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Objective: To generate and to evaluate ex vivo a novel model of bioengineered

human bladder mucosa based on fibrin-agarose biomaterials.

Methods: We first established primary cultures of stromal and epithelial cells from

small biopsies of the human bladder using enzymatic digestion and selective cell culture

media. Then, a bioengineered substitute of the bladder lamina propria was generated

using cultured stromal cells and fibrin-agarose scaffolds, and the epithelial cells were

then subcultured on top to generate a complete bladder mucosa substitute. Evaluation

of this substitute was carried out by cell viability and histological analyses,

immunohistochemistry for key epithelial markers and transmission electron microscopy.

Results: The results show a well-configured stroma substitute with a single-layer

epithelium on top. This substitute was equivalent to the control bladder mucosa. After

7 days of ex vivo development, the epithelial layer expressed pancytokeratin, and

cytokeratins CK7, CK8 and CK13, as well as filaggrin and ZO-2, with negative expression

of CK4 and uroplakin III. A reduction of the expression of CK8, filaggrin and ZO-2 was

found at day 14 of development. An immature basement membrane was detected at the

transition between the epithelium and the lamina propria, with the presence of epithelial

hemidesmosomes, interdigitations and immature desmosomes.

Conclusions: The present results suggest that this model of bioengineered human

bladder mucosa shared structural and functional similarities with the native bladder

mucosa, although the epithelial cells were not fully differentiated ex vivo. We

hypothesize that this bladder mucosa substitute could have potential clinical usefulness

after in vivo implantation.
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Introduction

The human urinary bladder consists of an epithelium on the lumen surrounded by a collagen-
rich connective tissue and muscle layer.1 The epithelial layer or urothelium plays an important
barrier role, and prevents the urine from sweeping into the body cavity. Urothelium consists
of basal cells (the most undifferentiated cells), intermediate cells and umbrella cells (the most
superficial and differentiated type of urothelial cells),1 and uroplakins and tight junctions
between cells are responsible to ensure the impermeability of the bladder epithelium.2,3

Urothelial cells express several epithelial markers, such as cytokeratins, and uroplakins are
considered as terminal markers of urothelial differentiation.

Surgical repair of the urinary bladder is required during the management of bladders
affected by malignances, trauma, spinal cord injuries and congenital pediatric disorders, such
as bladder exstrophy, and many of these conditions require the use of non-urological tissues
for bladder repair or augmentation.4 One of the most commonly used organs for bladder
reconstruction is the human intestine. However, the numerous side-effects and complications
derived from these techniques, and the suboptimal results often obtained, make necessary the
search of alternative tissue sources for bladder repair.5
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One of the possible alternatives to non-urological tissue
grafting is the use of artificial tissues generated by tissue
engineering.6 Some bladder models are based on the utiliza-
tion of different urological or non-urological cell types5,7,8

combined with natural and synthetic biomaterials.7 Although
some of these bioengineered tissues have been used clini-
cally, none of these bladder models is completely biomimetic,
and an ideal bladder substitute is still in need.9 In this regard,
fibrin-agarose natural biomaterials have been previously used
for the generation of several artificial tissues, including the
cornea,10 skin,11 oral mucosa12 and peripheral nerve,13 and
human bladder mucosa substitutes could also be efficiently
constructed by using these scaffolds.

In the present study, we have developed a novel model of
bioengineered human bladder mucosa using cultured bladder
cells and fibrin-agarose biomaterials, and we evaluated this
model ex vivo to determine its potential usefulness in tissue
engineering.

