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1 | INTRODUCTION

Urethral defects are common due to various reasons, such as
traumas, strictures, or congenital malformations. Yet the surgical

Inari Lyyra® |

Maiju Juusela® | Vipul Sharma?! |
Minna Kellomski® | Susanna Miettinen'?

Abstract

Surgical treatment of urothelial defects with autologous genital or extragenital
tissue grafts is susceptible to complications. Tissue engineering utilizing novel bio-
materials and cells such as human urothelial cells (hUC) for epithelial regeneration
and adipose stromal cells (hASC) for smooth muscle restoration might offer new
treatment options for urothelial defects. Previously, polylactide (PLA) has been
studied for urethral tissue engineering, however, as such, it is too stiff and rigid for
the application. Blending it with ductile polybutylene succinate (PBSu) could pro-
vide suitable mechanical properties for the application. Our aim was to study the
morphology, viability and proliferation of hUC and hASC when cultured on
100/0 PLA/PBSu, 75/25 PLA/PBSu blend, 50/50 PLA/PBSu blend, and 0/100
PLA/PBSu discs. The results showed that the hUCs were viable and proliferated
on all the studied materials. The hUCs stained pancytokeratin at 7 and 14 days,
suggesting maintenance of the urothelial phenotype. The hASCs retained their via-
bility and morphology and proliferated on all the other discs, except on PLA. On
the PLA, the hASCs formed large aggregates with each other rather than attached
to the material. The early smooth muscle cell markers SM22a and a-SMA were
stained in hASC at 7 and 14 day time points on all PBSu-containing materials, indi-
cating that hASCs maintain their smooth muscle differentiation potential also on
PBSu. As a conclusion, PBSu is a highly potential biomaterial for urothelial tissue
engineering since it supports growth and phenotypic maintenance of hUC and

smooth muscle differentiation of hASC.

KEYWORDS
adipose stromal cells (ASC), polybutylene succinate (PBSu), polylactide (PLA), polymer blends,
urethral tissue engineering, urothelial cells (UC)

reconstruction of these defects is challenging. Smaller defects are
mainly treated with urethroplasty using genital tissue graft or flaps.
However, in more severe defects, non-genital tissue grafts, such as

bladder acellular matrix or buccal mucosa, are used. The extragenital

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. Journal of Biomedical Materials Research Part B: Applied Biomaterials published by Wiley Periodicals LLC.

J Biomed Mater Res. 2023;1-13.

wileyonlinelibrary.com/journal/jbmb 1


mailto:reetta.sartoneva@tuni.fi
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jbmb
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbm.b.35268&domain=pdf&date_stamp=2023-05-18

SARTONEVA ET AL.

z LwiL EY—Y

non-cellular tissue grafts are not optimal for urethral reconstruction.
Complications, such as fistulas, strictures, shrinkage, or residual
curvature, are common.'~® Therefore, there is a need for developing
new graft materials and techniques for severe urethral defect
reconstructions.

Tissue engineering could provide solutions for urethral
reconstruction, aiming to overcome problems related to the traditional
surgical techniques. The selection of optimal biomaterial is crucial, and
for urethral applications, softness, flexibility, and saturability are
critical mechanical properties. Various synthetic biodegradable poly-
mers, such as polylactide (PLA), polyglycolide (PGA), and poly-L-
lactide-co-e-caprolactone (PLCL), have previously been studied.*8
However, plain PLA and PGA are relatively rigid and brittle for soft
tissue engineering applications. Their mechanical properties could be
tailored, for instance, by blending with softer and ductile biomaterials
such as PLCL or polybutylene succinate (PBSu).”*° PBSu is a new ali-
phatic polyester in tissue engineering, and only few studies, mainly
related to cartilage and bone tissue engineering, have been pub-
lished.'112 The advantages of PBSu are its biodegradability, biocom-
patibility, and high flexibility, making it appealing also for soft tissue
engineering applications.'*"® However, to our knowledge, PBSu has
previously not been studied for urethral tissue engineering.

The autologous human urothelial cells (hUC) have been the most
abundantly studied cell type for urothelial regeneration and exhibited
potential for urethral tissue engineering.>1*° The isolation of autolo-
gous hUCs is feasible with bladder washing, which enables cell isola-
tion, omitting the need of invasive biopsy.?®” However, in addition
to the urothelium, the regeneration of a functional smooth muscle
and connective tissue layer is at least equally important in recon-
structing functional urethral tissue since the lack of smooth muscle
layer may lead to overactive fibrosis and stenosis of the tissue-
engineered graft.'®? In urological applications, the smooth muscle-
derived progenitor cells are the most frequently studied cell type;
however, the main problem in using autologous progenitor is the lim-
ited availability and donor site morbidity during cell isolation.>2%2*
Though, human adipose-derived stromal cells (hASC) have been
shown to differentiate into various cell types, including smooth mus-
cle cells.?>?2 |n addition, their potential mechanism of action may be
related to stimulating local progenitor cells and angiogenesis, and inhi-
biting inflammatory processes.?22* Previously, implanting hASCs to a
fibrous PLA mesh was shown to regenerate the smooth muscle layer
and decrease the rate of urethral stenosis in rabbit urethra compared
to PLA mesh only.2> Thus hASCs are emerging as a potential cell type
for smooth muscle regeneration.>?>2¢ The hASCs are abundantly
available and easy to isolate, for instance, with liposuction, and due to
their low immunogenicity, allogenic cells could also be considered for
reconstruction.24?”

