ure-
thral defects in five animals. Retrograde urethrography
demonstrated that urethras repaired with acellular silk
fibroin matrices developed strictures to varying degrees
in all five control animals but showed wide-calibre ure-
thras in all the animals in the experimental group'*.
Denuded amniotic scaffolds seeded with rabbit urethral
epithelial cells were used in the repair of 5x 10-mm
urethral defects in male New Zealand white rabbits.
Overall, six animals were treated with seeded denuded
amniotic scaffold and six control animals were treated
with intact, non-seeded human amniotic membrane.
Of the six animals in the non-seeded group, one devel-
oped a fistula and another developed a serious infection.
No complications were seen in the animals receiving the
cell-seeded scaffold. Successful neovascularization and
smooth muscle formation was seen in the experimen-
tal group, suggesting more complete urethral regener-
ation than in the unseeded group'®. Differentiated cells
are readily available cell sources that can enhance ure-
thral regeneration and can be obtained through typically
well-tolerated biopsies.

Stem and progenitor cells. The use of stem cells and
progenitor cells in urethral tissue engineering has been
shown to modulate the local regenerative environment
and promote angiogenesis, which helps reduce the
risk of fibrosis and graft failure®. SIS were seeded with
autologous USCs (which are capable of differentiating
into urothelial and smooth muscle cells) obtained using
bladder washes'*. The seeded scaffolds were used to
repair surgically generated urethral defects in 12 male
New Zealand white rabbits, and the results were com-
pared with those in 12 control animals treated with
acellular SIS. Retrograde urethrography and histolog-
ical analyses were performed at 2, 3, 4 and 12 weeks.
Faster urothelial regeneration and higher vessel density
were seen in the cell-seeded group than in the acellular
group, and no evidence of fibrosis was observed in the
cell-seeded group compared with the acellular group'®.
Similar success was observed using human BMSCs
combined with CD34* haematopoietic stem/progenitor
cells (HSPCs) in modulating inflammation and wound
healing in a rat urethroplasty model'”". Elastomeric syn-
thetic scaffolds made from poly(1,8-octanediol-co-citric
acid) were co-seeded with BMSCs and CD34* HSPCs
and used to repair 6-mm long urethral defects. A reduc-
tion in pro-inflammatory cytokine levels and increased
neovascularization were observed in the seeded group
compared with the unseeded group'”. Synthetic poly-
mers have also been successfully seeded with ADSCs'*.
ADSCs were seeded on PGA mesh and cultured stati-
cally for a week. This construct was then incubated in
a bioreactor for 5 weeks, which resulted in the forma-
tion of a muscular urethral tube with organized collagen
fibres and myoblasts'®. In a study in male New Zealand
white rabbits, 5-mm urethral defects were repaired using
ADSC-seeded (12 animals) and unseeded (12 animals)
PLA membranes. Normal urethral architecture devel-
oped in the animals receiving the seeded membrane but
not in those receiving the unseeded membrane, which
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lacked the smooth muscle layers'®. In a study in male
dogs, 3-cm circumferential urethral defects were repaired
using human amniotic membrane scaffolds seeded with
allogenic BMSCs plus EPCs, EPCs alone or BMSCs alone,
or using unseeded scaffolds (five animals in each group);
five animals received a sham operation. Complete epi-
thelial regeneration and vasculature development were
observed in the animals receiving scaffolds seeded with
BMSCs plus EPCs or with EPCs, in contrast to those
receiving scaffolds seeded with BMSCs only or unseeded
scaffolds and those receiving a sham operation. Animals
repaired using scaffolds seeded with BMSCs only or
unseeded scaffolds developed monolayers of epithelial
cells at the anastomosis and scar tissue with collagen
deposition''’. Stem cells and progenitor cells seem to
promote regeneration and vascularization and might be
key in facilitating angiogenesis and prevention of fibrosis
from ischaemia in urethral regeneration.