Methods

Generation of 3-D substitutes of the human
bladder mucosa

A total of 15 small biopsies were obtained from the
healthy bladder mucosa of male patients aged between 44
and 72 years undergoing open urological surgery. Tissue
biopsies were washed in phosphate-buffered saline, frag-
mented in small explants and placed on culture flasks with
the epithelial layer in direct contact with the culture sur-
face. Cells grown from these explants were cultured in
epithelial culture medium consisting in 75% Dulbecco’s
modified Eagle’s medium and 25% Nutrient Mixture F-12
Ham with 10% fetal bovine serum, 1% antibiotics/antimy-
cotics, and the following supplements and growth factors:
adenine 24 lg/mL, hydrocortisone 0.4 lg/mL, insulin 5 lg/
mL, triiodothyronine 1.3 ng/mL, cholera toxin 8 ng/mL and
epidermal growth factor 10 ng/mL.11,14 To obtain connec-
tive stromal cells, the submucosal layer of the tissue biop-
sies was enzymatically digested with 2 mg/mL of
Clostridium histolyticum collagenase I (Gibco BRL Life
Technologies, Karlsruhe, Germany) at 37°C for 6 h. Iso-
lated cells were collected by centrifugation and expanded
in culture flasks containing basal culture medium (Dul-
becco’s modified Eagle’s medium with 10% fetal bovine
serum and 1% antibiotics/antimycotics) and using standard
cell culture conditions. All cells were used at passages 3–4
for the generation of an artificial tissue substitute. This
research project has been approved by the local ethics
committee, and it conforms to the provisions of the Decla-
ration of Helsinki.

Then, we generated an artificial bladder mucosa stroma
substitute by using fibrin-agarose biomaterials as previously
described.10,14–16 Briefly, 500 000 stromal cells were resus-
pended in 2 mL of Dulbecco’s modified Eagle’s medium,
and mixed with 21 mL of human plasma obtained from
healthy blood donors and 200 lL of tranexamic acid as
antifibrinolytic. Then, 2 mL of 1% of CaCl2 with previously
melted type VII agarose were added to a final agarose con-
centration of 0.1%. The gels were allowed to polymerize in

an incubator at 37°C to obtain an artificial bladder lamina
propria. After 24 h, cultured human urothelial cells were sub-
cultured on top of the gels to generate a urothelial-type
epithelium on the surface. These tissue substitutes were main-
tained with epithelial cell culture medium for 14 days using
standard cell culture conditions. This medium was renewed
every 3 days.

Histology and immunofluorescence analysis
of the 3-D substitutes of the human bladder
mucosa

For light microscopy, control and bioengineered tissues were
fixed in 4% formaldehyde, embedded in paraffin and sectioned
in 4-lm thick tissue sections with a microtome. For
immunofluorescence and immunohistochemistry, pH 6 citrate
buffer was used for antigen retrieval and primary anti-pancy-
tokeratin (containing cytokeratins 5, 6, 7, 8 and 18), cytoker-
atins 4, 7, 8 and 13, filaggrin, and zonula occuldens-2
antibodies were used overnight at 4°C. Quantitative analysis of
the results was carried out as previously reported.17 Briefly,
five images were obtained from each sample with a Nikon
Eclipse 90i light microscope (Nikon Corporation, Tokyo,
Japan) using exactly the same conditions. Then, mean signal
intensity was quantified for each marker in red, green and blue
channels using ImageJ Software (National Institutes of Health,
Bethesda, MD, USA), and the mean intensity was calculated
for each sample and each marker. Statistical comparison of the
results obtained for controls and bioengineered samples was
carried out by using the Mann–Whitney test. P-values <0.05
were considered statistically significant.

TEM was used to analyze the ultrastructure of the cells,
the presence of specific organelles, intercellular junctions and
biomaterial fibers. Briefly, samples were fixed in 2.5% buf-
fered glutaraldehyde, postfixed in 1% osmium tetroxide,
dehydrated in graded acetone series, embedded in Spurr’s
resin, and stained with aqueous uranyl-acetate and lead
citrate. For analysis, ultrathin sections were examined with a
transmission electron microscope (EM902; Carl Zeiss Medi-
tec, Oberkochen, Germany).