This study aimed to evaluate PLA/PBSu blend discs for urethral
tissue engineering. The hUCs and hASCs viability, proliferation, phe-
notype, and gene expression were compared on 100/0 PLA/PBSu,
75/25 PLA/PBSu blend, 50/50 PLA/PBSu blend, and 0/100
PLA/PBSu discs. We hypothesized that PBSu would be beneficial for
the hUCs and hASCs in in vitro cultures.

2 | MATERIALS AND METHODS

21 | Sample manufacturing

The polymer discs were made of medical grade poly(L/DL)lactide
(PLA, L/DL ratio 70/30, Resomer LR 706S, Evonik Industries AG,
Darmstadt, Germany) and commercial grade polybutylene succinate
(PBSu, Bionolle 1020 MD, Showa Denko Europe GmbH, Munich,
Germany). The inherent viscosity of the PLA was 4.0 dL/g, as stated
by the manufacturer, and 1.1 dL/g for the PBSu, as measured by a vis-
cometric analysis (Lauda PSV1, Lauda-Konigshofen, Germany) with
Ubbelohde capillaries (Schott-Instrument, Mainz, Germany) in
chloroform at 25°C.

Before processing, the polymers were dried in a vacuum oven at
75°C for 8 h and let cool down to room temperature (RT). PLA and
PBSu were extruded into rods using a custom-made co-rotating twin-
screw extruder (Mini ZE 20*11.5 D, Neste Oy, Porvoo, Finland) in a
nitrogen atmosphere. Four different types of rods (diameter approxi-
mately 2 mm) were manufactured: 100/0 PLA/PBSu (100/0), 0/100
PLA/PBSu (0/100), and two blends, 75/25 PLA/PBSu (75/25) con-
taining 75 wt% of PLA and 25 wt% of PBSu and 50/50 PLA/PBSu
(50/50) containing 50 wt% of PLA and 50 wt% PBSu.

To make the discs, the extruded rods were compression molded
between metal plates (parameters in Table 1) into approximately
100 um thick discs using a hot press (NIKE, Hydraulics Ab, Eskilstuna,
Sweden). The discs were cut to samples with a diameter of 15 mm,
washed with Aa Ethanol (Altia Oyj, Helsinki, Finland) in an ultrasonic
bath, and dried for a couple of hours in a laminar hood followed by
overnight in a vacuum. Before the cell studies, the discs were gamma
sterilized (25 kGy, BBF Sterilisationsservice GmbH, Kernen, Germany).
The cell culture plastic (polystyrene, PS; with hASC: Nunc, Thermo
Fischer Scientificc MA, USA and with hUC: Sigma-Aldrich, Corning
CellBIND®, St Louis, MO, USA) was used as a control.

2.2 | Initial characterization

For measuring the initial stiffness of the materials, the extruded rods
were cut to 70 mm length, washed with Aa Ethanol (Altia Oyj) and
gamma sterilized (25 kGy, BBF Sterilisationsservice GmbH, Kernen,
Germany). The extruded and sterilized 2 mm diameter rods were
tested by three-point bending at room temperature using an Instron
4411 material testing machine (Instron Ltd., High Wycombe, UK). The

TABLE 1  The compression molding parameters used in
manufacturing the 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50
PLA/PBSu, 0/100 PLA/PBSu discs for the study.

Material 100/0 75/25 50/50 0/100
Temperature (°C) 160 150 120 115
Pressure (MPa) 14 14 10 10
Time (s) 10 10 10 10
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samples were immersed in phosphate buffered saline (PBS) for 1 h
and blot dried before measuring their diameters and testing. The test-
ing was conducted as described previously.?® The bending span was
32 mm and the crosshead speed 5 mm/min. The bending modulus

was calculated using the formula:

74xslope><L3X 1
T 3xaxd 1000’

(GPa),
d = diameter of the rod (mm). The results are presented as averages

where E = bending modulus L = support span (mm),
of six measurements with the standard deviation.

Water contact angles of the discs were measured at RT by the
sessile drop method in a video-based optical contact angle system
(Theta Lite Optical Tensiometer, Biolin Scientific AB, Sweden) and
OneAttension software. The measurements were carried out using deio-
nized water, and the values were extracted via the tangent method.
Average values were calculated from 12 parallel left and right angle
results per sample (four samples per material, n = 48 per material).

The surface topographies of the discs were characterized by an
atomic force microscope (AFM, XE-100, Park Systems, Santa Clara,
USA). Three parallel areas of 5 um x 5 um per dry disc were scanned in
a non-contact mode in air, using aluminum-coated silicon probes (ACTA,
37 N/m, 300 kHz, Applied Nano Structures Inc., Mountain View, USA).
The average surface roughness (R, and R,) values were obtained by XEI
image processing software (Park Systems, Santa Clara, USA).

