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A B S T R A C T   

Currently the standard surgical treatment for bladder defects is augmentation cystoplasty with autologous tis-
sues, which has many side effects. Biomaterials such as small intestine submucosa (SIS) can provide an alter-
native scaffold for the repair as bladder patches. Previous studies have shown that SIS could enhance the capacity 
and compliance of the bladder, but its application is hindered by issues like limited smooth muscle regeneration 
and stone formation since the fast degradation and poor mechanical properties of the SIS. Procyanidins (PC), a 
natural bio-crosslinking agent, has shown anti-calcification, anti-inflammatory and anti-oxidation properties. 
More importantly, PC and SIS can crosslink through hydrogen bonds, which may endow the material with 
enhanced mechanical property and stabilized functionalities. In this study, various concentrations of PC- 
crosslinked SIS (PC-SIS) were prepared to repair the full-thickness bladder defects, with an aim to reduce 
complications and enhance bladder functions. In vitro assays showed that the crosslinking has conferred the 
biomaterial with superior mechanical property and anti-calcification property, ability to promote smooth muscle 
cell adhesion and upregulate functional genes expression. Using a rabbit model with bladder defects, we 
demonstrated that the PC-SIS scaffold can rapidly promote in situ tissue regrowth and regeneration, in particular 
smooth muscle remodeling and improvement of urinary functions. The PC-SIS scaffold has therefore provided a 
promising material for the reconstruction of a functional bladder.   

1. Introduction 

The main function of the bladder is to store large amount of urine at 
low pressure and to enable controlled urination. Under certain condi-
tions such as congenital disorder, bladder exstrophy, innervation de-
fects, inflammation and cancer, the bladder may require reconstructive 
procedures to enlarge its capacity, reduce pressure, and remove the 
abnormal tissues [1,2]. Currently, the standard surgical treatment is to 
augment or replace the diseased bladder with tissues derived from small 
bowel, large bowel or stomach [3,4]. However, such procedures have 
several side effects. Firstly, these will result in secondary injury to the 

donor site. Secondly, due to the incompatibility of gastrointestinal seg-
ments with bladder, can lead to a variety of complications, including 
metabolic disturbance, mucus production, urinary tract infection, stone 
formation, and even secondary malignancies [1,5]. 

With the advances of tissue engineering, whole organ engineering 
and bioprinting techniques, diverse materials of distinct properties have 
been used as acellular scaffolds or tissue substitutes in bladder repair, 
including decellularized extracellular matrix (ECM) scaffolds, natural or 
synthetic polymers, and composite materials [6]. Membrane-shaped 
small intestinal submucosa (SIS) is a bio-derived ECM material mainly 
composed of collagen, glycosaminoglycans, glycoprotein and a variety 

* Corresponding author. Laboratory of Stem Cell and Tissue Engineering, Orthopedic Research Institute, State Key Laboratory of Biotherapy and Cancer Center, 
West China Hospital, Sichuan University and Collaborative Innovation Center of Biotherapy, No.1, Keyuan 4th Road, Chengdu, Sichuan, 610041, China. 

E-mail address: xiehuiqi@scu.edu.cn (H.-Q. Xie).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.sciencedirect.com/journal/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2020.11.023 
Received 23 July 2020; Received in revised form 11 November 2020; Accepted 13 November 2020   

mailto:xiehuiqi@scu.edu.cn
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2020.11.023
https://doi.org/10.1016/j.bioactmat.2020.11.023
https://doi.org/10.1016/j.bioactmat.2020.11.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.11.023&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 6 (2021) 1827–1838

1828

of growth factors [7,8]. For its low immunogenicity and good biocom-
patibility, SIS has been approved by the FDA for various clinical appli-
cations, including stress urinary incontinence, urethral and vaginal 
fistulae, repair of inguinal and vaginal defect for cystocele and rec-
toceles, and treatment of enteroceles disease. Knapp et al. made the first 
attempt to use SIS patch to augment porcine bladder in 1994 [9]. Since 
then, the feasibility of SIS for bladder regeneration has been explored 
with a variety of animals including rat, rabbit, dog and pig [10–12]. 
Such studies have demonstrated improved bladder capacity and 
compliance, yet problems such as contracture, limited smooth muscle 
regeneration and stone formation have not been fully addressed owning 
to the fast degradation and poor mechanical properties of SIS, hindering 
its prospect as an effective treatment strategy [13–16]. 

Crosslinking has been generally used as a strategy to improve the 
mechanical and stability of biomaterials [17–20]. For SIS, crosslinking 
can significantly improve its performance and expand its applications 
[21]. Glutaraldehyde (GA) is the most widely used crosslinking agent at 
present. GA crosslinked bovine pericardium has been used in clinic, but 
side-effects such as calcification and cytotoxicity have been reported 
[22], which is undesirable for ECM materials in soft tissue repair. As a 
crosslinking agent, procyanidin (PC) is a naturally derived polyphenols 
which has shown functions including anti-calcification, anti-in-
flammation, anti-oxidation, etc. [22–25] Furthermore, its metabolic 
pathways have been well studied in vivo [26], and its safety for clinical 
application has been proved [27]. Han et al. reported that the phenolic 
hydroxyl in PC can form hydrogen bonds with amide in collagen, which 
can enhance stability and improve the mechanical properties of the 
crosslinked material [27,28]. Previous research also showed PC cross-
linking can effectively inhibit calcification of valvular ECM material [29, 
30]. 

We hereby hypothesized that the introduction of PC crosslinker can 
modify the properties of SIS and endow various new functions to it, 
making it a more suitable bladder patch. In this study, we prepared PC- 
crosslinked SIS material, evaluated its biological properties in vitro, and 
explored its potential as a bladder patch in a rabbit model for full- 
thickness bladder defect. 