Cell viability of the 3-D substitutes of the
human bladder mucosa

To determine the cell viability of the cells in 3-D fibrin-agar-
ose scaffolds, LIVE/DEAD Cell Viability Assays were car-
ried out on the 7- and 14-days bioengineered samples. This
system allows the identification of live cells in green (515-
nm emission wavelength) and dead cells in red (617-nm
emission wavelength). For this purpose, small tissue frag-
ments were obtained, washed twice with phosphate-buffered
saline and stained with the LIVE/DEAD assay reagents (cal-
cein/AM and ethidium homodimer-1; Invitrogen, Carlsbad,
CA, USA) following the protocols provided by Invitrogen.
The number of alive and dead cells was determined by using
a fluorescence microscope, and automatically quantified using
ImageJ software as previous reported.18 Average and standard
deviation values were obtained for 7- and 14-days bioengi-
neered samples.
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Results

Generation of primary cultures of stromal and
epithelial cells of the human bladder mucosa

As shown in Figure 1a, urothelial cells cultured from human
biopsies showed a polygonal or rounded shape and reached
confluence around day 14 of culture (average
14.2 � 2 days). Stromal cells (Fig. 1b) showed a typical
spindle-shaped, elongated morphology, and reached conflu-
ence in the cell culture flask around the 7th day of culture
(average 7.4 � 3 days).

Histological analysis of the 3-D substitutes of
the human bladder mucosa

Histological evaluation of human bladder control samples
showed the presence of a properly configured transitional
epithelium, and an underlying connective tissue rich in col-
lagen fibers and fibroblasts, with abundant blood vessels
(Fig. 1c). Hematoxylin–eosin staining of the human bladder
mucosa bioengineered substitutes showed an artificial lam-
ina propria consisting of fibrin-agarose fibers with some
interspersed stromal cells. This bioengineered lamina pro-
pria was very homogeneous, and no vessels, nerves or
associated structures were observed. A single layer of
epithelial cells were found on top of the artificial lamina
propria at 7 days (Fig. 1d). These cells had a flattened
appearance and resembled the morphology of a transitional-
type epithelium. Samples kept in culture for 14 days were
morphologically similar to 7-days samples, although a
higher number of flattened epithelial cells was observed
(Fig. 1e).

Immunofluorescence analysis (Table 1) showed that pancy-
tokeratin was positive in control bladder mucosa (Fig. 1f)
and bioengineered samples at 7 days (Fig. 1g) and 14 days
of maturation (Fig. 1h), with non-significant differences
among samples. CK7 and CK8 non-stratified epithelium
markers were positive in controls and bladder mucosa substi-
tutes, especially at day 7, although this expression tended to
decrease after 14 days for CK8 (Fig. 2). For the analysis of
CK4 and CK13, key epithelial stratification markers were
negative for CK4 in all samples, and positive for CK13 in
human controls and bioengineered tissues (7- and 14-days
samples). Differences among samples were not statistically
significant. In addition, the expression of filaggrin – a marker
of well-differentiated epithelia – was negative or weakly posi-
tive in all samples, with differences being non-significant
(Fig. 3). When the expression of the cell–cell adhesion mole-
cule ZO-2 was analyzed, we found significantly higher
expression in control native bladder mucosa as compared
with bioengineered samples. In turn, expression was higher in
7-days bioengineered tissues than in 14-days tissues.

Finally, the analysis of uroplakin III showed that control
bladder mucosa had detectable expression of this urothelial
marker, but bioengineered samples were completely negative,
with differences being statistically significant (Fig. 4 and
Table 1).

TEM of the 3-D substitutes of the human
bladder mucosa

TEM analysis of the bioengineered lamina propria substitutes
of human bladder mucosa showed the presence of a single
layer of epithelial cells on top of the fibrin-agarose lamina

(a)

(b)

(c)

(f)

(d) 

(g)

(e)

(h)

Fig. 1 Generation of primary cell cultures of human bladder mucosa and histological analysis of 3-D substitutes obtained by tissue engineering. (a) Human urothe-

lial cell culture obtained by enzymatic treatment. Confluence can be observed after 14 days of culture. (b) Subconfluent human stromal cells with a typical elon-

gated morphology after 7 days of in vitro culture. (c–e) Hematoxylin–eosin staining of human bladder control samples, human bladder mucosa substitutes at

7 days and human bladder mucosa substitutes at 14 days, respectively. (f–h) Pancytokeratin immunofluorescence analysis of human control bladder, human blad-

der mucosa substitutes at 7 days and human bladder mucosa substitutes at 14 days, respectively. Bars, 25 lm.
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propria substitute (Fig. 5a), and numerous rounded or spin-
dle-shaped stromal cells immersed in the fibrin-agarose bio-
material (Fig. 5b). Both cell types had abundant rough
endoplasmic reticulum, ribosomes and other organelles
related to active cellular metabolism (Fig. 5c). In addition, an
immature basal membrane was found in the interface between
the epithelial cells and the connective layer with the presence
of hemidesmosomes at the basal pole of the cells at day 14
of development (Fig. 5d) in a limited number of cells. Two
main types of junctions were found in some of the epithelial
cells: cell–cell overlapping and interdigitations (Fig. 5e,f),
and desmosomes (Fig. 5g,h). Both cell–cell junction systems

showed signs of incomplete maturation and differentiation
ex vivo.