23 | Cellisolation

2.3.1 | Urothelial cells

d®” and the tissue

The hUCs were isolated as previously describe
samples were obtained from normal ureters of child donors during rou-
tine elective surgery in Tampere University Hospital, with the approval
of the Ethics Committee of Pirkanmaa Hospital District (Tampere,
Finland, RO7160) and written consents from the parents. Briefly, the
tissue pieces were cleaned, cut, and incubated overnight in a stripping
solution containing 0.01% HEPES buffer (1 M, Sigma-Aldrich),
4 x 10%% aprotinin (1 KIU/uL; Sigma-Aldrich), 0.1% EDTA (Sigma-
Aldrich) and 0.01% penicillin/streptomycin (Lonza, Basel, Switzerland)
in Hank's balanced salt solution (HBSS, Thermo Fischer) without Ca®*
and Mg?" in order to loosen the urothelial layer. The urothelial sheets
were separated from the stroma and digested in 0.1% trypsin (Lonza)
for 30 min at 37°C in a shaking water bath. The trypsin was inactivated
by adding 10% human serum (HS, Biowest, Nuaillé, France) to HBSS.
The resulting suspension was centrifuged and resuspended in Epilife
medium (Thermo Fischer) supplemented with 1% of EpiLife defined
growth supplement (EDGS; Thermo Fischer), 0.1% of CaCl, (Thermo
Fischer), and 0.35% of antibiotics (100 U/pL penicillin and 0.1 mg/ulL
streptomycin, Lonza). The cells were cultured in EpilLife medium at
37°C in a humidified atmosphere with 5% CO,. The hUCs from three
donors in passages 3-4 were used in the experiments.

Y sk WILEY-L_2

2.3.2 | Adipose stem stromal cells

The hASCs for the experiments were obtained from three different
donors during elective surgery from Tampere University Hospital, with
the approval of Ethics Committee of Pirkanmaa Hospital District
(R15161) and patients' written consent. The hASCs were isolated using a
mechanical and enzymatic isolation method as previously described.?’
Briefly, the adipose tissue sample was manually cut to smaller pieces,
digested using collagenase NB 6 (SERVA Electrophoresis GmbH,
Heidelberg, Germany), centrifuged, and filtered in sequential steps in
order to separate the ASCs from the surrounding tissue. The isolated
hASC were cultured in aMEM medium (Lonza) supplemented with 5% HS
(Biowest) and 1% penicillin/streptomycin (Lonza) in T75 cell culture flasks
(Thermo Fischer) in a humidified atmosphere with 5% of CO,. Overall,

hASCs from three donors in passages 2-3 were used in this study.

24 | Cell seeding

All the cell experiments were conducted in a 24-well plate format.
The discs were placed at the bottoms of the wells and fixed with
inserts (CellCrown24, Scaffdex Ltd, Tampere, Finland). The discs were
preincubated in a medium for 24 h at 37°C before seeding approxi-
mately 20,000 hUCs or 2000 hASCs on each disc in a medium volume
of 20 uL. The cells were allowed to adhere for 2 h, after which 1 mL

of medium was carefully added to each well.

2.5 | Cell viability and proliferation
The viability of the hUCs and hASCs cultured on the different discs was
assessed using a qualitative live/dead fluorescence staining (Thermo
Fischer) after 7 and 14 days of culture. Briefly, the cells were incubated
for 45 min at RT in a working solution containing 0.25 mM calcein AM
(Thermo Fischer) and 0.3 mM ethidium homodimer-1 (EthD-1; Thermo
Fischer). After the incubation, the cells were immediately imaged using
a fluorescent microscope (IX51, Olympus, Tokyo, Japan).

The proliferation of hUCs and hASCs was assessed after 1, 7, and
14 days of culture by determining the DNA amount in the samples
(n=9) using a CyQUANT Cell Proliferation Assay kit (Thermo
Fischer). Briefly, the cells were lysed with 0.1% Triton-X 100 lysis
buffer (Sigma-Aldrich) and stored in —70°C until analysis. After one
freeze-thaw cycle, 20 pL of each sample and 180 pL of a working
solution containing CyQUANT GR dye and lysis buffer were pipetted
to a 96-well plate. The fluorescence of three parallel samples was
measured at 480/520 nm using a microplate reader (Victor 1420
Multilabel Counter; Wallac, Turku, Finland).

2.6 | Immunocytochemical stainings

Immunocytochemical stainings (Table 2) were used to evaluate the

maintenance of the cytokeratin staining (AE1/AE3 pancytokeratin) of
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TABLE 2 The primary and secondary antibodies used in immunocytochemical stainings.
Cells Primary antibody Dilution Secondary antibody Dilution
hUC AE1/AE3 pancytokeratin (Thermo Scientific) 1:250 Alexa Fluor 488 (Life Technologies) 1:800
hASC Alpha smooth muscle Actin (a-SMA; Abcam) 1:200 Alexa Fluor 488 (Life Technologies) 1:300
Smooth muscle 22 alpha (SM22a; Abcam) 1:200 Alexa Fluor 488 (Life Technologies) 1:500
hUC and hASC Vinculin (Invitrogen) Alexa Fluor 488 (Life Technologies) 1:500
Phalloidin-TRITC (Sigma-Aldrich) 1:500
DAPI (Sigma-Aldrich) 1:2000

TABLE 3 The primer sequences used in quantitative real-time reverse transcription polymerase chain reaction.