Clinical trials

Since the early 1990s, fewer than 30 clinical trials detail-
ing applications of biomaterials in urethral repair have
been conducted®* (Supplementary Table 1), and, of
these, only 5 were focused on hypospadias repair'''-'">.
In 1990, a graft of autologous urethral epithelial cells
mounted on petroleum gauze was first used in hypo-
spadias repair in two patients, both of whom devel-
oped small fistulae requiring reintervention'". This
technique was further developed and tubular grafts
of autologous squamous urethral epithelium supported
by tubular PTFE (Gore-Tex) were created and used
in eight patients with proximal hypospadias. Of these
patients, one developed a fistula requiring interven-
tion, and all developed mild stenosis'*. In 1999, BAM
grafts were used for urethral repair in four patients with
hypospadias, one of whom developed a fistula''". In one
study in 2012, six patients with proximal hypospadias
were treated using acellular dermis seeded with autol-
ogous urothelial cells harvested by bladder washings'**.
These children were followed for a median of 7.25 years
and five of the six demonstrated good urinary flow
with bell-shaped uroflow curves. One required internal
urethrotomy for a partially obstructed flow''>. A pilot
study in 2013 investigated SIS as onlay grafts for hypo-
spadias repair in 12 patients. Of these patients, six had
distal hypospadias, four had mid-shaft hypospadias
and two had proximal hypospadias. Graft infection
occurred in three patients who eventually developed
graft failure and presented with complete disruption
or with a large fistula with distal stenosis. Small fistulae
occurred in three patients. No further intervention was
required in 6 of the 12 patients'”’. Amniotic membranes
have also been used in proximal hypospadias repair,
but the outcomes of these procedures have not been
reported”’. In a study of the use of tissue-engineered
urethras, urethral repair was conducted in five chil-
dren using polyglycolic acid:PLGA scaffolds seeded
with autologous smooth muscle and urothelial cells''*.
Normal urethral calibres were observed by 3 months
after implantation. Fistula and urinary infections were
not seen during 6 years of follow-up. Notably, these
children had urethral disruptions secondary to trauma,
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and the success in these children may not be generaliz-
able to hypospadias repair''®. To date, clinical trials on
the use of tissue engineered constructs in hypospadias
repair are sparse, and interpretation of results is limited
by small cohort sizes. Results were promising in some
patients, but fistula remains a persistent issue that can
potentially be addressed with new advances in urethral
tissue engineering.

Importance of the corpus spongiosum

The urethra has been the main focus of many current
tissue-engineering studies, but the role of abnormali-
ties of the corpus spongiosum in hypospadias and its
importance in hypospadias repair is gaining increased
attention. The corpus spongiosum is the spongy tissue
that surrounds the urethra and provides mechanical
and vascular support'"’. Histological studies have shown
that all components of a normal corpus spongiosum
are present in hypospadias, but less organized smooth
muscle fibres are seen next to the vascular channels'*.
Collagen subtype I is predominant in the corpus spon-
giosum underlying the urethral plates of patients with
hypospadias, suggesting the relative inelastic nature of
this tissue'"”. Furthermore, elastosonographic evalua-
tion of normal and hypospadiac penises has shown that
patients with hypospadias have a stiffer corpus spon-
giosum'”’. The quality of the corpus spongiosum has
been identified as an indicator of outcomes of surgical
hypospadias repair'”'. A prospective study examined the
outcomes in 60 adolescents >16 years old and 60 chil-
dren <5 years old who underwent TIP urethroplasty
by a single surgeon for hypospadias repair and found
increased complication rates with a poorly developed
spongiosum (P <0.001)"?". These findings led to some
studies using acellular corpus spongiosum as scaffolds
in urethral regeneration to see if they would provide
better structural support for urethral regeneration.
Comparison of the mechanical properties of seeded
acellular spongiosum matrices (ACSMs) with those of
seeded BAM, SIS and PGA showed that ACSMs were
more elastic and withstood more stress before breaking;
these parameters suggest improved structural support,
which might help reduce risk of urethral diverticulum
or fistula'”. Porcine ACSMs seeded with autologous
corporal smooth muscle cells and lingual keratinocytes
were subsequently used to repair urethral defects in
male New Zealand white rabbits'”’. Wide-calibre ure-
thras were seen in the six animals in the experimen-
tal group in contrast to the urethras seen in animals
repaired with unseeded ACSMs or ACSMs seeded with
keratinocytes only (six animals each). Animals in the
experimental group exhibited a stratified epithelial layer
and smooth muscle bundles in the neourethra after
6 months'”. Researchers are evaluating the corpus spon-
giosum to improve understanding of its architecture for
application in tissue engineering'"’.

Barriers to clinical translation

Tissue-engineered urethral constructs have been slow to
transition into the clinical setting. Scientific and logistical
barriers are probably reasons for this protracted bench to
bedside progression.