2. Materials and methods 

2.1. Preparation and characterization of SIS and PC-SIS 

2.1.1. Preparation of SIS and PC-SIS 
SIS was prepared as previously described [31]. Fresh pig intestines 

were cleaned, followed by removal of the muscularis, the mucosa, and 
the serosa. The residual submucous membranes were then soaked in a 
chloroform-methanol solution (1:1/V:V). After rinsing thoroughly, 
decellularization was performed with trypsin and SDS in sequence. After 
rinsing with water thoroughly, the membranes were lyophilized. 

To prepare PC-SIS, SIS was immersed in various concentration of PC 
(Tianjin Jianfeng, China) solution (0.1 ~ 5 mg/ml) for 24 h at 37 ◦C with 
continuous shaking in dark, followed by rinsing with water thoroughly, 
lyophilization, and sterilization. 

2.1.2. Morphological analysis 
The surface morphology of SIS and PC-SIS samples were character-

ized by SEM (JSM-6500LV, Jeol, Japan) operated at 15 kV. The freeze- 
dried scaffolds were cut into 10 mm × 10 mm small pieces, coated with 
Au, and observed with a SEM at a magnification of 500X. 

2.1.3. Analysis of crosslinking degree 
Relative efficiency of the crosslinking reagents was measured by 

monitoring the amount of free amino groups in SIS with ninhydrin ac-
cording to Ref. [7,32]. In short, 1.5 mg of PC-SIS or SIS were soaked in 1 
ml of ninhydrin solution, then bathed in 100 ◦C water for 20 min, cooled 
to room temperature, mixed with 5 ml 50% isopropanol by vortex. The 
absorbance at 570 nm was measured with a spectrophotometer 

(SYNERGY H1, BioTek, USA). The content of free amino groups in 
PC-SIS was calculated based on a glycine standard curve. The cross-
linking degree is measured by the following formula: Degree of cross-
linking = (M1 - M2)/M1 × 100% where “M1” and “M2” are the molarity 
of free NH2 remaining in SIS and PC-SIS scaffolds, respectively. 

2.1.4. Chemical bonds analysis 
FTIR (Nicolet 6700, Thermo, USA) was used to assess the formation 

of chemical bond after the crosslinking. The spectra ranges were set as 
4000 to 500 cm− 1. 

2.1.5. Hydrophilicity assay 
The hydrophilicity of the materials was detected by the water contact 

angle tester (DSA30, Kruss, Germany). Dropped water was added onto 
the sample surface and the picture was captured (n = 5). Contact angles 
analysis were performed by the equipped analysis software DSAI. 

2.1.6. Mechanical properties 
The SIS and PC-SIS were cut into dumbbell shape (40 mm × 10 mm) 

and the bladder specimens from the defect/repair area were cut into a 
size of 50 mm × 10 mm (n = 4 for each group) for mechanical properties 
test. The elastic modulus and load of the samples were tested by a me-
chanical stretcher (Instron 8874, USA). The tests were executed at a 10 
mm/min stretch rate till the samples cracked. The detected maximum 
load was recorded, and the elastic modulus was calculated by the slope 
of the stress-strain curve. 

2.1.7. Primary culture of rabbit bladder smooth muscle cells (R-B-SMCs) 
Primary culture of R-B-SMCs were performed as previously described 

[33]. Firstly, bladder tissues obtained from New Zealand white rabbit 
were washed with PBS. Then, the mucosa and serous membrane of the 
bladder tissues were stripped to expose the smooth muscle. The smooth 
muscle tissue was treatment with 0.25% trypsin (Gibco, USA) at 37 ◦C 
for 20 min, followed by cutting up small pieces, then incubated in 0.1 
mg/ml type I collagenase (Sigma, USA) for 20 min. The cell suspension 
was filtered with a 70 μm mesh. R-B-SMCs were collected and cultured 
in DMEM (with 10% FBS and 1% penicillin/streptomycin (Gibco, USA)). 
The R-B-SMCs were determined by immunofluorescent staining, which 
was performed by incubation with primary antibody (α-SMA (1:500 
diluted, ab32575, Abcam), Myosin (1:500 diluted, ab11083, Abcam) 
and Desmin (1:200 diluted, ab8976, Abcam)), secondary antibody and 
DAPI in sequence. 

2.1.8. Cytotoxicity assay 
The cytotoxicity of SIS and PC-SIS was evaluated by CCK-8 (Dojindo, 

Japan) assay with R-B-SMCs. Briefly, the extract was prepared by 
soaking the materials in culture medium at 37 ◦C incubator for 24 h. R-B- 
SMCs were seeded in 96-well at 1 × 104 cells per-well. After cell 
attachment, replaced with the prepared extract. Complete medium was 
used as control. The medium was changed every 2 days. Cell prolifera-
tion was tested on day 1, 3, 5 and 7. 

Live/dead staining was applied to assess the biocompatibility of the 
materials. R-B-SMCs was seeded onto the materials and cultured for 5 
days, with medium change every other day, then stained with Calcein- 
AM and PI Double Stain Kit (Dojindo, Japan) for 20 min at 37 ◦C in 
the darkness. The samples were then imaged with a confocal microscope 
(Nikon A1RMP+, Nikon Instruments Inc., Tokyo, Japan). 

2.1.9. Enzyme hydrolysis assay 
Enzymatic hydrolysis of materials was executed in vitro to assess the 

degradation properties as previously described [22]. Briefly, the samples 
were cut into small discs (diameter = 15 mm) and sterilized prior to the 
testing. Samples were then immersed in a collagenase-II solution and 
maintained at 37 ◦C for various periods of time (1, 2, 4, 24 h) with 
continuous shaking. The enzymatic hydrolysis rate was calculated as 
described by Wang et al. [7]. 