Name 5'-sequence-3’ Product size (bp) Accession nhumber

Col | Forward CCAGAAGAACTGGTACATCAGCAA 94 NM_000088.3
Reverse CGCCATACTCGAACTGGAATC

Col Il Forward CAGCGGTTCTCCAGGCAAGG 179 NM_000090
Reverse CTCCACTGATCCCAGCAATCCC

CK7 Forward CATCGAGATCGCCACCTACC 80 NM_005556.3
Reverse TATTCACGGCTCCCACTCCA

CK8 Forward CCATGCCTCCAGCTACAAAAC 68 M34225.1
Reverse AGCTGAGGTTTTATTTTGGACC

CK19 Forward ACTACACGACCATCCAGGAC 80 NM_002276.4
Reverse GTCGATCTGCAGGACAATCC

UPla Forward GGGATCTCCAGTTGGTGG 80 NM_007000.3
Reverse TCTCAGCAAACAGGGACAGG

UPIb Forward AGTCACCAAAACCTGGGACAG 64 NM_006952.3
Reverse TGATGGACCATTTACGCCACA

RPLPO Forward AATCTCCAGGGGCACCATT 70 NM_001002
Reverse CGCTGGCTCCCACTTTGT

hUCs, the differentiation potential of hASCs towards smooth muscle
cells (a-SMA and SM22a), and actin cytoskeleton organization (phal-
loidin) after 7 and 14 days of cell culture. Additionally, the adhesion of
the cells was assessed by staining the adhesion sites of the cells using
vinculin combined with DAPI and phalloidin at 7 day time point.
Briefly, the cells were fixed with 4% paraformaldehyde supplemented
with 0.2% Triton-X 100 for 15 min at RT and blocked with 1% bovine
serum albumin (BSA). After fixing, the cells were incubated in primary
antibody dilutions overnight at +4°C. The next day, the cells were incu-
bated in the secondary antibody solutions diluted in 1% BSA for 45 min
at +4°C. In order to see the actin cytoskeleton organization of the hASC,
the cells were blocked overnight and incubated in 1:500 phalloidin-TRITC
solution (Sigma-Aldrich) for 45 min at RT. Finally, the nuclei of all the cells
were stained with DAPI (1:2000, Sigma-Aldrich). The cells were imaged
immediately after staining using a fluorescent microscope (Olympus).

2.7 | Quantitative real-time polymerase
chain reaction

The relative expression of collagen (Col) I, Col llI, cytokeratin (CK) 7, CK8,
CK19, uroplakin (UP) la, and UPIb genes was studied with quantitative

real-time reverse transcription polymerase chain reaction (QRT-PCR). For
the analysis, the hUCs and hASCs were cultured on 100/0, 75/25,
50/50, 0/100, and PS control until 14 day time point. Shortly, the total
messenger RNA was isolated from the samples using Nucleospin RNA I
kit (Macherey-Nagel, Diiren, Germany) and then reverse transcribed to
cDNA using High-Capacity cDNA Reverse Transcriptase Kit (Thermo
Fischer Scientific). The reactions were conducted with an AbiPrism 7000
Sequence Detection System (Applied Biosystems) by initially activating
the enzymes at 95°C for 10 min, followed by 45 cycles at 95°C for 15 s
and 60°C for 60s. The primer sequences (Immuno Diagnostic Oy,
Hameenlinna, Finland, and TAG Copenhagen A/S, Frederiksberg,
Denmark) and the genes' accession numbers are gathered in Table 3. The
gRT-PCR mixture contained cDNA, forward and reverse primers, and
SYBR Green PCR Master Mix (Applied Biosystems). The data were nor-
malized to the housekeeping gene RPLPO (large ribosomal protein PO)
expression with a previously described mathematical model.*°

2.8 | Statistical analysis

The statistical analyses were performed with SPSS Statistics version
25 (IBM, Armonk, NY, USA). All quantitative data are presented as
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averages with standard deviation (SD). The gRT-PCR and CyQuant
analysis were repeated with three cell lines and three parallel samples
with each material (n = 9). The contact angle measurements were per-
formed for four parallel samples with at least 12 parallel measure-

ments (n = 48). The bending modulus measurements were conducted

3 [ 100/0
* @ 75/25
4
2 I [H 50/50
S [l 0/100
? 3 *
£
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O
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FIGURE 1 The initial bending modulus of 100/0 PLA/PBSu,

75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100 PLA/PBSu rods
measured as sterile and wet. The stiffness of 100/0 and 75/25 was
significantly higher compared to 0/100 (*p < .001 and <.05,
respectively).
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for six parallel samples (n = 6). The statistical analysis for the bending
modulus, gRT-PCR, and CyQuant data was done using non-parametric
statistics with the Kruskal-Wallis test. For the contact angle measure-
ments, the statistical analysis was done from the mean values of right
and left angles using one-way ANOVA. The Bonferroni correction
based on the number of the comparisons was used to minimize the
error produced by familywise calculations. The results were consid-

ered statistically significant when the adjusted p value was <.05.