Cell viability of the 3-D substitutes of the
human bladder mucosa

Evaluation of the cell viability of cells in the bladder mucosa
substitutes showed that cells immersed in the fibrin-agarose
scaffold had high cell viability levels, with 96.3 � 4.6%
alive cells in bioengineered tissues kept in culture for 7 days,
and 89.7 � 6.7% alive cells in bladder mucosa substitutes
cultured for 14 days (Fig. 6).

Table 1 Quantitative analysis of epithelial markers in human bladder control samples and human bladder mucosa 3-D substitutes

CTR

mean � SD

BMS-7

mean � SD

BMS-14

mean � SD

CTR vs BMS-7

P-value

CTR vs BMS-14

P-value

BMS-7 vs BMS-14

P-value

Pancytokeratin 51.9 � 21.6 39.1 � 21.7 47.8 � 19.9 0.1615 0.7052 0.2411

CK4 3.1 � 1.2 2.8 � 0.8 3.0 � 1.1 0.8962 0.9587 0.7452

CK7 66.0 � 13.6 79.6 � 20.3 62.3 � 31.8 0.0815 0.7051 0.2896

CK8 73.3 � 31.6 65.7 � 24.7 49.2 � 47.0 0.6224 0.0342* 0.0694

CK13 72.1 � 17.9 81.0 � 47.1 74.2 � 15.2 0.7050 0.6472 0.7897

Filaggrin 2.4 � 1.5 4.7 � 2.7 3.0 � 0.9 0.0510 0.3244 0.0520

Uroplakin III 87.2 � 57.7 6.8 � 12.7 3.8 � 4.0 0.0002* 0.0001* 0.6148

ZO-2 82.4 � 29.8 24.3 � 10.2 5.4 � 5.3 0.0015* 0.0002* 0.0146*

*Statistically significant differences. For each marker, average expression values and standard deviations are shown for each tissue type. The last three col-

umns correspond to the statistical P-values obtained for the comparison of the results between two specific groups of samples using the Mann–Whitney test.

CK7

(a)

CK8

(d)

(b)

(e)

(c)

(f)

Fig. 2 Immunofluorescence analysis of simple-epithelium-type cytokeratins CK7 and CK8. (a–c) Upper panel represents CK7 immunostaining of human bladder

control samples and human bladder mucosa substitutes at 7 and 14 days, respectively. (d–f) Lower panel represents CK8 immunostaining of human bladder con-

trol samples and human bladder mucosa substitutes at 7 and 14 days, respectively. Bars, 25 lm.
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Discussion

Generation of artificial tissues and organs by tissue engineer-
ing represents a breakthrough and a paradigm shift in the
treatment of congenital and acquired diseases of the urinary
system.6 So far, natural reabsorbable biomaterials have been
shown to be more biocompatible than non-reabsorbable syn-
thetic biomaterials, and acceptable results have been reported
with the use of bladder submucosa,19 small intestinal submu-
cosa20 and collagen hydrogels,8,21 but an ideal model of an
artificial human bladder is still in need.

Previous works by our research group showed that fibrin-
agarose scaffolds meet the requirements of the ideal biomate-
rials for use in nerve, skin or oral mucosa tissue engineer-

ing.13,16,22 Fibrin is obtained from human plasma donors, is
easily available and can even be of autologous origin,
whereas agarose is a natural polymer that has been previously
used in food and medical applications, with high biocompati-
bility and biosafety. In fact, several human tissues and organs
have been generated using fibrin-agarose with encouraging
results in vitro and in vivo.10,11,14,16 For this reason, in the
present study we evaluated the usefulness of this biomaterial
for generating a substitute of the human bladder mucosa by
tissue engineering.

