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ABSTRACT

Objective(s): Several pathologic complications may lead to defects in urinary bladder tissue or organ loss. In
this regard, bladder tissue engineering utilizing electrospun nanofibrous PCL and PCL/chitosan would be
promising as replacing structures.

Materials and Methods: The resultant nanofibers were characterized for their morphology, diameter and
composition by scanning electron microscopy (SEM), and also, FT-IR and CHN analyses. Then, isolation
of smooth muscle cells of human urinary bladder biopsies was performed and the obtained cells were
characterized by immunocytochemistry (ICC). Thereafter, seeded cells on PCL and PCL/CS nanofibers were
assayed for their viability/toxicity, and also, cell-scaffold attachments and cell morphologies were investigated.
Results: The findings illustrated that PCL and PCL/CS nanofibers of about 100 nm were successfully
fabricated. The obtained scaffolds provided appropriate environment for attachment and expansion of
seeded detrusor smooth muscle cells. Biocompatibility of both scaffolds was demonstrated by alamar blue
assay. After 7 days of study, cells showed higher viability percentage on PCL/CS nanofibers.

Conclusion: Nanofibrous PCL or PCL/CS scaffolds could properly help adhesion and proliferation/growth of

human bladder smooth muscle cells (hBSMCs).
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INTRODUCTION

The function of wurinary bladder as an
important part of renal system may be disordered
by some pathologic conditions. Indeed,
bladder cancer, congenital abnormalities such
as myelomeningocele and blabber exstrophy,
inflammatory diseases and trauma may lead
to sever bladder tissue defects or organ failure
[1, 2]. Annually, around 150,000 patients die of
bladder cancer and therefore, many patients
need cystectomy [3]. In such complications,
patients may be the candidates for bladder
organ/tissue replacements.

The clinical operation to replace or augment the
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damaged or removed bladder includes utilizing
gastrointestinal segments (gastrocystoplasty) or
other kinds of cystoplasties [4]. However, utilization
of those non-native tissues increases the chance
of metabolic disorders and other complications [5-
8]. In these regards, novel replacing strategies for
urinary bladder is required.

Bladder tissue engineering is introduced as a
strategy to generate substitutes for native bladder
tissue. In this respect, designing appropriate
scaffolds providing biophysical and biochemical
cures are needed. A variety of biological, synthetic
or combined scaffolds have been reported with
potential capabilities in tissue engineering [9-
13]. In bladder tissue regeneration, although,
different acellular tissue matrices [14-16]
have been previously used to prepare bladder
scaffolds, however, these structures suffer from
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weak mechanical properties. Application of
pure synthetic polymers or blended with bio-
polymers such as collagen, as a main protein of
extra cellular matrix would be an alternative. In
a breakthrough, Atala et al. reported notable
results of their special collagen-poly glycolic acid
structure applied for bladder reconstruction
after cystectomy. Therefore, scaffolds made of
different synthetic polymers have been utilized
in supporting urothelial cells and bladder smooth
muscle [17-19]. These scaffolds could be processed
by a variety of techniques [20].

Electrospinning has been vastly utilized as
a convenient and flexible approach to prepare
scaffolds of various fiber diameters, morphologies
and geometries [21-23]. The resultant fibrous
scaffolds would resemble the natural extracellular
matrix (ECM) by providing the bio-physical and
biochemical cues in a network of fibers with
special topographies, chemical composition
and mechanical characteristics that support cell
functions [24, 25]. In this respect, electrospun
fibers of synthetic/natural polymer sources such
as poly L-lactic acid (PLLA) [26], PVDF/collagen
[27], fibrinogen [28], silk fibroin [29], PLGA [30,
31], poly-acrylonitrile/polyethylene oxide (PAN/
PEO) [32] and core/shell PLCL/Hyaluronic acid [33]
have been utilized in bladder tissue regeneration.

Poly (e- caprolactone) (PCL), as a synthetic polymer,
is frequently utilized in fabricating electrospun
nanofibers for tissue regeneration regarding its
notable mechanical strength, biocompatibility
and biodegradability [34, 35]. Therefore, in some
studies, nanofibrous scaffolds containing PCL have
been used for bladder tissue engineering [36-38].
However, to provide more appropriate interactions
of cell-scaffold, bio-functional groups have been
rendered to the synthetic PCL by its blending with
biopolymers such as chitosan (CS) [39, 40]. Chitosan
as a polysaccharide, containing monomers of glucose
amine and N-acetyl glucose amine, is hydrophilic and
biocompatible. Also, antibacterial, fungi-static and
hemo-static properties of this natural polymer are
reported [40-43]. Furthermore, in tissue engineering
applications, it could render chemical cues for cell
binding and other functions due to its resemblance
to ECM glycosaminoglycans (GAGs) [44].