3 | RESULTS

3.1 | Initial material characterization

The influence of blending to the mechanical properties was assessed
by measuring the bending modulus of the wet 100/0, 75/25, 50/50,
and 0/100 rods. The stiffness of the materials decreased with increas-
ing PBSu content (Figure 1). The bending modulus of 100/0 (PLA) was
3.9 GPa (p <.001 in comparison to 0/100 [PBSu]). Blending 25% of
PBSu to PLA decreased the bending modulus by about one third
(p < .05, with respect to 0/100) and blending 50% PBSu to PLA the
stiffness was only about half of the stiffness of PLA (p <.05 with
respect to 100/0).

(B)

100/0 75125
72° 66°
50/50 0/100
68° 68°

FIGURE 2 Water contact angle of 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100 PLA/PBSu. (A) The water contact angle
of 100/0 was significantly higher compared to all the other discs, *p < .001. (B) Selected images of water drops on the materials.
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FIGURE 3 The initial surface roughness values of 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100 PLA/PBSu measured

with atomic force microscope.
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The water contact angle was measured to assess the hydrophilic-
ity of all the materials (Figure 2). 100/0 had a higher contact angle
(72° £ 3°) compared to the PBSu-containing materials (75/25: 66°
+ 2°, 50/50: 68° + 3° and 0/100: 68° + 4°, p < .001). There were no
statistical differences between the PBSu-containing materials.

The initial surface roughness of the discs was assessed by imaging
with AFM. The resulting images and corresponding surface roughness
values are gathered in Figure 3. All the materials presented ridge-like
structures. The surface roughness values of the discs were 18-65
R./nm (R,) and 25-83 Ry/nm (R,). Both the images and the R, and R,
values suggest that 100/0 discs were slightly smoother than the
PBSu-containing materials. Further, the surface roughness was mea-
sured after 14 days of incubation in medium, please see the Figure S1.

3.2 | Cell viability and proliferation
In order to evaluate the viability of the hUCs and hASCs cultured on
the studied biomaterials, live/dead staining was conducted after 7 and
14 days (Figure 4).

The hUCs remained viable on all the materials (Figure 4A), and
the number of dead cells was negligible. According to the quantitative

proliferation assay, there were no significant differences in the hUC

(A) PS

number at 1 day (Figure 5). After 7 days, 100/0 supported the prolif-
eration of hUCs significantly better compared to 50/50 (p < .05) and
0/100 (p < .001). Further, the cell number on PS was significantly
higher compared to 75/25 (p <.05), 50/50 (p =.001) and 0/100
(p < .001) after 7 days. At 14 day time point, PS supported the hUCs
proliferation over all the other materials (p <.001). Additionally,
100/0 supported the hUCs proliferation significantly better than
50/50 (p =.001). The number of hUCs significantly increased
between 1 and 7 days on all the materials except PS (p < .001).
Between 7 and 14 day time points there was significant increase in
the cell number only on PS (p < .001) and 0/100 (p < .01).

Further, the live/dead staining showed that all the materials con-
taining PBSu supported the viability of hASCs throughout the whole
14 day culturing period, and only a few dead cells were detected
(Figure 4B). Interestingly, 100/0 PLA/PBSu did not support the viabil-
ity of hASCs. Instead of attaching and spreading on the material, the
cells formed aggregates with each other. The weaker attachment of
hASCs on 100/0 was also observed in the quantitative CyQUANT cell
proliferation assay (Figure 6). The hASC number on 100/0 was signifi-
cantly lower at all time points than the other materials (p < .001). The
cell number significantly increased between 1 and 7 days on all the
materials (p < .001), but not anymore between the 7 and 14 day time
points, except on PS (p <.05). At the 14 day time point, the cell

FIGURE 4 The viability of (A) hUCs and (B) hASCs cultured on control (PS), 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100
PLA/PBSu after 7 and 14 days of cell culturing. Viable cells are stained green and dead cells red. Scale bar 500 um.
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FIGURE 5 The proliferation of hUCs 180
232 aorps
measured with CyQUANT cell O 100/0
proliferation assay kit on control 160 T O 75/25
polystyrene (PS), 100/0 PLA/PBSu, 75/25 140 é [ 50/50
PLA/PBSu, 50/50 PLA/PBSu and 0/100 I 0/100
PLA/PBSu after 1, 7, and 14 days of cell § 120 *
culturing. * PS was significantly better v *%
compared to 75/25 (p < .05), 50/50 g 100
(p =.001) and 0/100 (p < .001), ** 100/0 § 80
was significantly better compared to %
0/100 (7 days, p < .001) and 50/50 2 60
(7 days; p < .05 and 14 days; p < .001). 3
***p < 001 with respect to all the other 40
discs. 20
| R . .
1day 7 days 14 days
FIGURE 6 The proliferation of 120 O ps
hASCs measured with CyQUANT cell * CJ 100/0
proliferation Assay kit on control . O 75/25
polystyrene (PS), 100/0 PLA/PBSu, 100  50/50
75/25 PLA/PBSu, 50/50 PLA/PBSu and I M 0/100
0/100 PLA/PBSu after 1, 7, and 14 days 80 a
of cell culturing. * At all the time points § .
100/0 was significantly weaker compared % «
to the other materials (p < .001) and at § 60
14 day time point the PS was significantly § .
better compared to the other materials g 2
(100/0, 75/25, 50/50: p < .001, PBSu: 2
p < .05). **p < .05 with respect to 0/100.
20 . %
*
0 T g i == ==
1day 7 days 14 days
100/0 75/25 50/50 0/100