When the stromal cells were cultured within the fibrin-
agarose biomaterial, adequate cell integration in the biomate-
rial was observed as shown by histological and cell viability
analyses. These results confirm our previous results suggest-

(a)
CK4

(d)
CK13

(g)

(b)

(e)

(h)

(c)

(f)

(i)
FIL

Fig. 3 Immunofluorescence analysis of stratified and well-differentiated epithelial markers CK4, CK13 and filaggrin in human bladder control samples and human

bladder mucosa 3-D substitutes. (a–c) CK4 immunodetection in human bladder control samples, 7-days bioengineered bladder mucosa substitutes and 14-days bio-

engineered bladder substitutes, respectively. (d–f) CK13 immunodetection in human bladder control samples, 7-days bioengineered bladder mucosa substitutes

and 14-days bioengineered bladder substitutes, respectively. (g–i) Filaggrin (FIL) immunodetection in human bladder control samples, 7-days bioengineered bladder

mucosa substitutes and 14-days bioengineered bladder substitutes, respectively. Bars, 25 lm.
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ing that fibrin-agarose biomaterials are highly biocompatible
ex vivo.10,14,22,23 Furthermore, the presence of abundant intra-
cellular synthesis organelles as determined by TEM suggests

that the cells immersed in the scaffold were not only viable,
but also metabolically active, and supports the validness of
this biomaterial as an ex vivo cell culturing scaffold.

(a) (b) (c)

(d) (e) (f)

UROPLAKIN III

ZO-2

Fig. 4 Analysis of the key barrier function markers uroplakin III and ZO-2. (a–c) Uroplakin identification by immunohistochemistry in human bladder control sam-

ples, 7-days bioengineered bladder mucosa substitutes and 14-days bioengineered bladder substitutes, respectively. (d–f) ZO-2 expression as determined by

immunofluorescence in human bladder control samples, 7-days bioengineered bladder mucosa substitutes and 14-days bioengineered bladder substitutes, respec-

tively. Bars, 25 lm.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 5 Transmission electron microscopy analysis of human bladder mucosa 3-D substitutes. (a) Epithelial cell on top of the fibrin-agarose artificial lamina propria.

Fibrin fibers are labeled with a black arrow. (b) Stromal cell immersed in the scaffold. (c) Stromal cells showing typical organelles of metabolically active cells. Black

arrow: rough endoplasmic reticulum; white arrow: ribosomes. (d) Immature basement membrane and hemidesmosomes at the junction of the epithelium and the

lamina propria. (e) Two urothelial cells on top of the lamina propria substitute. (f) Interdigitations between two urothelial cells (arrow). (g,h) Immature desmosomal

intercellular junctions.
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In addition, the present results showed proper attachment
and some signs of differentiation of the epithelial cells on top
of the stromal substitute, with the formation of a single cell
layer resembling some areas of the urinary tract consisting of
a simple epithelium, such as the ureter. Generation of this
epithelium could be explained by the positive influence of
the subjacent stromal cells, which would favor epithelial
attachment and differentiation by epithelial–mesenchymal
interaction as previously shown.8 The induction process
would then lead to the partial differentiation of urothelial
cells on top of the scaffold with positive expression of pancy-
tokeratin as described before.24 Although different signaling
pathways might be involved in this interaction, including the
epidermal growth factor receptor,25 the fibroblast growth fac-
tor or the Wnt/b-catenin26 signaling pathways, future ex vivo
studies using transgenic stromal cells with silenced expres-
sion of key induction genes should determine the specific fac-
tors involved in epithelium–mesenchymal interaction.
Furthermore, the bioengineered epithelial cell layer was able
to synthesize an immature basement lamina with hemidesmo-
somes as determined by TEM, suggesting that this epithelium
had the capability to develop attachment systems to the
underlying artificial lamina propria. Although the ex vivo-de-
veloped bioengineered human bladder mucosa was not able
to develop a properly structured basement lamina, our
research group previously showed that some fibrin-agarose
tissues require in vivo grafting to develop a fully differenti-
ated basement lamina.16 The presence of hemidesmosomes
and the absence of fully-differentiated cell–cell junctions sug-
gest that the epithelium developed on the surface of the fib-
rin-agarose scaffold is more similar to a basal cell layer than
to a cell layer allocated at the basal or intermediate layer of
the urothelium. New experiments should be carried out in
animal models to determine if this bioengineered human
bladder mucosa model is able to mature and differentiate
after in vivo implantation.