Scientific barriers

Multiple scientific barriers remain in the use of tissue-
engineered urethral constructs for hypospadias repair.
The ideal urethral construct that is biocompatible, offers
good structural support, and facilitates angiogenesis and
cellular regeneration remains to be elucidated. Also, no
surgical hypospadias animal model has been developed,
which might preclude translation of preclinical results to
the clinical setting.

Finding the ideal construct. Urethral tissue engineering
has made slow progress over the past three decades.
Preclinical trials have demonstrated variable success,
with some showing high fistula and stricture rates®*".
These results might be secondary to the combinatory
effects of poor angiogenesis (especially in tubular
constructs) and heightened inflammatory responses
caused by urine leaks®-'*". These limitations are espe-
cially detrimental for finding the ideal urethral con-
struct for proximal hypospadias repair for which long
tubular constructs in the setting of abnormal corpus
spongiosum is necessary. Urethral tissue-engineered
constructs would benefit patients with hypospadias,
urethral strictures, urethral disruptions or lichen scle-
rosis, but the pathophysiological differences between
these disease processes mean that the qualities needed
for the ideal urethral construct differ for each. Urethral
strictures, which can be secondary to trauma or infec-
tions, are characterized by fibrosis of a segment of the
corpus spongiosum causing constriction of the ure-
thra'”. The urethra and corpus spongiosum abutting
the diseased segment are typically healthy, which is
not necessarily the case in hypospadias''®. In patients
with lichen sclerosis who experience urethral strictures
and meatal stenosis secondary to a heightened inflam-
matory response, incorporation of anti-inflammatory
factors in the scaffold could be crucial'”®. Mediating
the inflammatory response is necessary for hypospa-
dias repair, but those without lichen sclerosis might
not require such robust mediators'**. Most patients
with urethral disruption show strictures with local-
ized disease and otherwise healthy wound beds and
corpus spongiosum.

Tissue-engineered constructs for hypospadias repair
share many features with those used in the aforemen-
tioned disease processes. However, proximal hypo-
spadias generally requires repair using longer constructs
that are prevascularized or are able to facilitate rapid
angiogenesis than isolated short segment strictures.
These constructs can often be used in re-do surgical
procedures with less than ideal wound beds for vas-
cularization. Furthermore, these constructs must also
quickly regenerate a urethral barrier to minimize leaks
that would heighten the local inflammatory response.
As hypospadias repair is often performed in children,
prolonged urinary diversion with catheters is not
ideal. Emerging data on the importance of the role of
the corpus spongiosum show that further research is
also needed to understand the nutrient and structural
support provided by the corpus spongiosum and the
findings need to be incorporated into new urethral
constructs for hypospadias repair.
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Animal models. All preclinical studies are performed Babies born with hypospadias
in animals with surgically created urethral defects and,
therefore, might not reflect the anatomical and tissue
quality challenges posed by hypospadias repair. These
animals have no underlying pathology and have abun-
dant urethral tissue, well-vascularized wound beds and
a healthy corpus spongiosum, which is not the case in
patients with hypospadias. l

Stem cell collection

. . . . . or derivation
Practical barriers. Practical barriers hinder transla-

tion of preclinical knowledge to the clinical setting.
Generation and use of a seeded construct in the clinical
setting requires robust laboratory and clinical support
and coordination. Researchers must be able to reliably
obtain autologous cells through invasive or noninvasive
means. The generated scaffold needs to offer suitable
culture conditions to facilitate cellular growth and pro-
liferation while maintaining the qualities of an ideal scaf-
fold, which would be biocompatible and biodegradable,
would possess the mechanical properties similar to those
of the native organ and could be successfully surgically
manipulated. Once the construct is implanted, the local
microenvironment needs to be conducive to wound
healing with sufficient neovascularization and modu-
lated inflammatory responses. Logistically, the clinical
and research team must work closely to coordinate the
timing of cell acquisition or derivation, generation of
the cell-seeded urethral construct and eventual urethro-
plasty. This process is time consuming and costly, which
could hinder the progress in centres that do not have
adequate resources. Once a product has been proven
to be effective, it must undergo rigorous regulatory

evaluation including safety testing and confirmation of @
aseptic manufacturing processes before approval and

widespread use'””'**. The costs of these trials could raise l

the price of these products and affect their future use.