hucC

o

hASC

FIGURE 7 The attachment and actin cytoskeleton of hUCs and hASCs on control polystyrene (PS), 100/0 PLA/PBSu, 75/25 PLA/PBSu,
50/50 PLA/PBSu and 0/100 PLA/PBSu at 7 day time point. The actin cytoskeleton was stained red and focal adhesions were stained green with
vinculin. The cell nuclei were stained blue with DAPI. Cell nuclei are shown green due to vinculin (green) and DAPI (blue) staining. For individual
stainings, see Figures S2 and S3. Scale bar 20 um.
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number on PS was significantly higher compared to all the other mate-
rials (100/0, 75/25, 50/50: p < .001, 0/100: p < .05).

3.3 | Focal adhesion

The adhesion of hUCs and hASCs on PS, 100/0, 75/25, 50/50, and
0/100 was qualitatively assessed with vinculin staining, indicating the
focal adhesions of the cells. Based on qualitative evaluation, the hUCs
focal adhesion points seemed equal on discs compared to the Cell-
BIND® polystyrene control and the most intensive vinculin staining
was detected as small points on the cells' edges. Additionally, the focal
adhesion points were also distributed throughout hUC cell mem-
branes and under the nuclei. The focal adhesion points in hASCs were
evenly spread throughout the cells (Figure 7). According to visual anal-
ysis, the staining of focal adhesion points was equally intensive in all

PBSu-containing materials and the intensity was equal to the PS

PS 100/0

7 days

14 days

control. Further, the focal points were almost nonvisible on the hASC
aggregates on 100/0.

3.4 | Phenotype maintenance of hUCs and smooth
muscle differentiation of hASCs

The maintenance of the hUCs phenotype was evaluated with pancyto-
keratin (AE1/AE3) staining. The hUCs intensively stained with pancyto-
keratin at 7 and 14 day time points (Figure 8). According to the visual
analysis, there were no distinctive differences between the time points
or studied materials, indicating that all the materials supported the
hUCs phenotype equally. Additionally, on all the materials, the hUCs
seemed to have normal urothelial morphology, and no changes in the
cell morphology were detected during the evaluation period.

The immunocytochemical staining with phalloidin revealed that

the hASC grow aligned on the PBSu-containing discs. Additionally the

0/100

FIGURE 8 The pancytokeratin staining of the hUCs at 7 and 14 day time points cultured on control PS, 100/0 PLA/PBSu, 75/25 PLA/PBSu,
50/50 PLA/PBSu and 0/100 PLA/PBSu. The green fluorescence demonstrates the pancytokeratin (AE1/AE3) staining and the cell nuclei are

stained with DAPI (blue fluorescence). Scale bar 200 pum.

100/0

7 days

14 days

75/25

50/50 0/100

FIGURE 9 The cytoskeleton organization of hASC cultured on control PS, 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100
PLA/PBSu after 7 and 14 days of cell culturing. The actin cytoskeleton was stained with phalloidin (red) and the cell nuclei were stained with

DAPI (blue). Scale bar 50 um.
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FIGURE 10

cytoskeletons of hASCs on the PBSu-containing discs were organized
and aligned after 7 and 14 days of culture (Figure 9), and based on
qualitative evaluation, no distinctive differences were detected
compared to PS. However, in the hASC aggregates on 100/0, the
cytoskeleton was not as organized due to a spherical cell morphology.

Additionally, the staining of smooth muscle cell markers a-SMA
and SM22a in hASCs was studied after 7 and 14 days (Figure 10). The
materials seemed to support the staining of a-SMA on cultured hASCs
(Figure 10A). Additionally, based on the qualitative assessment, the
intensity of a-SMA staining increased between 7 and 14 day time
points on all the materials except 100/0. SM22« (Figure 10B) staining
was intensive on all PBSu-containing materials and no apparent differ-

ences between them were detected.

35 |
reaction

Real-time quantitative polymerase chain

The hUCs expression of CK7, CK8, CK19, UPla, and UPIb and
hASCs expression of collagen (Col) | and Col Ill were studied after
14 days of cell culture on PS, 100/0, 75/25, 50/50, and 0/100
(Figures 11, 12).

Y vt W LEYJ—9

50/50 0/100

0/100

(A) a-SMA and (B) SM22a staining of hASCs cultured on control PS, 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and
0/100 PLA/PBSu for 7 and 14 days. The green fluorescence is representing a-SMA and SM22« staining and cell nuclei are stained blue with
DAPI. Scale bar 200 um.

