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Abstract

Introduction: Different clinical conditions can compromise the urinary blad-
der function and structure. Routine regenerative practices in urology for
bladder augmentation have been associated with diverse side effects. The
internal lining of the bladder, the urothelium, plays an integral role in normal
bladder function. Tissue engineering has provided novel therapeutic strat-
egies through scaffolding and cell transplantation. Nano-scale surface fea-
tures of scaffolds are valuable parameters for enhancement of cell behavior
and function.

Material and methods: We fabricated a new hybrid scaffold of poly e-capro-
lactone (PCL) and poly-L-lactide acid (PLLA) using an electrospinning system
to exploit each polymer’s advantages at nano-scale in the same scaffold.
Dog urothelial cells were isolated, characterized by immunocytochemistry,
and expanded for loading on the scaffold. Cell viability and proliferation on
the scaffold surface were assessed by 3-(4,5-dimethylthiazole-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. Furthermore, cytoarchitecture, dis-
tribution and detailed morphology of cells, and expression of cell specific
markers were examined using hematoxylin and eosin (H + E) staining, scan-
ning electron microscopy (SEM), and immunohistochemistry, respectively.
Results: According to MTT results, the scaffold did not exert any cytotox-
ic effect, and also supported cell proliferation and viability for 14 days of
culture, which led to a significant increase in the number of cells. Scanning
electron microscopy images revealed evenly distributed and normal appear-
ing colonies of urothelial cells. A well-defined layer of cells was observed
using H + E staining, which preserved their markers (pan-cytokeratin and
uroplakin 111) while growing on the scaffold.

Conclusions: Our findings confirmed favorable properties of PCL/PLLA re-
garding biocompatibility and applicability for upcoming new methods of
bladder augmentation and engineering.

Key words: urothelial cells, poly e-caprolactone/poly-L-lactide acid, hybrid
scaffold, tissue engineering.
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Introduction

Normal function of the urinary bladder can
be damaged due to various conditions, including
bladder cancer, trauma, neuropathic or vascular
damage, congenital abnormalities of the genito-
urinary system, and chronic inflammatory uropa-
thies [1]. Enterocystoplasty, as the most common
practice of urology for bladder reconstruction, is
associated with serious complications because of
long-term contact of urine with absorptive epithe-
lium of the intestine [2, 3].

Normal human urothelium is a multilayered
transitional epithelium with unique architecture
and expression pattern of markers. Pan-cytoker-
atin and uroplakins (forming plaques of asym-
metric unit membrane in the superficial cell layer
of native urothelium) are specifically and promi-
nently expressed in native urothelium [4]. Nor-
mal urothelium plays the critical role of imposing
a barrier between urine and blood; hence, an inte-
gral urothelium layer is indispensable to engineer
the urinary bladder. Recent advances in tissue en-
gineering have provided promising vistas in recon-
structive urology. Cell sources with the capability
of impaired function regeneration and appropriate
matrices are essential parts that have to be con-
sidered to engineer a tissue.

Finding supportive matrices for bladder recon-
struction is an ongoing challenge. To this end, dif-
ferent matrices have been studied in vitro and in
animal studies [5-10]. Naturally derived materials
(e.g., collagen) [11], acellular tissue matrices (e.g.,
the bladder submucosa and the small intestine
submucosa) [12, 13], and composite cystoplasty
[14] have their own limitations and possible side
effects. Nevertheless, synthetic polymeric mate-
rials possess the advantage of control over their
features, such as strength, degradation rate, bio-
degradability, and microstructure.

Electrospun nanofibers have emerged as nov-
el matrices to engineer the urinary tract due to
their superior characteristics in comparison to
scaffolds, which are prepared with other methods
in a high surface/volume ratio, and mimic extra-
cellular matrix structure [15, 16]. Previous studies
have reported that nanometer surface features of
scaffolds can promote cell functions and enhance
cell adhesion and proliferation [17].

Poly e-caprolactone (PCL)’s favorable flexibility
as well as its biocompatibility and biodegradabil-
ity has brought about its extensive application in
different contexts of tissue engineering [18, 19].
Poly-L-lactide (PLLA), as a Food and Drug Admin-
istration approved synthetic polymer, in spite of
poor biocompatibility and mechanical features,
could be a suitable option in scaffolding owing
to its superior degradability [20-22]. Herein, we
fabricated a new hybrid scaffold of PCL and PLLA

using the electrospinning method to utilize their
beneficial aspects in the same scaffold for bladder
tissue engineering.