Furthermore, immunofluorescence evaluation of the bio-
engineered bladder epithelium confirmed that this structure
showed clear differentiation signs, although it was not fully
differentiated at this ex vivo stage. In this regard, the bioengi-
neered urothelial layer generated on top of the stromal substi-
tute expressed the simple-epithelium-type cytokeratins, CK7
and CK8, as the control human bladder did.27 Although the
in vivo function of these cytokeratins is not clear, it seems
that these proteins are necessary for the correct development
and function of the human bladder epithelial barrier,27 and
CK8 is differentiation-related and tends to disappear when

the bladder urothelium reaches fully-differentiated stages.28 In
addition, the expression analysis of the stratified epithelium
markers CK4 and CK13 showed the positive expression of
CK13, and the negative expression of CK4. This is in agree-
ment with previous works suggesting that CK4 is only found
in small amounts in the cells of the transitional epithelium of
the urinary bladder, whereas CK13 normally reacts with
native urothelial cells, and its loss is associated with malig-
nant transformation of these cells.29 All these results show
that cytokeratin expression profile of the bioengineered
human urothelium generated ex vivo is very similar to that of
the native normal bladder epithelium.

Strikingly, filaggrin – a marker that is negative in control
bladder urothelium – was weakly positive at day 7 of ex vivo
development. Although this marker is typical of well-differ-
entiated stratified and cornified epithelia, its expression has
been previously shown in artificial tissues kept ex vivo during
short time periods, as is the case of the skin.16 Expression of
filaggrin in the early stages of bladder mucosa differentiation
might be associated with the active process of cell differentia-
tion and self-renewal that is ongoing in these epithelial tis-
sues as compared with native tissues, as filaggrin has an
important role in all these processes, and this expression is
completely absent at day 14 of development.30

Finally, the analysis of two cell adhesion proteins with a
key role in urothelial differentiation (uroplakin III and ZO-2)
showed that the epithelial layer of the artificial bladder
mucosa differed from the native urothelium. The lack of
expression of uroplakin III and ZO-2 would confirm the
undifferentiated stage of this epithelium generated and kept
in culture, and suggests that the barrier function of this bio-
engineered epithelium is probably inefficient while tissues are
maintained ex vivo, and this correlates with immature cell–
cell junction structures found by TEM. Future studies should
analyze the barrier function of the bioengineered epithelium
to determine its maturation level from a functional standpoint.
Again, it is likely that in vivo grafting is required for terminal
tissue differentiation and maturation, as we previously
showed that the in vivo environment is necessary for a full
differentiation of human skin and oral mucosa bioengineered
tissues.11,14 However, the lack of expression of specific mark-
ers, such as uroplakin III, raises the possibility that this fib-
rin-agarose scaffold could not be appropriate for bladder
mucosa engineering, at least at this development stage, or that
urothelial cells require specific culture media different to the
culture medium used here to differentiate efficiently. New
works should be carried out to confirm or not the in vivo

(a) (b)

Fig. 6 Cell viability analysis of 3-D substitutes of

the human bladder mucosa as determined by

LIVE/DEAD cell viability assays at (a) 7 days and

(b) 14 days of ex vivo development. Images

correspond to representative pictures of each

tissue type treated with calcein/AM and ethidium

homodimer-1, and examined with a fluorescence

microscope. Dead cells are stained in red and live

cells are stained in green. Bars, 100 lm.
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validity of the model described in the present preliminary
study. It is noteworthy that previous artificial bladder mucosa
substitutes based on collagen scaffolds were able to develop
a well-differentiated transitional epithelium as a result of a
fibroblast-extracellular matrix interaction, which could indi-
cate that collagen scaffolds might be efficient ex vivo.8 How-
ever, the possibility of obtaining the fibrin scaffold
autologously from the patient’s blood, and the absence of
contraction of these biomaterials offer great advantages and
benefits over collagen scaffolds.