There were no statistical differences in the expression of CK7,
CK19, UPla, and UPIb. However, hUCs cultured on control PS
expressed CK8 significantly more than 50/50 (p < .05). The hASCs
expressed both Col | and Col Ill. The expression of Col | was signifi-
cantly higher on 50/50 (p <.05) and PS (p <.001) compared to
100/0. There were no significant differences between the materials in

Col Il expression.

4 | DISCUSSION

Surgical repair of urethral defects is highly challenging and susceptible
to complications. New treatment options are needed and tissue engi-
neering aims to provide a novel solution for urethral reconstruction. In
addition to utilizing optimal cell types for urethral reconstruction, the
main target for development is related to biomaterial selection. The
biomaterial for urethral tissue engineering should be biocompatible,
soft, flexible, easy to form as a tubular structure, and sustain suturing.
Moreover, the biomaterial should support the urothelial and smooth
muscle regeneration and degrade while the urethral tissue is restored.
Although various synthetic biomaterials are already studied, develop-

ing an optimal biomaterial yet requires extensive research.>2%3! We
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FIGURE 11 The expression of markers CK7, CK8, CK19, UPla and UPIb were evaluated after 14 days of culture with hUCs cultured on
control PS, 100/0 PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100 PLA/PBSu. *p < .05 with respect to 50/50.
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FIGURE 12 The expression of markers Col | and Col Ill were evaluated after 14 days of culture with hASCs cultured on control PS, 100/0
PLA/PBSu, 75/25 PLA/PBSu, 50/50 PLA/PBSu and 0/100 PLA/PBSu. * with respect to PS (p < .001) and 50/50 (p < .05).

compared the 100/0 PLA/PBSu (100/0), 75/25 PLA/PBSu (75/25),
50/50 PLA/PBSu (50/50) and 0/100 PLA/PBSu (0/100) for the viabil-
ity, proliferation, adhesion, and phenotype maintenance of hUCs and
hASCs. Further, the hASCs differentiation towards smooth muscle
cells was evaluated. To our knowledge, this is the first study where

PBSu and PLA/PBSu blends have been studied and compared to PLA
for urethral tissue engineering.

PBSu has previously been utilized in biodegradable packaging
materials, whereas the interest in studying PBSu in medical applications

and tissue engineering has recently arisen. PBSu is biocompatible, easy
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to process, elastic and flexible, and therefore appealing for urethral
applications. Previously, the cell compatibility of PBSu has been
studied with ASCs, bone marrow stem cells and mouse fibroblasts
in vitro.123233 These results are in line with our current results on
hUCs and hASCs viability and proliferation, further indicating a good
cell compatibility of the PBSu. Blending PBSu with other polyesters,
like PLA, allows tailoring of the mechanical properties resulting in more
ductile, soft, and hydrophilic biomaterial compared to plain PLA.233435
To assess the influence of increasing PBSu content to the stiffness of
the materials, we measured the bending modulus of the 100/0, 75/25,
50/50 and 0/100 rods. The rods were tested wet, after 1 h immersion
in PBS. We showed that, 25% addition of PBSu decreased the stiffness
of the material by one third and 50% addition by half, compared to
100/0. These results are consistent with the previous studies, which
demonstrate decreasing Young's modulus with increasing PBSu con-
tent in PLA/PBSu blends. Even though the stiffness of the rods is not
directly comparable to the properties of the discs, these results show
the effect of blending PLA with PBSu.2¢*° In our surface characteriza-
tion of the 100/0, 75/25, 50/50 and 0/100 discs, we showed that the
100/0 had a higher contact angle compared to the PBSu-containing
materials. Our results are concordant with previous study by Wang
et al. demonstrating that blending PBSu to PLA decreases the contact
angle compared to plain PLA resulting in a more hydrophilic blend.**
PBSu is slightly more hydrophilic than PLA and even a 25 wt% addition
of PBSu into PLA improves the hydrophilicity of the blend. Additionally,
our initial surface roughness results showed that 100/0 was smoother
compared to the PBSu-containing materials and that the discs pre-
sented ridge-like surface patterns due to the manufacturing method,
which might be one factor leading to better cell attachment.®” 4243
Moreover, Kun et al. have demonstrated that PBSu and PBSu/PLA
blends induced only mild tissue reaction and no extensive fibrosis was
detected in in vivo biocompatibility evaluation,®? which also supports
the results of our study demonstrating good in vitro cell compatibility
of PBSu-containing discs.

The hUCs are the most abundantly studied cell type for urothelial
regeneration in urethral tissue engineering and the hUCs are well
known to maintain their viability on various synthetic biomaterials as
PLA, PLCL and PGA.>7*%* This is further illustrated in our study,
where we showed excellent viability of hUCs on all the studied bioma-
terials. The hUCs remained viable during the whole 14 day assess-
ment period, and hardly any dead cells were visible. In addition, there
were no distinctive differences on focal adhesion marker staining of
hUCs cultured on different discs or CellBIND® control PS, which fur-
ther indicates similar adhesion of hUCs on all the studied materials. In
hUCs, the vinculin staining was detected throughout the cell areas
and also under the cell nuclei. The latter might also be caused by an
unspecific antibody binding to a protein structurally similar to vinculin
in hUC.*>* This kind of staining was not detected in hASC. Addition-
ally, at least to our knowledge, the staining of focal adhesion markers
has not been previously reported with hUCs cultured on
biodegradable polymers.