Therefore, we aim to study PCL/PLLA scaffold
biocompatibility and urothelial cell behavior, pro-
liferation, and phenotype on PCL/PLLA to evaluate
its applicability in future studies.

Material and methods

Fabrication and preparation of PCL/PLLA
nanofibrous scaffold

PCL/PLLA (60 : 40) nanofibrous hybrid scaffolds
were fabricated by the double-jet electrospin-
ning method. PCL (Mn 80000) was dissolved
(8% w/v) in chloroform/N, N-dimethylformamide
(Sigma-Aldrich; St Louis, MO, USA) solution. PLLA
(MW 258700) was dissolved (4% w/v) in chloro-
form/N,N-dimethylformamide solution. The poly-
mer solutions were poured into two syringe
pumps (SP-500; JMS, Tokyo, Japan) connected to
a 20-gauge syringe nozzle through polyethylene
extension tubing. The needle tip moved in a lim-
ited space along the direction of the deposition
area while the collector (stainless steel cylinder)
was rotating at 2300 rpm, leading to a uniform
mat. After termination of the fabrication process
to increase hydrophilicity, oxygen plasma treat-
ment was performed. The bare materials were
exposed to oxygen plasma at 13.6 MHz for 5 min
using a Diener electronic plasma device. For sta-
bilization, the nanofibrous mats were treated
with methanol, and rinsed with sodium hydroxide
solution and deionized water. The nanostructured
scaffolds were then freeze-dried and kept until
use. Only plasma-treated scaffolds were utilized
in the current study and designated as PCL/PLLA.

Cell isolation and characterization

All the protocols and procedures for animal
studies were approved by the ethics committee
at the Urology and Nephrology Research Center
affiliated to Shahid Beheshti University of Medi-
cal Sciences. All the cell culture products, except
where otherwise specified, were purchased from
PAA, Pasching, Austria. Full thickness biopsies of
dog bladder (n = 5) were transferred to a 50 ml
conical tube containing Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with 2%
penicillin/streptomycin and 2% Fungizone. After
thoroughly washing in Hank’s Buffered Salt Solu-
tion (HBSS), the mucosal layer was dissected from
the smooth muscle layer aseptically. The mucosal
layer was minced and digested in enzyme solu-
tion (2 mg/ml collagenase IV and 1 mg/ml dispase
(Invitrogen Corp., Grand Island, NY)) at 37°C for
1 h. The cell suspension was passed thorough
a 70 pm cell strainer to filter out tissue debris.
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Following centrifugation at 1500 rpm at 4°C for
5 min, the cell pellet was resuspended in kerati-
nocyte serum-free medium (KSFM) supplemented
with 30 ng/ml cholera toxin, 0.5 pg/ml hydrocor-
tisone, 5 pg/ml insulin (Sigma-Aldrich; St. Lou-
is, MO, USA), 5 ng/ml epidermal growth factor,
50 pg/ml bovine pituitary extract (Invitrogen
Corp., Grand Island, NY), and 1% penicillin/strep-
tomycin, and was plated in a T-75 cell culture flask
(SPL Life Sciences, Pochun, South Korea). After es-
tablishment of colonies, cells were passaged with
0.05% trypsin-ethylenediaminetetraacetic acid
(EDTA) and cultured in a medium with 50% KSFM
containing all supplements and 50% 3T3 condi-
tioned medium.

To study expression of urothelial cell markers in
our cultured cells, immunodetection of uroplakin
Il and pan-cytokeratin was used. Briefly, after
fixation in 4% paraformaldehyde for 10 min, cell
permeabilization was carried out with 0.2% Triton
X-100 (Sigma-Aldrich; St. Louis, MO, USA) in phos-
phate buffered saline (PBS). Following 1 h blocking
of nonspecific binding sites with 1% bovine se-
rum albumin (Sigma-Aldrich; St. Louis, MO, USA),
rabbit polyclonal uroplakin Il or pan-cytokeratin
antibody (Santa Cruz Biotechnology, Inc, Santa
Cruz, CA) was added overnight at 4°C. To detect
primary antibody binding sites, biotinylated uni-
versal pan-specific secondary antibody (Vector
Laboratories, Inc., Burlingame, CA) and 5 ul/ml
fluorescein-conjugated avidin dye (Vector Labora-
tories, Inc., Burlingame, CA) were applied. Nuclear
counterstaining was performed using propidium
iodide (Sigma-Aldrich; St. Louis, MO, USA). The
fluorescent signal was analyzed with a fluorescent
microscope (CKX 41, Olympus, Japan). Fluorescent
images were merged using Image) software.