X.-Z. Zhang et al.                                                                                                                                                                                                                               



Bioactive Materials 6 (2021) 1827–1838

1829

2.1.10. Dynamic release of PC from PC-SIS 
The release of PC from PC-SIS was measured as previously described 

[15]. Firstly, the PC-SIS was soaked in D-Hanks solution allowing for PC 
release. Then, the sample solution was reacted with vanillin/HCl solu-
tion (1:2/V:V) for 25 min. Then the absorbance at 500 nm was detected 
by spectrophotometry. The standard curve was determined with PC 
solutions of known concentrations. 

2.1.11. Anti-calcification assay 
The anti-calcification property of the scaffolds was determined in 

simulated body fluid (SBF) as previously described [34]. SIS and PC-SIS 
were immersed in SBF (10 ml/cm2) at 37 ◦C for 14 days, followed by 
washing and drying. Then the samples were characterized under a SEM 
and energy-dispersive spectrometer (SEM/EDS, INCA Energy, Oxford 
Instruments, UK). To quantify the concentrations of Ca/P elements on 
the scaffolds, the remaining sample was dissolved in 0.2 M HCl, and the 
Ca/P contents were detected with inductively coupled plasma atomic 
emission spectroscopy (ICP-AES; VISTA AX, Varian). The mineralization 
was also determined by Alizarin red staining [35]. 

2.1.12. Animal experiments 
All animal experiments were approved by Sichuan University Animal 

Care and Use Committee (No.2018190A) in accordance with the Prin-
ciples of Laboratory Animal Care formulated by the National Society for 
Medical Research. 

2.1.13. Histocompatibility 
The histocompatibility and degradation of the material in vivo were 

assessed by subcutaneous implantation. A total of 12 male SD rats 
(200–220 g) was divided into 6 groups according to the PC concentra-
tion. Two skin incisions were made on the back, then the SIS and PC-SIS 
scaffolds (10 mm × 10 mm) were implanted subcutaneously. After 3 
weeks, the implants and near tissues were collected for histological 
evaluation. 

2.1.14. Bladder repair 
Forty-eight male New Zealand white rabbits (2.5 ± 0.5 kg) was 

divided into four groups (Sham, SIS, PC-SIS 1 and PC-SIS 2). Briefly, the 
rabbits were anesthetized through injection of pentobarbital sodium (2 
ml/kg) through the marginal vein. A paramedian incision was made at 
the lower abdomen to expose the bladder. Part of full thickness bladder 
wall (circa 2 cm × 2 cm) was excised to construct a model for a defect on 
the posterior wall. Sterilized SIS, PC-SIS 1 or PC-SIS 2 (circa 2.2 cm ×
2.2 cm) was sewn into place with degradable sutures (5-0 Monocryl, 
Johnson & Johnson, USA). Non-resolvable sutures (5-0 Monocryl) were 
made to mark the square defect in the serosa layer. The abdomen was 
then closed by suturing the muscle and skin (Video S1 and Fig. S1). 
Penicillin (400,000 units/day, Harbin Pharmaceutical Group Holding 
Co.) was given through intramuscular injection daily for 3 days. At the 
sampling time points (4, 8 and 12 weeks), the rabbits were euthanized, 
and the hypogastrium was opened for observing the adhesion in the 
surgical area. The fat pad was then dissected from the bladder, and the 
inner wall of the bladder was subjected to macroscopic examination for 
calculus formation, material degradation and scarring. The bladder tis-
sues and the kidneys were then collected for histology analysis. In 
addition, blood samples were collected for hematology analysis, 
including blood cell counts, serum electrolytes, hepatic and renal 
function indicators. 

Supplementary data related to this article can be found at https://doi 
.org/10.1016/j.bioactmat.2020.11.023. 

Histology 
Tissue samples were rinsed with 0.9% NaCl, then fixed with 10% 

formalin, gradient alcohols was dehydrated and paraffin-embedded, 
sectioned at 3–5 μm for H&E staining. Immunofluorescence staining 
was also performed with various primary antibodies including AE1/AE3 

(1:500 diluted, ab9377, Abcam), Uroplakin III (1:100 diluted, ab78196, 
Abcam), α-SMA (1:200 diluted, ab32575, Abcam), Myosin (1:500 
diluted, ab11083, Abcam), SYP38 (1:100 diluted, ab8049, Abcam), and 
CD31 (1:100 diluted, ab199012, Abcam), followed by incubation of the 
secondary antibodies as well as DAPI. Image Pro Plus was applied to 
analyze the images, including the percentage of positive staining area, 
and the number of vessels. 

Ultrasonography and analysis of stone composition 
The bladder was examined by ultrasound at various time points. Pre- 

warmed sterile saline was injected into the bladder via an 8 F catheter 
until maximum distension. Ultrasonography was carried out on a PHI-
LIPS IU22 ultrasound system (Philips, Best, Netherlands). Bladder stone 
samples were collected, grinded by quartz dish, and further analyzed by 
a second-generation stone analysis machine (Lanmode LIR-20). 

Urodynamics 
Bladder function was determined by urodynamics without anes-

thesia at 12 weeks post operation. Urodynamics were determined with a 
urodynamic system (Nidoc 970A+, Chengdu, China) as described else-
where [36]. The urodynamic catheter was inserted into the rectum and 
urethra, respectively, and connected with the urodynamic system. 
Pre-warmed normal saline was injected into the bladder at a rate of 20 
ml/min, while the volume of saline, the intravesical pressure (Pves), and 
the abdominal pressure (Pabd) were simultaneously monitored. When 
the first fluid leakage was noted, the intravesical pressure and bladder 
capacity were measured, and the bladder compliance was calculated by 
the difference value of the Pves and the Pabd. 