In the present study, the bio-compatibility and
interactions of human bladder smooth muscle
cells (hBSMCs) with electrospun nanofibers
(mean diameters around 100 nm), with/without
bio-functional surface groups, were investigated.
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As mentioned before, the morphology of the
prepared structures along with biochemical cues
would affect cell functions including cellular
attachment, expansion and proliferation. In
this regard, electrospun PCL and PCL/CS fibers
were fabricated through electrospinning and
their capability in supporting smooth muscle
cells of detrusor was investigated. Properties of
nanofibers were analysed with scanning electron
microscopy (SEM), FT-IR and CHN analyses. Then,
isolation of smooth muscle cells of urinary bladder
specimens was performed and the obtained cells
were identified by immunocytochemistry (ICC).
Thereafter, cell- seeding was done on PCL and PCL/
CS nanofibers to evaluate the biocompatibility of
the scaffolds, cell-scaffold attachments and cell
morphologies.

MATERIALS AND METHODS
Materials

PCL polymer (70 kDa) was received from
Hangzhou Ruijiang Chemical Co., Ltd, China. Low
molecular weight chitosan (CS, deacetylation
degree: 91.2 %) was purchased from Easter
Group (Dong Chen) Co. Ltd, China. Chloroform,
methanol, Formic acid, acetic acid, and acetone
were obtained from Merck Co., Germany. Lab-
scale electrospinning set was purchased from
Fanavaran Nano-Meghyas Co. Ltd, Tehran, Iran.

Preparation of nanofibrous scaffolds

For electrospinning of PCL, 4-10.0 wt. %
polymer solutions were prepared in chloroform/
methanol solvent [4:1, v/v] and also, separately,
9.0 wt. % in formic acid/acetic acid [1:1, v/v].
Then, to electrospun blended solutions of PCL
and CS, a previously reported method [45] was
used with some modifications. First, PCL polymer
was dissolved in formic acid/acetone [4/1, v/v]
at concentration of 12.0 wt. %. Chitosan solution
(2.0 wt. %) was prepared in formic acid. A blend
solution of PCL/chitosan was provided with a
weight ratio of 8/2, v/v. Thereafter, for each
process, the polymeric solution was loaded in a
5 ml plastic syringe having a 23G needle. Then,
electrospinning was done under a solution flow
rate of 0.5-1 ml.h?, collector-tip distance of 100
mm, high voltage 20 kV and collector rotation of
200 rpm. The resultant nanofibrous scaffolds were
deposited on an aluminium foil.

Characterization of the nanofibers
Scanning electron microscopy (SEM)
To evaluate the diameter of the obtained
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nanofibers and observe surface morphologies,
SEM (XL 30, Philips, USA, 25.0 kV) was used. Prior
to observation, gold sputter-coating was done
on each sample and then, related micro-graphs
were recorded. Thereafter, specimen images were
analysed by image) (imagj.nih.gov/ij) to measure
the mean size of about 100 nanofibers.

Fourier-transform infrared (FT-IR) spectroscopy
To confirm the existence of CS and PCL in the
blend PCL/CS electrospun samples, compositional
evaluation of each polymer and also, the blended
PCL/CS specimens were carried out separately by
using a FTIR spectrometer (Equinox 55, Bruker,
Germany, range: 4000-500 cm?, resolution: 4 cm™).

CHN analysis

The content of hydrogen (H), nitrogen (N)
and carbon (C) elements of the nanofibers were
analyzed by an elemental analyzer.

Bladder smooth muscle cell isolation

After providing written consents and ethical
considerations, bladder specimens (around 1cm3)
of patients under anti-reflux or prostatectomy
surgical operations were received. Based on our
previous report [26], the specimens were sterilized,
the urothelium was discarded and smooth muscle of
detrusorwas cutinto small pieces. Thereafter, partial
enzymatic digestion of the sample was done using
collagenase type IV for 1 hour (37°C). Afterwards,
the enzyme was eliminated by centrifugation and
the obtained cells were cultured and expanded in
complete media having Dulbecco’s Modified Eagles
Medium (DMEM), containing 20% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Then,
the culture flasks were incubated in a humidified
atmosphere containing 5% CO, at 37°C.