In summary, the results from this preliminary study sug-
gest that generation of a model of human urinary bladder
mucosa based on fibrin-agarose biomaterials is feasible using
tissue engineering techniques. The structural analogy of this
model with the human bladder mucosa at both the epithelial
and the stromal level leads us to conclude that the bladder
mucosa produced by tissue engineering is analogous to the
native tissues, although immature at this stage. Based on pre-
vious tissue models generated by the research group using
fibrin-agarose scaffolds, we hypothesize that these bladder
mucosa substitutes might show positive results in vivo, and
possibly have therapeutic usefulness.10,11 Future studies
should first evaluate these tissues in laboratory animals and,
if the results are positive, design a clinical trial in patients
requiring this kind of tissue in order to confirm these results
and determine if these tissue substitutes could be clinically
useful.

Acknowledgments

This study was supported by the Spanish Plan Nacional de
Investigaci�on Cient�ıfica, Desarrollo e Innovaci�on Tecnol�ogica
(I+D+I) from the Spanish Ministry of Economy and Competi-
tiveness (Instituto de Salud Carlos III), grants FIS PI07-0331
and FIS PI12-2736, cofounded by Fondo Europeo de Desar-
rollo Regional (FEDER), European Union. Results of the pre-
sent work will be part of the PhD thesis of BD Jaimes-Parra.

Conflict of interest

None declared.

References

1 Orabi H, Bouhout S, Morissette A, Rousseau A, Chabaud S, Bolduc S. Tis-
sue engineering of urinary bladder and urethra: advances from bench to
patients. ScientificWorldJournal 2013; 2013: 154564.

2 Truschel ST, Ruiz WG, Shulman T et al. Primary uroepithelial cultures. A
model system to analyze umbrella cell barrier function. J. Biol. Chem. 1999;
274: 15020–9.

3 Lewis SA. Everything you wanted to know about the bladder epithelium but
were afraid to ask. Am. J. Physiol. Renal. Physiol. 2000; 278: F867–74.

4 Palmer BW, Kropp BP. Update on tissue engineering in pediatric urology.
Curr. Urol. Rep. 2013; 14: 327–32.

5 Jack GS, Zhang R, Lee M, Xu Y, Wu BM, Rodriguez LV. Urinary bladder
smooth muscle engineered from adipose stem cells and a three dimensional
synthetic composite. Biomaterials 2009; 30: 3259–70.

6 Chung SY. Bladder tissue-engineering: a new practical solution? Lancet
2006; 367: 1215–6.

7 Drewa T, Adamowicz J, Sharma A. Tissue engineering for the oncologic uri-
nary bladder. Nat. Rev. Urol. 2012; 9: 561–72.

8 Fujiyama C, Masaki Z, Sugihara H. Reconstruction of the urinary bladder
mucosa in three-dimensional collagen gel culture: fibroblast-extracellular
matrix interactions on the differentiation of transitional epithelial cells. J.
Urol. 1995; 153: 2060–7.

9 Pokrywczynska M, Adamowicz J, Sharma AK, Drewa T. Human urinary
bladder regeneration through tissue engineering - an analysis of 131 clinical
cases. Exp. Biol. Med. (Maywood) 2014; 239: 264–71.

10 Gonzalez-Andrades M, Garzon I, Gascon MI et al. Sequential development
of intercellular junctions in bioengineered human corneas. J. Tissue Eng.
Regen. Med. 2009; 3: 442–9.

11 Garzon I, Miyake J, Gonzalez-Andrades M et al. Wharton’s jelly stem cells:
a novel cell source for oral mucosa and skin epithelia regeneration. Stem
Cells Transl. Med. 2013; 2: 625–32.

12 Vinuela-Prieto JM, Sanchez-Quevedo MC, Alfonso-Rodriguez CA et al. Se-
quential keratinocytic differentiation and maturation in a three-dimensional
model of human artificial oral mucosa. J. Periodontal Res. 2014; doi:
10.1111/jre.12247.