Effects of PC crosslinking on R-B-SMCs 

Cell adhesion 
Cell adhesion was assessed by cytoskeletal staining and SEM. 

Initially, R-B-SMCs were respectively seeded on the materials at 1 × 104 

cells per-well in 24-well plates and cultured for 5 days. 
For cytoskeletal staining, the cell-scaffolds constructs were washed 

by PBS, then fixed with 4% paraformaldehyde. Thereafter, the con-
structs were treated in 0.1% TritonX-100, and incubated with 
rhodamine-phalloidin (Solarbio, Shanghai, China) and DAPI. After 
washing thoroughly, the constructs were visualized by confocal laser 
microscopy (Nikon A1RMP+, Nikon Instruments Inc., Tokyo, Japan). 

For SEM detection, the constructs were fixed with 2.5% glutaralde-
hyde and critical-point dried with CO2. The cell morphology were 
observed by SEM (JSM-6500LV, Jeol, Japan). 

Quantitative real-time PCR 
Total RNA was extracted from cultured cell-scaffold complex using 

Trizol reagent following the manufacturer’s protocol, followed by 
reverse transcription (RR047, Takara, Japan). Quantitative PCR was 
performed using SYBR Green master mix (RR820, Takara, Japan) on a 
real-time thermocycler (LC 96, Roche, Switzerland). The thermal cycle 
program was as follows: 95 ◦C for 30 s; 40 cycles of 95 ◦C for 10 s and 
60 ◦C for 30 s. The PCR primers were listed in Table S1. The relative 
expression folds were calculated by the 2-△△Ct method. 

Statistical analysis 
All values are presented as mean ± SD. Statistical analysis was car-

ried out using the Student’s t-test or one-way ANOVA with Tukey’s test 
post hoc. P < 0.05 was considered to be statistically significant. 

3. Results 

Preparation and basic characterization of PC-SIS 

SIS was initially crosslinked with PC of different concentrations 
(0.1–5 mg/ml). As shown in Fig. 1A, the PC-SIS scaffolds were soft, 
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stretchable, and did not shrink. As the PC concentration increased, the 
PC-SIS gained a deeper palm red color. SEM results indicated that the SIS 
had a porous surface consisted of collagen fibers, while the fibers of PC- 
SIS had a greater diameter with better directional arrangement. The 
degree of crosslinking was determined by quantifying the free amino 
group, which ranged from 0.2% to 65% as PC ranged 0.1–5 mg/ml 
(Fig. 1B). Particularly, PC with a concentration higher than 0.5 mg/ml 
could effectively crosslink SIS (Fig. 1B). Indeed, as illustrated by ATR- 
FTIR (Fig. 1C), the hydrogen bond absorption peaks (3307 cm− 1) of 
PC-SIS became wider as the concentration of PC increased, indicating 
more hydrogen bonds i.e. higher crosslinking degree. PC crosslinking 
also resulted in lower contact angle (Fig. 1D), indicating higher hydro-
philicity. As discovered, the collagen content could drop to 67.25 ±
7.04◦ (0.5 mg/ml PC-SIS group) and 48.75 ± 8.27◦ (1 mg/ml PC-SIS 
group) compared with the SIS group (85.25 ± 6.11◦). 

The mechanical properties and the cyto-/his-compatibility of PC-SIS 

were further characterized. The max load and elastic modulus increased 
significantly when PC reached 0.5 mg/ml, but plateaued when PC 
reached 1 mg/ml (Fig. 1E). The cytocompatibility of PC-SIS was assessed 
with rabbit bladder smooth muscle cells (R-B-SMCs) by a CCK-8 assay 
and a live/dead staining assay, and the histocompatibility of PC-SIS was 
assessed by subcutaneous implantation in rat. As shown in Fig. 1F, SIS 
and 0.1 mg/ml PC-SIS could support the proliferation of R-B-SMCs, 
while 0.5 and 1 mg/ml PC-SIS showed mild cytotoxicity (less R-B-SMCs 
proliferation). When PC 3 mg/ml, the proliferation of R-B-SMCs was 
suppressed. By live/dead staining (Fig. 1G), obvious dead cells were also 
observed when PC reached 3 mg/ml. Subcutaneous implantation of PC- 
SIS did not induce significant inflammatory responses in all concentra-
tion groups (Fig. 1H). According to above results, 0.5 mg/ml (PC-SIS 1) 
and 1 mg/ml PC-SIS (PC-SIS 2) showed improved mechanical properties, 
acceptable cytocompatibility, and good histocompatibility. Hence, such 
two PC-SIS materials were selected for subsequent experiments. 

Fig. 1. Optimal crosslinking concentration of PC in vitro. (A) Gross observation and ultrastructure of the material under a scanning electron microscope (SEM) of all 
groups. Scale bars = 100 μm. (B) Degree of crosslinking of PC-SIS as calculated based on the Ninhydrin assay. *P < 0.05. #P > 0.05. (C) Fourier transforms infrared 
spectral (FTIR) analysis. (D) Measurement of water contact angle of the materials with different concentration of crosslinker. *P < 0.05. (E) Characterization of the 
mechanical properties of various materials. *P < 0.05. #P > 0.05. (F) Cell proliferation in various groups as detected with a CCK-8 assay. Data was presented as 
mean ± S.D. *P < 0.05. #P > 0.05. (G) Viability of the cell on various materials as assessed by Calcein AM/PI staining. Scale bars = 50 μm. (H) Subcutaneous 
implantation of representative scaffolds 3 weeks postoperatively. ★Indicates scaffolds, →Indicates inflammatory cells. Scale bar = 50 μm. 