Immunocytochemistry

To characterize theisolated cells for their specific
biomarkers, immunocytochemistry against actin
by mouse anti-a-SMA (Abcam) was done. The
isolated hBSMCs cultured in plates were washed
with PBS and then, fixed with paraformaldehyde
(4%) 12 min at room temperature (RT). Thereafter,
the cells were washed with PBS having Tween-20
(0.05%, TPBS) and permeabilization was done
using Triton X-100 (0.2 %). After three-time rinsing
the cells with TPBS, blocking was performed using
1% BSA in TPBS (1 h, RT). Then, hBSMCs were
incubated with primary antibody (anti-a-SMA,
1:50) overnight (4°C). Subsequently, the cells
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were rinsed with TPBS and treated with secondary
anti-mouse antibody (1:250), 1 h at RT (in dark).
Then, cells were rinsed with PBS, and fluorescence
microscopy was used to observe the cells.

Cell study on electrospun nanofibers

To evaluate the interactions of hBSMCs with
the prepared nanofibers, cultured cells were
trypsinized and seeded on the PCL and PCL/CS
scaffolds. In this respect, circular electrospun
samples (around 7 mm) were sterilised with
70% ethanol and irradiated with UV (20 min.).
Thereafter, cell-seeding on PCL/CS and PCL
nanofiber circular samples was done using 1x105
cells in DMEM complete media, containing 20%
FBS and 1% pen/strep. Finally, the test plates were
kept in an incubator (37°C, 5% CO,).

To investigate cell morphologies on the PCL/CS
and PCL fibers after 2 days, SEM microscopy was
utilized. First, the specimens were washed with
PBS, and fixing with 2.5% paraformaldehyde plus
2% glutaraldehyde (1 h, at 4°C) was performed.
Thereafter, an increasing serial concentration of
ethanol was used for sample dehydration. Finally,
and after air drying of the samples, gold sputter-
coating was done on each specimen, before
observing by SEM (25.0 kV).

Viability of cells on nanofibrous scaffolds

To evaluate and quantify the viability and
proliferation rate of seeded cells, alamar blue
assay was used. This assay shows no interruption
or toxicity on the cell activities under culture,
therefore, allows for a continuous cell study on
nanofibers. In this regard, the medium on each
sample was aspirated carefully at pre-set time
points and thereafter, 100 pl of complete media
containing 10% alamar blue solution (1mg/ml)
was replaced and kept in an incubator for further 3
h. For negative and positive controls, wells having
assay solution lack of cells and wells containing
cells in media-dye without scaffold were utilized,
respectively. Finally, the absorbance of reduced
form of dye in wells was measured at 570 and 600
nm. The studies were done in triplicate and results
were reported as means + SD.

The following equation was used for calculations:

Cell Proliferation (%) = [(€OX)A,. AN, - (EOX)A. AA, /
(EOX)A,. A'A_ - (eOX)A,. A’A] x100
Here, A)\1 and A7\2 are the absorbance values

for sample wells read at the wavelengths A, = 570
nm and A, = 600 nm. A'A, and A'A, represent the
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Fig. 1. SEM micrographs of electrospun PCL nanofibers with
concentrations of 6% (a), 8% (b), 9% (c) and 10% w/w (d) in
chloroform/methanol mixed solvents

absorbance measured for positive control. Also,
the molar extinction coefficients for oxidized
alamar blue (€0X(A,) = 80.586 and EOX(A)) =
117.216) were used in the formula.

RESULTS AND DISCUSSION
Diameter and morphology of nanofibers

To prepare electrospun nanofibers of PCL,
different solvents were utilized. Application of a
chloroform/methanol (4/1, v/v) mixture resulted
in the formation of smooth nanofibers in 10%
wt. PCL solution (Fig. 1). According to Fig. 1,
augmenting the concentration of polymer from 6%
to 10% wt. could result in bead-free and smooth
fibers. It is known that augmenting the polymer
concentration would provide more polymer
entanglements and production of continuous
nanofibers [46]. Electrospinning of the 10% wt.
solution led to the nanofibers of 260+103 nm in
diameter. As it is hard to fabricate electrospun
PCL fibers of smaller diameters in chloroform/
methanol mixture, in the next step, a formic/acetic
acid (1:1, v/v) solvent system was utilized. As
shown in Fig. 2, electrospinning of the 9% wt. PCL
solution in such acidic solvent could form defect-
free 118415 nm fibers with a narrow dispersion
of diameters (Fig. 2c). The reduction in fiber size
when using acidic solvent could be attributed to
the high conductivity of formic acid (157.5 uS/cm)
compared to that of chloroform/methanol (0.5 uS/
cm). Indeed, an increased electrical conductivity
would result in a higher surface charge on the
polymeric jet. Consequently, electrospinning
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Fig. 2. The SEM micrographs of PCL nanofibers with
concentration of 9%, wt. (a, b), in formic/acetic acid mixed
solvent, and chart of nanofiber diameter distribution (c)

solution experiences a raised extension due to
huge electric charge repulsions that resulted in the
formation of thinner fibers [47].