13 Carriel V, Garrido-Gomez J, Hernandez-Cortes P et al. Combination of fib-
rin-agarose hydrogels and adipose-derived mesenchymal stem cells for
peripheral nerve regeneration. J. Neural Eng. 2013; 10: 026022.

14 Garzon I, Sanchez-Quevedo MC, Moreu G et al. In vitro and in vivo cytok-
eratin patterns of expression in bioengineered human periodontal mucosa. J.
Periodontal Res. 2009; 44: 588–97.

15 Alaminos M, Del Carmen S-QM, Munoz-Avila JI et al. Construction of a
complete rabbit cornea substitute using a fibrin-agarose scaffold. Invest. Oph-
thalmol. Vis. Sci. 2006; 47: 3311–7.

16 Carriel V, Garzon I, Jimenez JM et al. Epithelial and stromal developmental
patterns in a novel substitute of the human skin generated with fibrin-agarose
biomaterials. Cells Tissues Organs 2012; 196: 1–12.

17 Carriel VS, Aneiros-Fernandez J, Arias-Santiago S, Garzon IJ, Alaminos M,
Campos A. A novel histochemical method for a simultaneous staining of mel-
anin and collagen fibers. J. Histochem. Cytochem. 2011; 59: 270–7.

18 Oliveira AC, Garzon I, Ionescu AM et al. Evaluation of small intestine grafts
decellularization methods for corneal tissue engineering. PLoS ONE 2013; 8:
e66538.

19 Yoo JJ, Meng J, Oberpenning F, Atala A. Bladder augmentation using allo-
genic bladder submucosa seeded with cells. Urology 1998; 51: 221–5.

20 Sharma AK, Bury MI, Marks AJ et al. A nonhuman primate model for uri-
nary bladder regeneration using autologous sources of bone marrow-derived
mesenchymal stem cells. Stem Cells 2011; 29: 241–50.

21 Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB. Tissue-engineered autologous
bladders for patients needing cystoplasty. Lancet 2006; 367: 1241–6.

22 San Martin S, Alaminos M, Zorn TM et al. The effects of fibrin and fibrin-
agarose on the extracellular matrix profile of bioengineered oral mucosa. J.
Tissue Eng. Regen. Med. 2013; 7: 10–9.

23 Garzon I, Serrato D, Roda O et al. In vitro cytokeratin expression profiling
of human oral mucosa substitutes developed by tissue engineering. Int. J.
Artif. Organs 2009; 32: 711–9.

24 Lai JY, Chang PY, Lin JN. A comparison of engineered urinary bladder and
intestinal smooth muscle for urinary bladder wall replacement in a rabbit
model. J. Pediatr. Surg. 2006; 41: 2090–4.

25 Barr S, Thomson S, Buck E et al. Bypassing cellular EGF receptor depen-
dence through epithelial-to-mesenchymal-like transitions. Clin. Exp. Metasta-
sis 2008; 25: 685–93.

26 Suzuki K, Yokoyama C, Higashi Y et al. Wakayama symposium: epithelial-
mesenchymal interaction regulates tissue formation and characteristics:
insights for corneal development. Ocul. Surf. 2012; 10: 217–20.

27 Sandilands A, Smith FJ, Lunny DP et al. Generation and characterisation of
keratin 7 (K7) knockout mice. PLoS ONE 2013; 8: e64404.

28 Smedts F, Ramaekers F, Robben H et al. Changing patterns of keratin
expression during progression of cervical intraepithelial neoplasia. Am. J.
Pathol. 1990; 136: 657–68.

29 Achtstatter T, Moll R, Moore B, Franke WW. Cytokeratin polypeptide pat-
terns of different epithelia of the human male urogenital tract: immunofluores-
cence and gel electrophoretic studies. J. Histochem. Cytochem. 1985; 33:
415–26.

30 Dale BA, Presland RB, Lewis SP, Underwood RA, Fleckman P. Transient
expression of epidermal filaggrin in cultured cells causes collapse of interme-
diate filament networks with alteration of cell shape and nuclear integrity. J.
Invest. Dermatol. 1997; 108: 179–87.

92 © 2015 The Japanese Urological Association

BD JAIMES-PARRA ET AL.