X.-Z. Zhang et al.                                                                                                                                                                                                                               



Bioactive Materials 6 (2021) 1827–1838

1831

Characterization of the potential physiological functions of PC-SIS in vitro 

The in vitro enzymatic degradations of PC-SIS 1 and PC-SIS 2 were 
characterized. As shown in Fig. 2A, PC crosslinking can generally 
decrease the enzymatic degradation rate, which may contribute to better 
application potential of PC-SIS as a bladder patch. In addition, consid-
ering that PC has anti-inflammatory and anti-oxidative activities and 
that PC crosslinking formed weak hydrogen bonds, the release of PC 
from the PC-SIS materials was characterized. As shown in Fig. 2B, 
detectable PC release was noted. Specially, PC-SIS 2 showed a burst 
release on day 1 (approximately 0.14 ng/mg), followed by a gradual 
release (approximately 0.06 ng/mg per day) during the testing period. 

By contrast, the amount of PC released from the PC-SIS 1 was relatively 
stable from day 1 to day 9 (P > 0.05). 

Previous studies have shown that PC crosslinked ECM has an anti- 
calcification effect, so the anti-calcification ability of PC-SIS was eval-
uated in vitro [23]. Alizarin red staining showed that PC-SIS markedly 
reduced the formation of mineralization nodules (Fig. 2C). SEM-EDS 
results also revealed the less mineralization deposition on PC-SIS 
(Fig. 2D). After dissolving the mineralization deposition in acidic solu-
tion, the Ca and P were quantified by ICP analysis. As shown in Fig. 2E, 
PC-SIS had significantly less Ca and P deposition. These results indicated 
that PC-SIS had anti-calcification activities in vitro. 

Fig. 2. Properties of the PC-SIS with poten-
tial physiological functions. (A) Stability of 
the material as determined by enzymatic 
hydrolysis in vitro. *P < 0.05. #P > 0.05. (B) 
Sustained release from the crosslinked scaf-
folds in vivo over nine days. *P < 0.05. (C) 
Anti-calcification as determined by Alizarin 
red S staining. Scale bars = 50 μm. (D) SEM/ 
EDS was used to detect the anti-Calcification 
effect with various materials. Scale bars =
250 μm. (E) Calcium and phosphorus con-
tent were determined by ICP-AES. Data was 
presented as mean ± S.D. *P < 0.05; #P >
0.05. (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this article.)   
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Effect of PC crosslinking on R-B-SMCs behaviors 

The smooth muscle cells contribute to the contractile functions as 
well as the compliance of the bladder, whether the PC-SIS material is 
suitable for bladder repair largely depends on its effects on the bladder 
SMCs. By in vitro assessments, the effects of PC-SIS on SMCs were pre-
liminarily investigated. As shown in Fig. 3A, the cytoskeleton staining 
showed that in the PC-SIS groups the R-B-SMCs formed a more organized 
bundle-like structure, while in the SIS group the R-B-SMCs were less 
organized. By SEM at single cell level (Fig. 3B), the PC-SIS groups 
especially the PC-SIS 2 group showed that the R-B-SMCs formed 
filopodia-like connections emerging from the cell body, creating con-
nections with adjacent cells. The PC-SIS groups had a large amount of 
extracellular matrix deposition, suggesting that the PC-SIS materials 

were more conducive to cell growth and spreading. As shown in Fig. 3C, 
the expression of smooth muscle cell-specific genes (α-SMA, Myosin and 
Desmin) was higher in the PC-SIS groups especially in the PC-SIS 2 
group. Taken together, the PC-SIS material could facilitate the organi-
zation of smooth muscle cells, enhance the deposition of extracellular 
matrix, and promote the expression of functional genes. 

PC-SIS as a bladder patch in the rabbit defect model 

The PC-SIS was then used to repair full-thickness bladder defect to 
evaluate its potential as a bladder patch. The experimental animals were 
divided into four groups: the Sham group (no defects in bladder), the SIS 
group (repaired by SIS), the PC-SIS 1 group (repaired by 0.5 mg/ml PC- 
SIS), and the PC-SIS 2 group (repaired by 1 mg/ml PC-SIS). Bladder 

Fig. 3. Effect of crosslinking on R-B-SMCs. (A) F-actin staining showed the cytoskeleton on the different materials after 5 days culture. Scale bars = 50 μm. (B) SEM 
indicated the ultrastructure of R-B-SMCs on the different crosslinker materials after 5days culture. Scale bars = 5 μm & 10 μm. (C) Quantitative Real-Time PCR 
detected the smooth muscle-related gene expression on the different materials after 5 days culture. *P < 0.05. 
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tissue of restoration area were collected at scheduled points (4W, 8W& 
12W after operation). 

When sampling, the bladder tissues were generally observed. Slight 
adhesion of the sutured area of the bladder with surrounding tissues was 
noted at all time points (not shown). All experimental groups showed 
varying contracture of the bladder at 4 weeks, yet the contracture rate 
has decreased with the elapse of time (Fig. S3). As shown in Fig. S3, 
negligible scar formation and graft shrinkage were observed at the 
regeneration sites in the PC-SIS 1 and PC-SIS 2 groups at 12 weeks 
postoperatively. On the contrary, notable shrinkage was observed in the 
SIS group. Bladder stones were found only at 4 weeks in the SIS, PC-SIS 1 
and PC-SIS 2 groups with an approximately rate of 50%, 50%, and 75%, 
respectively, with visible biomatrix at the center of the stones. A gross 
view of kidneys showed no significant signs of hydronephrosis in all 
groups at 12 weeks postoperatively. H&E staining also indicated normal 
kidney tissue structure in all groups: no pathological changes or inter-
stitial edema of the glomerular and collecting ducts (Fig. S4). By testing 
the blood samples of the experimental rabbits, no obvious difference in 
all four groups (Table S2). It may therefore be concluded that the PC-SIS 
has no hepatoxicity and nephrotoxicity. 