Electrospinning of a blend solution of PCL/
CS polymers was followed using formic acid and
acetone solvents. It has been previously reported
that a combination of these two solvents helps
preparation of non-woven PCL/CS nanofibers
through electrospinning [45]. Optimization of
the process to provide appropriate sizes and
morphologies of nanofibers was followed by
controlling parameters; i.e. polymeric solution
concentrations, blending weight ratios, solution
feeding rate, working distance and applied
voltage. Thereafter, the produced nanofibers
were characterized by SEM. Fig. 3(a, b) depicts
the micrographs of the resultant PCL/CS
nanofibers and the corresponding size distribution
chart. As it is shown, the nanofibers illustrate
random orientations with defect-free smooth
morphologies. Also, diameter distribution chart
of the obtained fibers is represented in Fig.
3¢, respectively. The mean diameter of PCL/CS
nanofibers is 92+31 nm. Chitosan biopolymer in
acidic solution is highly protonated thatimposes an
increased extension on the electrospinning jet due
to the positive charge repulsions and therefore,
results in finer fibers [48]. It is in line with other
studies reporting a reduction of fiber diameters in
electrospun PCL/CS nanofibers [49, 50]. According
to our previous report, small diameter nanofibers
provide more attachment sites for cellular binding
proteins, therefore help appropriate expansion of
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Fig. 3. SEM images of electrospun PCL/CS (blend ratio of 8/2,
v/v) nanofibers (a, b), in formic/acetone mixed solvent, and
chart of nanofiber diameter distribution (c)

the cells on the scaffolds [26]. Accordingly, it would
be expected that smooth muscle cells find their
elongated morphology on the obtained fibers.

FT-IR analyses

To analyse the composition of the prepared
scaffolds and to confirm the presence of chitosan
in blended samples, FTIR spectroscopy was
performed. The spectra of FT-IR analyses of PCL
and PCL/CS nanofibers specimens and also, neat
CS polymer are shown in the Fig. 4. For CS sample,
the band at 3387 cm™ shows the stretching of
N-H and O-H [40]. Also, absorptions at 1032 and
1072 cm could be assigned to the stretches of
C-O and the peak at 1154 cm? illustrates the
C-O-C asymmetric stretches. The characteristic
bands at 1380 and 1428 cm™ could be due to the
symmetrical deformation of CH3 and bending of
CH2, respectively [51-53] . The peaks at 1600,
1330 and 1658 cm™ correspond to the bending
of N-H (in primary amine), and stretching of C-N
(amide 1) and C=0 (amide 1), respectively [53, 54].
Also, the bands at 2894 and 2941 cm™ could be the
asymmetrical and symmetrical stretches of C-H
[53]. FTIR analysis of PCL polymer illustrated C=0
stretching vibrations at 1725 cm™. Also, stretching
vibration of CH, was located at 2869 and 2951
cm [55]. According to the characteristic peaks
of chitosan and PCL, absorption bands of N-H
and O-H (around 3430 cm?), stretching vibration
of CH, (2861 and 2925 cm™), C=0 stretching
vibrations (1722 cm™) could be detected in PCL/CS
nanofibers (Fig. 4).
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Fig. 4. FT-IR spectra of PCL, CS and PCL/CS samples

CHN analyses

According to the Fig. 5, CHN analyses illustrated
the existence of nitrogen only in the PCL/CS
nanofiber specimen, compared to the PCL sample
that showed only peaks of carbon and hydrogen
elements. It demonstrates that chitosan is
incorporated in the blended samples.

Cell isolation and identification

Fig. 6a-b shows the optical microscopy images
of hBSMCs on tissue culture plate. It is clear that
the isolated cells have found their characteristic
elongated shape. Indeed, these cells were migrated
efficiently from small pieces of partially digested
bladder muscle tissue. Further, ICC was done for
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Fig. 6. The hBSMCs on TCP (a, b), and immuno-staining of the
isolated hBSMCs against alpha--SMA (c, d)

phenotypic identification of the isolated cells. Fig.
6c-d depict immuno-stained cells against smooth
muscle marker (a-SMA). The images illustrate that
strong expression of a-actin has elongated the
cells along the axis of filaments.