The hUCs proliferated well on all the studied discs, and there
were no significant differences on hUCs number between 100/0,
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75/25, or 0/100 discs at 14 day time point. However, there were
fewer hUCs on 50/50 than 100/0 or PS after 14 days of cell culturing.
In addition, we evaluated the phenotype maintenance of hUCs with
immunostaining of AE1/AE3 pancytokeratin and quantitative gene
expression of cytokeratin (CK) 7, CK8, CK19, uroplakin (UP) la, and
UPIb. The CKs are a cluster of intermediate filament proteins widely
expressed in different epithelial tissues, including urothelium. The
UPs, on the other hand, are transmembrane proteins mainly present
in the mature superficial urothelial cells. These proteins have widely
been used to characterize and follow the phenotype maintenance of
urothelial cells in vitro and in vivo.4®47=% Our results demonstrated
no apparent differences in hUCs pancytokeratin staining intensity
between the biomaterials or time points. Additionally, no statistical
differences in the expression of the above-described genes were
found between the studied biomaterials, indicating that they support
the hUCs phenotype during the 14 day culturing period. We have pre-
viously shown that hUCs retain their urothelial potential on PLCL
based biomaterials in in vitro cell cultures, and these results further
verify the hUCs capability to maintain their phenotype when cultured
on synthetic biomaterials. At least to our knowledge, no previous
results on hUCs adhesion, viability, proliferation, or phenotype main-
tenance on PBSu-containing biomaterials have been published.
Interestingly, the viability, attachment, and proliferation of hASCs
were poor on 100/0 discs, and PBSu undeniably improved the hASCs
compatibility on the different discs. On 100/0, the hASCs did not pro-
liferate, but formed aggregates, and preferred attaching to each other
instead of the biomaterial surface. This might be partly due to the
lower hydrophilicity, the higher stiffness, or the smoother surface of
the PLA compared to the PBSu-containing materials.>*® On the
PBSu-containing discs, the hASCs proliferated well and based on cell
live/dead imaging or cell proliferation no distinctive differences were
detected relative to the PBSu concentration. Previously, Ojansivu
et al. studied PBSu for bone tissue engineering, demonstrating that
the hASCs proliferated significantly better on PBSu-containing 3D
knitted scaffolds than plain PLA scaffolds and hASCs in PLA scaffolds
formed cell clusters, which are concordant with the results in this
study.®® Further, the staining of focal adhesion marker was distinc-
tively higher on PBSu-containing discs than 100/0, where hardly any
focal adhesion markers were detected. Foldberg et al. have also dem-
onstrated the ASCs cultured on PLA films represented very few focal
adhesions, additionally, the number of ASCs was significantly lower
on both flat and patterned PLA films compared to PS.>! Similarly to
Foldberg et al, in our study based on visual qualitative assessment, the
focal adhesion markers were more abundantly detected in hASCs cul-
tured on PBSu-containing materials compared to 100/0. The hASC
cytoskeleton organization was evaluated with phalloidin staining on
the different materials. The staining indicated that the hASCs on
PBSu-containing biomaterials grew aligned to adjacent cells and the
cytoskeleton was well organized and aligned parallel with elongated
cell morphology as in control PS. However, on 100/0, the hASCs were
spherical and organization of the cytoskeleton was not visible. The
hASCs formed clusters on 100/0, indicating poor attachment, as dem-

onstrated previously,®® whereas the results of our study demonstrate



SARTONEVA ET AL.

2 | Wi LEY_Y

good cell compatibility of PBSu-containing biomaterials. Our results
illustrated that the hASCs cultured on PBSu-containing biomaterials
stained with smooth muscle markers a-SMA and SM22a equally to
the control and superior to 100/0.5%°3 The hASCs were stained with
a-SMA and SM22a markers both at 7 and 14 day time points, indicat-
ing ability to support smooth muscle cell-like phenotype of hASCs on
all PBSu-containing discs. Previously, it has been published that PBSu
might aid osteogenic differentiation of hASCs.>3 However, at least to
our knowledge, this is the first study demonstrating that the hASCs
preserve their potential for smooth muscle differentiation when cul-
tured on PBSu-containing materials. Since smooth muscle layer regen-
eration is crucial for the reconstruction of functional urethral tissue,
the results of this study are highly encouraging for PBSu in urethral

applications.

5 | CONCLUSION

This is the first study to evaluate PBSu-containing biomaterials
for urethral tissue engineering to the best of our knowledge.
PBSu-containing discs were more hydrophilic than 100/0 and
supported the viability, proliferation and phenotype maintenance
of both hASCs and hUCs. The hUCs remained viable and
proliferated on all the studied materials. The cells also maintained
their epithelial phenotype during the 14-day culturing period.
Moreover, all the materials containing PBSu promoted the viabil-
ity and proliferation of hASC, whereas 100/0 did not. The PBSu-
containing discs also appeared to maintain the hASCs differentiation
capability towards smooth muscle cells, being highly beneficial in
urothelial applications.
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