Cell culture

l Generate seeded construct

Hypospadias repair with seeded construct

Future directions

Urethral tissue engineering has been studied for many
years with increasingly promising results. However, for
repair of hypospadias specifically, creation of a long,
tubular construct with the ability to facilitate robust
angiogenesis and fast regeneration is required. New
technologies could improve generation of this type
of construct. Amongst the various advances are the use of
nanotechnology and 3D bioprinting’. Nanotechnology
enables researchers to directly influence the cellular
microenvironment and influence processes such as
vascularization and wound healing'”. In particular,
nanofibres composed of synthetic or natural polymers
are effective in altering the microenvironment as mod-
ules of drug delivery or sensors for cellular migra-
tion'**"*". Extracellular matrix-mimicking nanofibres
have been used to evaluate the spatial and temporal
processes of cell emergence onto damaged or organized
matrices, which can potentially be used to characterize
the process of wound healing in hypospadias repair and
identify risk factors for fistula formation'”. They are "' "o et for hypospadias repair.
also effective in local drug delivery. Nanofibre-coated Autologous stem cells can be collected, cultured and
stents capable of eluting EW-7197, an oral transform- incorporated into 3D bioprinted urethral constructs
ing growth factor-f type 1 receptor kinase inhibitor that  tailored to the patient’s needs and supplemented with
has antifibrotic properties, were created and evaluated.  nanoparticles for use in repair.

Fig. 3 | Future applications of 3D bioprinting and
nanotechnology in hypospadias repair. The use of 3D
bioprinting and nanoparticles along with cellularization
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These stents were placed into the proximal and dis-
tal urethras of three male dogs and granulation tissue
formation was compared with that in three dogs with
control nanofibre-coated stents. An increased mean
luminal diameter (8.16 + 1.46 mm versus 6.51 +1.27 mm
at 4 weeks) and reduced collagen deposition were
observed in the animals receiving the EW-7197 stents'*’.
Nanotechnology in the form of peptide amphiphiles
could also be used to modulate the local inflammatory
response and angiogenesis. Peptide amphiphiles con-
tain a hydrophobic alkyl segment attached to a peptide
domain that contains a p-sheet-forming segment’’'.
This structure enables the peptide amphiphiles to self-
assemble in aqueous environments into nanofibres
with high aspect ratio’’’. The peptide domain could
be used to deliver signals to the local environment and
improved bladder regeneration in a rat model by reduc-
ing inflammatory markers and increasing vasculari-
zation"’'. Use of this technology to modulate the local
environment could help researchers overcome challenges
such as poor vascularization and robust inflammatory
responses that occur with currently available acellular
or seeded scaffolds.

3D bioprinting also has applications in tissue engi-
neering. The use of the now commercially available
3D bioprinter might enable urethral constructs to be
printed with specifications tailored to each patient’s
needs (FIG. 3). Furthermore, the precision and accuracy of
the printer might help make cell seeding more uniform
than conventional methods. A 3D bioprinter was used
to generate a composite polycaprolactone-PLCL spiral
scaffold seeded with urothelial cells and smooth muscle
cells delivered into the inner and outer layers of the scaf-
fold via cell-laden hydrogels'*. Cells remained viable
after 1 week of printing and the construct’s mechanical
properties resembled those of a rabbit urethra'*>. This
study demonstrated the feasibility of this approach.

In the future, 3D bioprinting could help streamline
the creation of seeded tubular urethral constructs with the
added benefit of patient-tailored designs, increasing
the efficiency of generation of these tissue-engineered
urethras for clinical applications.

Conclusions

Hypospadias is a complex congenital malformation
that remains challenging to manage despite decades
of surgical technique modifications and refinements.
The lack of tissue with properties similar to those
of the urethral plate and the limited supply of usable
autologous tissues has led to the development of bio-
materials suitable for urethral replacement. These
biomaterials include collagen, SIS, silk, amniotic mem-
brane, acellular matrix and synthetic based scaffolds,
but they have had limited success. Cellularization
has been employed to further enhance the regenera-
tion process. Although these tissue-engineered con-
structs have shown promising results, stricture and
fistula formation still occur and might be a result of
poor tissue vascularization, protracted inflammatory
responses and fibrosis. Applications of technological
advances may help reduce these barriers. The role
of and support provided by the corpus spongiosum
and the use of hypospadiac animal models still need
to be fully elucidated to drive translational relevance.
Clinical trials are still lacking, which could be because
of the combined effect of scientific barriers, logistical
challenges and funding. The development of promis-
ing constructs should lead to an increase in funding
support to facilitate more clinical trials. This transi-
tion from preclinical to clinical settings is necessary to
determine whether regeneration at the tissue level truly
translates to desirable functional outcomes.
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