Cell-nanofiber interactions and compatibility

Fig. 7 represents the results of the alamar
blue assay for cell viability in a 7-day evaluation.
Accordingly, human bladder smooth muscle cells
have shown proper viability on both PCL and PCL/
CS electrospun samples. Indeed, no significant
statistical difference between test samples
and control was observed. Therefore, PCL/CS
nanofibrous scaffolds would be considered as a
cyto-compatible cell seeding support. However, an
increased mean viability of smooth muscle cells on
PCL/CS nanofibers after 1 week of seeding is clear
according to the Fig. 7,b.

According to the previous studies, different
cellular activities, i.e. cell viability and proliferation,
finding natural morphology and differentiation,
would be controlled by designing nanofibrous
scaffolds of various fiber physicochemical
properties [25, 56-58]. In this respect, controlling
nanofiber diameter, morphology, chemical
composition and some other items could help
interactions of cells and nanofibers to begin cell
adhesion/spreading on the nanofibers surface [20,
24]. Differentiated bladder smooth muscle cells
show an elongated morphology and make bundles
in their natural tissue [59].

Previously, capabilities of the PCL electrospun
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g. 7. Charts of alamar blue assay results for cell viability
percentages on PCL and PCL/CS electrospun scaffolds

nanofibers in supporting urinary bladder smooth
muscle cells have been shown [38, 60]. However,
PCL as a synthetic polymer possess hydrophobic
properties lack of special cell binding functional
groups [61, 62]. Therefore, blending PCL polymer
with natural polymers would result in improving
hydrophilicity of the obtained nanofibers [63,
64]. In a study, smooth muscle cells seeded on
the PCL nanofibers showed poor growth and
coating of the fibers with collagen improved cell
adhesion and growth significantly [65]. Indeed,
utilizing biopolymers in association with synthetic
ones would render cell interaction sites to the
electrospun scaffolds. In this regard, PCL/CS
nanofibers have been prepared for various tissue
regeneration aims [39, 50, 66]. Recently, Zhou et
al. have demonstrated the capability of freeze-
dried compression molded PCL/CS scaffolds in
bladder tissue engineering [67]. They reported
the successful differentiation of adipose-derived
stem cells to bladder smooth muscle cells on
scaffolds and an enlargement in bladder capacity
and angiogenesis was observed in vivo. Also, the
authors reported that compared to appropriate
regeneration of urothelium layers, smooth muscle
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Fig. 8. SEM micrographs of the hBSMCs on the PCL (a, b), and
PCL/CS (c, d) scaffolds after 48h of seeding; scale bars: 20 um
(a, c)and 5 um (b, d)

cellsillustrated sparser on the PCL graft. Therefore,
preparing PCL/CS electrospun nanofibers would
provide proper conditions for bladder smooth
muscle cells to attach and perform their functions.

According to the Fig. 8 hBSMCs seeded on
PCL or PCL/CS nanofiber scaffolds for 48 h are
attached in numerous points, i.e. focal adhesions,
to the fibers and are completely expanded. As it is
clear, the cells show casual morphologies and no
elongation besides each other is observable. Also,
due to the very fine diameter of both PCL and PCL/
CS nanofibers and their narrow size distribution,
and huge size of smooth muscle cells, no infiltration
to the scaffold could be detected. The seeded
bladder smooth muscle cells could be elongated
to more than 100 um. The previous studies on the
morphology of the isolated hBSMCs on electrospun
random PCL/PLLA [36] and PLLA [26] nanofibers
demonstrated that in the early days of cell seeding,
they show random morphologies. However,
after 1 month of seeding, the cells are totally
elongated and oriented along each other on the
randomly-arranged electrospun nanofibers [26]. It
suggests that random PCL and PCL/CS electrospun
nanofibers could provide appropriate scaffold for
bladder detrusor tissue engineering. However,
investigation of mechanical characteristics of the
prepared bladder scaffolds needs to be considered
in the future studies, according to its important role
in the regeneration process [68, 69].

CONCLUSION

In the present study, random electrospun PCL
and PCL/CS nanofibers were successfully prepared
and characterized utilizing SEM, FT-IR and CHN
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analyses. In the resultant nanofibers, addition of
chitosan solution to the PCL acidic solution could
reduce fiber diameters. Both prepared polymeric
scaffolds showed compact fibers of smooth
morphology and around 100 nm in diameter. Then,
isolated- smooth muscle cells were identified by
ICC against their a-actin expression. The seeded
cells on the scaffolds illustrated appropriate
attachment due to numerous focal adhesions
and showed casual cell morphologies on the
scaffolds. Also, the results of cytotoxicity assays
demonstrated the biocompatibility of obtained
scaffolds with hBSMCs. In this regard, it could be
concluded that random electrospun PCL and PCL/
CS nanofibrous scaffolds would provide proper
environment for bladder tissue engineering.
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