Cell seeding

Scaffolds were punched into discs that exact-
ly fitted 24-well plates. Following 1 h of steriliza-
tion in 70% ethanol and several rinses with PBS,
urothelial cells (passage 2 to 5) with a density
of 10 x 10* cells/cm?were loaded on scaffolds in
250 pl of supplemented medium. Seeded scaf-
folds were maintained at 37°C and 5% CO,. The
medium was refreshed every other day.

Cell viability and propagation

To appraise live cells on scaffolds at different
time points from initial seeding (1, 3, 7, and 14
days), the MTT assay was used to measure re-
duction of 3-(4,5-dimethylthiazole-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) into formazan.
0.5 mg/ml MTT solution (Sigma-Aldrich; St. Louis,
MO, USA) was added to each scaffold for 3 h at
37°C and 5% CO,. Isopropanol (Merck, Darmstadt,

Germany) containing 0.01 N HCl (Merck, Darm-
stadt, Germany) was added for 30 min at 37°C in
the dark with moderate shaking to solubilize for-
mazan. The intensity of color was determined us-
ing a photometer at 560 nm (BioPhotometer, Ep-
pendorf, Germany). Three repeats were performed
and all measurements were done in triplicate.

Scanning electron microscopy (SEM)
of scaffolds

Seeded scaffolds were fixed in 2.5% glutaral-
dehyde for 24 h, then washed twice in PBS for
20 min. Incubation in ascending concentrations of
ethanol was done for 20 min for each. After two de-
hydrations in absolute ethanol, they were dried in air
for at least 24 h. They were mounted on aluminum
stubs, sputter-coated with gold-palladium (AuPd),
and examined under SEM at 20 kV (Tescan Vega I).
Scaffolds with no seeded cells were analyzed with-
out fixation and dehydration.

Histology and immunohistochemistry
of scaffolds

Scaffolds were fixed in 4% formaldehyde and
embedded in paraffin at each point of analysis.
Five um sections were either stained with hema-
toxylin and eosin (H + E) orimmunolabeled against
expression of pan-cytokeratin and uroplakin Ill. In
brief, section were dewaxed with xylene (Merck,
Darmstadt, Germany) and rehydrated through
descending concentrations of ethanol. Following
permeabilization with 0.2% Triton X-100 (Sigma-
Aldrich; St. Louis, MO, USA) and citrate-based
antigen retrieval, nonspecific binding sites were
blocked with 1% normal horse serum in PBS for
30 min. Sections were incubated with rabbit poly-
clonal uroplakin Il or pan-cytokeratin antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
overnight at 4°C. Primary antibody binding sites
were probed using biotinylated universal second-
ary antibody included in Vectastain Universal Elite
ABC Kit (Vector Laboratories, Inc., Burlingame,
CA). Biotinylated horseradish peroxidase was
added; then, the reaction was revealed by brown
color after 3,3’-diaminobenzidine substrate (Vec-
tor Laboratories, Inc., Burlingame, CA). Slides were
counterstained with hematoxylin and examined
under a microscope (Olympus BX41, Japan).

Statistical analysis

Data were presented as the mean + standard
error. Friedman statistical analysis was used to
compare cell proliferation during 14 days of cul-
ture using SPSS software (Statistical Package for
the Social Sciences, version 18.0, SPSS Inc, Chica-
go, Illinois, USA). Values of p less than 0.05 were
considered statistically significant.
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Results

Chemical and mechanical properties
of electrospun scaffolds

Scanning electron microscopy micrographs
of electrospun nanofibrous scaffolds revealed
randomly oriented PCL/PLLA nanofibers free of
beads with fiber diameter in the range of 120 to
1500 nm, forming a porous structure (Figure 1).
No change in the surface morphology of PCL/
PLLA nanofibers after plasma treatment was con-
sidered using SEM images (data not shown). To
compare surface hydrophilic properties of PCL/
PLLA and plasma-treated PCL/PLLA scaffolds,
contact angle studies were performed. The con-
tact angles obtained were about 134° and 80°,
respectively, which indicates that PCL/PLLA was
highly hydrophobic and nonabsorbent to water,
whereas plasma-treated PCL/PLLA scaffolds were
extremely hydrophilic, with their water contact
angle being less than 80°, showing 100% wetta-
bility by the water droplet, suggesting the pres-
ence of hydrophilic groups on the surface of the
scaffold.