The bladder repair effects of PC-SIS were further evaluated by his-
tology analysis. Revealed by H&E staining, connective tissues had grown 
into the defect areas from the periphery native tissues in all groups at 4 
weeks, yet no obvious smooth muscles were observed at the defect areas 
(Fig. S5). Interestingly, island-like structures were also found at the 
basal region of urothelium (Fig. S5), which were putatively related to 
epithelium regeneration. At 8 weeks, the regenerated epithelium at the 
defect areas had become multilayered in all groups (Fig. S6), resembling 
the native bladder urothelium. Meanwhile, some disordered smooth 
muscle-like tissues and more fibrous tissues were found at the defect 
areas in the SIS group at 8 weeks (Fig. S6). However, the PC-SIS groups 
showed a normal tissue organization consisted of longitudinal and/or 
circular muscle bands, particularly the PC-SIS 2 group (Fig. S5). At 12 
weeks, small scattered smooth muscle fibers were found throughout the 
defect area in the SIS group, while distinct bundles of smooth muscle 
were evident in the PC-SIS groups (Fig. 4) resembling the native bladder 
smooth muscles. 

The bladder tissues collected at 12 weeks were also evaluated by IF 

staining: AE1/AE3 and Uroplakin-III for urothelium, α-SMA and Myosin 
for smooth muscle, SYP38 for nerve fiber, and CD31 for vessels. In 
consistent with H&E staining results, the IF staining showed that the PC- 
SIS groups had a more similar urothelium morphology with the Sham 
group, while SIS group had a thicker urothelium (Fig. 5A and B, P <
0.05). Uroplakin-III showed a thinner superficial staining area, demon-
strating the different layers of the uroepithelium. No significant differ-
ences were observed between the groups. Muscle staining confirmed 
that, compared with the 0.5 mg/ml PC-SIS group, the 1 mg/ml PC-SIS 
group had more regularly arranged smooth muscle bundles (Fig. 5C). 
Regenerated muscle fibers were also found in the SIS group, albeit that 
the newly formed muscle fibers were much smaller in size and more 
“naive-like”, which suggested incomplete regeneration (Fig. 5C). 
Quantitative morphometric analysis confirmed that PC-SIS groups had 
more smooth muscle than the SIS group (Fig. 5D, P < 0.05). Positive 
staining for SYP38 suggested pathological remodeling of normal syn-
aptic transmission areas (Fig. 5E). Compared with the SIS group and the 
PC-SIS 1 group, PC-SIS 2 group had an increased SYP38-positive area, 
though significantly smaller than the Sham group (Fig. 5E and F, P <
0.05). Similarly, the number of newly formed capillaries in the PC-SIS 2 
group were significantly greater than those of the SIS and the PC-SIS 1 
groups, demonstrating that the PC-SIS 2 group had better neo-
vascularization (Fig. 5G and H). 

In addition to histological analysis, the repair effects were also 
evaluated by ultrasonic imaging and urodynamics. In consistent with the 
general observation when sampling, bladder stones were found in all 
experimental groups at 4 weeks by ultrasonic imaging (Fig. S7A). No 
stones were found at 8 weeks or 12 weeks (Figs. S7A and 6A). Principal 
component analysis (PCA) of the bladder stones revealed that the main 
components were calcium oxalate monohydrate and calcium oxalate 
dihydrate (Fig. S7B). 

Before sampling at 12 weeks, the urodynamics were recorded 
(Fig. 6B). The SIS group had the lowest Pdet than the other groups, 
indicating poor bladder remodeling in consistent with histological re-
sults. Bladder compliance, defined as the ratio between changes in 
bladder volume and detrusor pressure (Pdet = Pves − Pabd), was used as 
an indicator for bladder remodeling and function. As shown in Fig. 6C, 
the PC-SIS 2 group has a bladder compliance similar to the sham group, 

Fig. 4. Histological and morphological evaluation of the regenerated bladder domes in the sham and experimental groups. 1st row: H&E staining indicated the 
central zone areas in the sham and regenerated bladders. Scale bars = 200 μm. 2nd and 3rd rows: Local expansion of the urothelium (UE) and smooth muscle (SM) 
bundles displayed in the 1st row. Scale bars = 50 μm. 
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as well as the peak intravesical pressure and the bladder capability (P >
0.05). After sampling, the mechanical properties of the sample tissues 
were also tested. The PC-SIS groups showed similar elastic modulus and 
maximum load with the sham group, while the SIS group had the lowest 
elastic modulus and maximum load (Fig. 6D). 

4. Discussion 

Both biological and synthetic degradable biomaterials have been 
tested for bladder regeneration with various outcomes [37–39]. Con-
ventional tissue engineered bladder patches for augmentation cys-
toplasty included autologous cell-seeded materials and cell-free scaffold 
materials. Disadvantages of the seeded strategy included prolonged 
preparation period, greater cost and risk of exogenous contamination, 
which hindered its clinical application [40,41]. By contrast, the cell-free 
strategy is conducive for clinical applications on a large scale, as 
approved patch products can be off-the-shelf, while native cells 
recruited by the patch can regenerate tissues in vivo. The decellularized 
SIS material, harvested from the submucosa layer of porcine small in-
testine, has shown to promote regeneration of various host tissues 
including the urinary bladder through a series of animal models [42,43]. 