Urothelium cell culture and characterization

After initial plating, typical colonies of cul-
tured urothelium can be observed, which tend
to propagate rapidly, forming colonies with an in-
distinguishable border of cells (Figure 2). Cells in
colonies upon reaching a large size differentiate
into a non-proliferative and flattened phenotype.
To avoid terminal differentiation of cultured cells
after primary culture, cells were transferred to

SEM HV. 2000 kY WO 157790 mm VEG&\ITESC”"

passage 1 in a medium containing 50% 3T3-con-
ditioned medium.

Cells were examined for expression of mark-
ers. Cells in colonies were highly positive for ex-
pression of pan-cytokeratin, which verified the
epithelial origin of cultured cells (Figure 3 A). Fur-
thermore, a positive signal for the expression of
uroplakin 11l was observed (Figure 3 B).

Cells proliferation and expansion on scaffold

Scanning electron micrographs of scaffolds af-
ter 7 days revealed their normal distribution all
over the scaffold surface and colonization as they
propagate on the surface of culture flasks (Figure
4 A). H + E staining on scaffolds after sectioning
apparently showed cells on the surface of scaffolds
forming a continuous layer after 7 days of culture
(Figure 4 B). Immunohistochemistry was used to
assess the expression of urothelial markers in
cells which seeded on the scaffold. Uroplakin I
and pan-cytokeratin were expressed evidently in
cells after growth on the scaffold (Figures 4 C, D).

Cell viability and cytotoxicity

MTT assay, which determines mitochondrial
dehydrogenase activity of cells, was utilized to
study cell viability and the possible cytotoxic influ-
ence of the scaffold, as the enzyme activity would
be compromised after exposure to toxic com-
ponents. No cytotoxic effect was observed after
14 days of culture on scaffolds, and the MTT sig-
nal, which also correlates with cell viability, signifi-
cantly increased during the experiment (p < 0.05).
It can be inferred that the cells were proliferating

SEMHV. 20000V WD 157660mm VEGAW TESCAN
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Figure 1. Scanning electron micrographs of PCL/PLLA nanofibers at magnification of 500x (A), 5000x (B). The scaf-
fold is composed of nonwoven and randomly oriented nanofibers which formed a 3D structure. The diameters of
the nanofibers were distributed in the range of 110 to 1500 nm
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Figure 2. Morphological features of cultured urothelial cells. A — Dog urothelial cells formed small colonies 24 h
after culture. B — 5 days after plating a typical colony of urothelial cells emerged

50.0 pm

B

Figure 3. Immunocytochemical expression of urothelial markers. A — Diffuse expression of pan-cytokeratin was
observed in colonies. B — Cells in colonies expressed uroplakin 11l (UPIII) as urothelium specific marker. Nuclei of

cell are red because of PI

during this period, because the MTT signal is di-
rectly proportional to the number of live cells at
each time point of the experiment, which was en-
hanced from day 1 to 14 (Figure 5).

Discussion

In the present study, we cultured primary
urothelial cells in a specific serum-free medium to
propagate urothelial cells and prevent stromal cell
proliferation. To maintain the cells in a proliferat-
ing state after primary culture that would other-
wise turn into flat and non-proliferating morphol-
ogy, 50% 3T3-conditioned medium was added to
the culture medium. 373 cells as a feeder layer
have been used to resolve this problem previously
[23, 24], but here we used 3T3-conditioned me-
dium successfully. Cells in this medium preserved
their capability of proliferation, and the expres-
sion of pan-cytokeratin and uroplakin Il contin-
ued. Contrary to some earlier reports [25, 26], we
detected uroplakin Il expression in our culture
system. In accordance with our finding, some
other groups have reported uroplakin Il expres-
sion [10, 24] and even verified its expression by
western blotting [27]. Uroplakin Ill is probably not

the ultimate marker of urothelium differentiation,
and the cells can maintain their proliferative ca-
pacity while expressing uroplakin Ill. Furthermore,
the contradictory results observed in the present
study may be due to differences between species,
isolating conditions, culture media, and detection
level or sensitivity.

Sectioning and staining of scaffolds is a straight-
forward method to study cell attachment, distribu-
tion, and layering. Cells were located all over the
scaffold surface, but owing to the harsh process of
sectioning, superficial layers detached; hence, it is
not rational to count cell layers. Uroplakin Il and
pan-cytokeratin were also expressed after seeding
and propagation of cells on the scaffold, which is
a very critical criterion for construction of engi-
neered tissues, because cells should not change
their phenotype after growing on the scaffolds.
Scanning electron micrograph analysis revealed
normal appearing colonies of urothelial cells on
the surface of scaffolds with even distribution.
These colonies can grow and create a continuous
layer (data not shown), which is a vital point in
urothelium function [4]. Scanning electron mi-
crograph images also demonstrated nano-scale
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Figure 4. Cells on the surface of PCL/PLLA were examined for their distribution, cyto-architecture of layering and
expression of markers by SEM, H + E staining and immunohistochemistry, respectively. A— Scanning electron micro-
graph of scaffolds revealed distribution of urothelial cells all over the surface of the scaffold after 5 days of seeding,
forming their characteristic colonies. B — 7 days after growth on scaffold, a layer of urothelial cells composed of dif-
ferent numbers of cells in different parts of the scaffold can be seen. C — Expression of UPIIl and (D) pan-cytokeratin
in urothelial cells while expanding on scaffolds after 7 days of culture showed suitability of the scaffold for urothelial

cell culture concerning maintenance of marker expression

properties of the PCL/PLLA scaffold. MTT assay
is a well-documented technique for cytotoxicity
evaluation of biomaterials, and cell proliferation
can also be inferred indirectly from its result [6,
28]. PCL/PLLA not only exerted no toxic effect af-
ter 14 days, but also supported cell growth in this
period.

Current knowledge of nanotechnology was re-
cruited in construction of new scaffolds with na-
no-scale dimensions to mimic extracellular matrix
structure. Nanometer surface features facilitate
adsorption of extracellular matrix proteins, such
as fibronectin, which promote cell adhesion and
increase their functions [17]. Furthermore, Chun
et al. [29] showed that nanometer-scale surface
roughness inhibits calcium oxalate stone forma-
tion. Superior supportive effects of nano-sized
poly lactic-co-glycolic acid, PCL, and polyether ure-
thane versus their micron counterparts in bladder
tissue engineering have been proved [30, 31].

Most nano-scaffolds have been prepared via
chemical modifications of scaffolds, which were
created using solvent casting and salt leaching
processes [32], but we produced our scaffold
with electrospun nanofibers of PCL and PLLA as

2.5
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3
e 1.5+
1]
<
2
2 1.0

) -j

0 T T T
1 3 7 14
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Figure 5. MTT assay of urothelial cells on scaffolds
over 14 days of culture revealed supportive nature
of PCL/PLLA for this type of cells. The significant
increase (p < 0.05) of MTT signal during the experi-
ment is an indicator of cell proliferation and growth
on the scaffold. Number of cells increased from day
1 to day 14 of culture

a hybrid matrix. Fiber diameter of the synthetic
PCL/PLLA scaffolds was in the range of 120 nm
to 1500 nm, which allows slow diffusion of small
molecules, metabolites, and macromolecules,
such as gases, nutrients, and growth factors [33].
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Our recent study to investigate compatibility and
applicability of PCL/PLLA for surgery alongside
with its reaction with the bladder tissue in an
animal model demonstrated encouraging results
[34]. Nevertheless, the scaffold was not preloaded
with the bladder cells, suggesting that it could im-
prove tissue regeneration compared to biomateri-
als with no cells [13]. In addition, our recent study
[35], focused on the reaction of bladder smooth
muscle cells on the same scaffold, revealed simi-
lar favorable results resembling the current study.
Smooth muscle cells’ isolation and culture is much
simpler than for urothelial cells. Also, their more
robust nature compared to urothelial cells made
their culture on scaffolds much less complicated.
So, PCL/PLLA appropriateness for both main cell
types of bladder received strong support from our
studies, which propose the scaffold as a valuable
matrix in this context. To the best of our knowl-
edge, this is the first report that has studied PCL/
PLLA biocompatibility and addressed proliferation,
phenotype, and viability of urothelial cells on this
nano-scaffold.

In conclusion, we revealed that the PCL/PLLA
electrospun scaffold is a suitable matrix for urothe-
lium engineering. Urothelial cells can expand on
the surface of this nano-scaffold while preserving
their phenotype. Biocompatibility of PCL/PLLA
was confirmed for urothelial cells, as was previ-
ously shown for bladder smooth muscle cells on
the same scaffold in our lab. In sum, biocompati-
bility of main cell types of bladder motivate future
studies using animal models.
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