To overcome the accompanying problems of using SIS in bladder repair, 
such as contracture, limited smooth muscle regeneration and stone 
formation, PC appeared to be a good candidate crosslinking agent for 
modification. Known as a condensed tannin, PC consist of oligomer or 
polymers of (epi) catechin, whose phenolic hydroxyl structures have the 
capacity to form intermolecular hydrogen bonds. Unlike epi-
gallocatechin gallate (EGCG), a catechin monomer with 
pro-osteogenesis activity [44], PC has anti-calcification activity which is 
favorable for bladder repair. In this study, PC was tested as a cross-
linking agent for SIS membrane to generate a cell-free scaffold for their 
potential for bladder reconstruction. 

The crosslinking reaction between PC and SIS involves primarily 
hydrogen bonding with the amide carbonyl and phenolic hydroxyl of the 
proteins [45]. SIS is mainly consisted of proline-rich collagen, thus can 
be crosslinked with PC through formation of strong hydrogen bonds. 
Furthermore, the helix conformation in the SIS collagen structure could 
increase the accessibility of hydrogen bond [27]. As shown by 
ATR-FTIR, the hydrogen bond absorption peaks (3307 cm− 1) of PC-SIS 
became wider compared with that of SIS, which indirectly suggested 
formation of hydrogen bonds. As shown by SEM results, with the in-
crease in PC concentration, the average diameter of PC-SIS fibers 

Fig. 5. Immunofluorescence staining and 
quantitative assessments of the repaired 
bladder domes in the sham and experimental 
groups at 12 W after the surgery. (A) 
Expression of urothelial-associated markers 
AE1/AE3 and Uroplakin-III. UE, urothelium. 
Scale bars = 100 μm. (C) Expression of 
smooth muscle-specific markers α-SMA and 
Myosin. SM, smooth muscle. Scale bars =
100 μm. (E) The innervation marker, syn-
aptophysin (SYP38). Arrows represented 
SYP38+. Scale bars = 50 μm. (G) The endo-
thelial maker CD31. V denotes CD31+ ves-
sels. Scale bars = 50 μm. Specific marker 
expression was indicated by red (Cy5 label-
ing) and DAPI staining (blue) marks the 
nucleus. (B, D & F) Percentage of positive 
area relative to total area are compared 
among the three groups. (B) AE1/AE3, (D) 
α-SMA, (F) SYP38 and (H) Number of CD31- 
positive vessels. Data was presented as the 
mean ± S.D. *P < 0.05; #P > 0.05. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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increased, and the arrangement of the fibers exhibited directionality 
possibly as the formation of hydrogen bonds. Meanwhile, the large 
amount of phenolic hydroxyl in the PC molecule also resulted in 
improved hydrophilicity of the PC-SIS and promotion the attachment of 
cells. 

However, high concentration of PC can also induce toxicity. With the 
aim to develop a bladder patch, the PC concentration to prepare PC-SIS 
material was optimized. Based on the mechanical properties and the 
cyto-/his-compatibility results, 0.5 mg/ml and 1 mg/ml of PC (PC-SIS 1 
and PC-SIS 2, respectively) were chosen for subsequent experiments. 
The degradation of biomaterials is a key issue to be considered. The 

results showed that crosslinking could enhance the stability of the ma-
terials in vitro, but whether such degradation rate matched bladder 
repair needed more experimental evidences. Release of PC itself which 
has anti-inflammatory and anti-oxidative activities is also an important 
issue. In the present study, PC-SIS 1 showed a stable release, while PC- 
SIS 2 showed a burst release in the early stages. Yet, whether such 
released PC affected the tissue remodeling remained to be clarified. 
Regarding the calcification of materials, since anionic groups on surface 
of the material can induce Ca2+ nucleation by electrostatic forces which 
may contribute to mineral deposition [46,47], blocking of such groups 
may reduce the calcification of materials. SIS contains multiple amino 

Fig. 6. Evaluation of bladder function through ultrasonic testing (UT) and urodynamic survey (UDS). (A) US Transverse (short axis) ultrasound image of urinary 
bladder among different groups at 12 W after the surgery. (B) Pves: intravesical pressure; Pabd: abdominal pressure. (C) Capacity, peak pressure and compliance of the 
bladder at 12 W after the surgery. Data was presented as the mean ± S.D. *P < 0.05; #P > 0.05. (D) Characterization of the mechanical properties of various bladder 
tissues at 12W. *P < 0.05. #P > 0.05. 
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acids capable of attracting Ca2+, such as proline, glycine, and hy-
droxyproline. After PC crosslinking, the amount of Ca2+ deposition was 
reduced by at least 50%. These results showed that PC crosslinking could 
inhibited in vitro calcification effectively, possibly due to blocking of the 
mineral nucleation sites. 

The bladder wall expands dramatically during normal filling and 
emptying, which involves contractions of SMCs. Thus, whether the PC- 
SIS material is suitable for bladder repair largely depends on its effects 
on the bladder SMCs. In vitro experiments were performed to clarify the 
biological behaviors of R-B-SMCs on PC-SIS materials. As shown in 
Fig. 3, IF staining of cytoskeleton suggested that cells cultured on the PC- 
SIS matrices had a higher degree of cellular bundling, while SEM showed 
that PC-SIS promoted the formation of adhesion-related structures 
within the cells. At molecular level, the expression of all SMCs markers 
increased in the PC-SIS groups especially in the PC-SIS 2 group. Such 
effects may be mainly resulted from the change of mechanical properties 
after PC crosslinking. It has been suggested that mechanical changes in 
the microenvironment alone may drive specific cell behaviors, as sup-
ported by the instructional roles of ECM mechanics in cellular behavior 
and tissue development [48,49]. Indeed, some discoveries implied that 
mechanical forces participate in the maintenance of SMC phenotype. In 
smooth muscle tissue engineered models, SMCs may show an 
osteoblast-like phenotype without cyclic mechanical strain [50–52]. In 
this study, mechanical behavior of the SIS membranes was significantly 
influenced by crosslinking to a certain degree favorable for maintaining 
the phenotype and function of SMCs, though other possible mechanisms 
may also be involved such as enhancement of cellular adhesion. 

After testing the crosslinking efficiency and biological properties of 
the PC-SIS scaffolds in vitro, the implants were assessed in a rabbit model 
to evaluate its capability for enhancing bladder regeneration. 
Enhancement of mechanical properties not potentially just affect repair 
outcomes, but also benefit the handling properties of biomaterials dur-
ing surgical operations, for example the suturing, which is particularly 
important for its surgical usability [53]. Though in vitro results 
demonstrated that the PC-SIS had some anti-calcification activity, in vivo 
results showed that bladder stones were found in all experimental 
groups with similar rates at 4 weeks post operation in consistent with 
previous studies [39,54]. This may be explained by the fact that on one 
side the crosslinking blocked some calcium salt deposition sites, but on 
the other side it enhanced the stability of the foreign material leading to 
stone formation [55,56]. The nucleation reaction due to the adhesion of 
urate or calcium oxalate crystals within the remaining biomaterial 
fragment in the bladder could be a critical step for the formation of 
encrustation or stone [14,57]. In addition, the rabbits are herbivores, 
and their urine has a high concentration of urate, therefore the 
anti-calcification activity of PC-SIS was not sufficient to function as 
expected in the complex in vivo environment in rabbits. Whether the 
PC-SIS material could reduce the formation of bladder stones in vivo 
remained to be further studied in omnivores animal. Nevertheless, 
current results of ultrasonic examination and tissue sampling all showed 
remarkable dissolvement of the stones/encrustations over time (8–12 
weeks). The detailed process and underlying mechanism are yet to 
known. We speculated that regeneration of the completed urothelial 
layer over the transplanted graft at later phase played a key role in the 
inhibition of stone formation [58]. 

As shown by morphological observations, the luminal side of the 
implant was covered by urothelium in all experimental groups at 4 
weeks post-operation. This urothelium may develop from the invading 
cells of the surrounding native urothelium or urothelial progenitor cells 
[59,60]. Over time, all experimental groups showed complete urothe-
lium regeneration at 8 and 12 weeks, but as revealed by H&E and IF 
staining the PC-SIS groups especially the PC-SIS 2 group had an uro-
thelium layer more similar to the sham group at the defect areas than the 
SIS group. The coordination of blood vessels, nerves and smooth muscles 
growth during bladder wall regeneration also has a great impact on the 
restoration of bladder functions. Re-vascularization is generally 

important for implanted patch to provide sufficient blood supply, and 
re-neuralization participated in neuromuscular responses. Regeneration 
of smooth muscle is crucial to maintain the structural and functional 
integrity of the bladder. With unsatisfactory bladder muscular wall 
regeneration, shrinkage, perforation and leakage may occur. As revealed 
by H&E and IF staining, PC-SIS groups have shown better regeneration 
of blood vessels, nerves and smooth muscles than the SIS group. Espe-
cially, the PC-SIS 2 group had larger bundles of smooth muscle. Such 
muscle bundles may help to store or urinate and to maintain a proper 
intravesical pressure with an increased amount of urine [61]. 

Urodynamic evaluations were at the whole-organ level pressure/ 
volume relationships, commonly used for assessing changes in bladder 
compliance [1]. Bladder compliance was defined as the correlation be-
tween changes in bladder volume and detrusor pressure (ΔDV/ΔDP det) 
with a scale in ml/cm H2O [62,63]. Pdet was calculated as the subtrac-
tion of vesical pressure (Pves) with the abdominal pressure (Pabd): Pdet =

Pves − Pabd. As revealed by the urodynamic measurements at 12 weeks 
(Fig. 6B), the intravesical pressure curve of both sham group and PC-SIS 
groups had a decreased slope, indicating an increase in the compliance 
of the bladder as changes of filling volume had led to a slower rise in 
intravesical pressure. By contrast, the SIS group had a sharp increase of 
intravesical pressure. Indeed, further calculation of bladder compliance 
confirmed the interpretation. These results were also in consistent with 
the histological results that the PC-SIS groups had better organized and 
matured bladder muscular layer improving the compliance of the 
bladder [64,65]. 

Current study used a bladder defect model with healthy animals, 
therefore whether the PC-SIS also apply to situations with different 
disease backgrounds remained to be explored. Besides, further studies 
are required for ascertain the risk of malignancy for the regenerated 
bladder tissues for safety concerns. Most importantly, since changes in 
material properties in particular the mechanical properties may promote 
the structural and functional tissue remodeling, more detailed analyses 
are required to clarify the mechanisms of such PC-SIS material for 
bladder tissue regeneration therapies in further translational studies. 

5. Conclusion 

PC-SIS materials prepared by crosslinking SIS with 0.5 mg/ml and 1 
mg/ml PC showed good biocompatibility, improved mechanical prop-
erties, and anti-calcification activities. In a rabbit full-thickness bladder 
defect model, cystoplasty with the PC-SIS patches had better bladder 
functions than that with the SIS patch by promoting smooth muscle 
regeneration, improving bladder compliance and avoiding progressive 
renal disease. Especially, the 1 mg/ml PC-SIS had a repair outcome 
similar to the native bladders histologically and functionally. Such PC- 
SIS material showed potentials as a bladder patch capable of promot-
ing smooth muscle regeneration and bladder function restoration. 
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