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A B S T R A C T   

The need for bladder reconstruction and side effects of cystoplasty have spawned the demand for the develop-
ment of alternative material substitutes. Biomaterials such as submucosa of small intestine (SIS) have been 
widely used as patches for bladder repair, but the outcomes are not fully satisfactory. To capture stem cells in situ 
has been considered as a promising strategy to speed up the process of re-cellularization and functionalization. In 
this study, we have developed an anti-CD29 antibody-conjugated SIS scaffold (AC-SIS) which is capable of 
specifically capturing urine-derived stem cells (USCs) in situ for tissue repair and regeneration. The scaffold has 
exhibited effective capture capacity and sound biocompatibility. In vivo experiment proved that the AC-SIS 
scaffold could promote rapid endothelium healing and smooth muscle regeneration. The endogenous stem cell 
capturing scaffolds has thereby provided a new revenue for developing effective and safer bladder patches.   

1. Introduction 

Bladder is an important organ responsible for urine storage and co-
ordination of micturition through contraction. Trauma, tumor resection, 
congenital defect, and systemic diseases can all result in bladder defects 
which may necessite bladder reconstruction through surgery. Mean-
while, the selection of grafting tissue has remained as a major challenge 
for reconstructive urology. Implants for urinary reconstruction should 
be readily available and viable in the urinary environment. At present, 
mucosal grafts or skin grafts have been used for the purpose of ureteral 
reconstruction [1–3], while neobladder or bladder augmentation cys-
toplasty using a gastrointestinal segment is the most commonly used 
therapeutic option [4,5]. However, such procedures are often accom-
panied by various complications including urinary tract infection, 

bladder calculi, and metabolic disorders, which may compromise the 
effect of treatment and life quality of the patients [6,7]. 

Advances in tissue engineering and regenerative medicine have 
enabled scientists to develop more promising and revolutionary treat-
ment strategies for bladder regeneration [8]. Ongoing strategies for the 
regeneration of defective and/or lost tissues have based on construction 
of biological scaffolds by using pliable scaffolds which can mimic the 
active and passive bi-axial mechanical properties of the organ in com-
bination with stem cells for tissue regeneration [9–12]. Direct seeding 
stem cells onto the scaffolds to fabricate a patch for bladder repair has 
become a commonly used strategy [13–16]. However, poor viability and 
survival rate of the transplanted cells have affected the efficacy of such 
therapies as well as raised safety concerns [17]. Selective capture of 
autologous cells with specific antibody-crosslinked microchip, scaffold 
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and/or platform has been tried for disease diagnosis and treatment 
[18–21], which has proven to be a promising strategy for tissue repair. 

USCs are a novel type of MSCs derived from urine samples in recent 
years [22,23]. Compared with MSCs from other sources, USCs have 
several advantages: (1) the source of MSCs such as adipose-derived stem 
cells (ASCs) and bone marrow mesenchymal stem cells (BMSCs) are 
limited and the acquisition process are invasive, whereas USCs can be 
collected from urine noninvasively [24,25]; (2) The isolation of MSCs 
samples from other sources is complicated and requires enzyme diges-
tion process, and the cell expansion also takes a long time. However, 
USCs can be isolated using a relatively simple method and be easily 
cultivated [26,27]; (3) USCs have telomerase activity and cytogenetics 
stability, allowing high cell proliferation without the risk of tumouri-
genesis [22,26,28]; (4) USCs isolated from autologous urine do not ex-
press HLA-DR responsible for triggering the immune response and could 
not cause the immune response or rejection [24,29]. Previous studies 
have shown that the USCs may originate from renal tubules or papillae 
[22,28,30], and can differentiate into smooth muscle lineage (meso-
dermal origin) and urothelial lineage (endodermal origin) in vitro [23, 
26,31]. Being highly homologous to the urinary system [22,32], the 
USCs can better adapt to the environment of bladder in vivo, and have 
therefore been considered as an ideal cell source for bladder tissue 
regeneration and reconstruction. Endogenous USCs in urine may 
therefore be captured by bladder repair materials and provide an un-
limited source of cells for bladder regeneration and repair. 

Based on above notions, we have designed a urine derived stem cells 
(USCs) capturing scaffolds for bladder repair and regeneration. A well 
established and off-the-shelf scaffold, small intestine submucosa (SIS), 
was used as the patch biomaterial. Anti-CD29 antibody, once cross- 
linked with the SIS, can specifically and synergistically promote the 
capture of CD29 positive stem cells. The engineered surface was ex-
pected to capture the USCs and promote their proliferation and differ-
entiation into the epithelium and smooth muscle in situ, and hence 
facilitate bladder repair and regeneration. 

2. Materials and methods 

2.1. Preparation of antibody-conjugated SIS 

For the preparation of antibody-conjugated SIS (AC-SIS), chemical 
conjugation of the SIS with the antibody was realized by a two-step 
reaction with sulfo-succinimidyl derivatives (Sulfo-SMCC, Sigma- 
Aldrich, USA) and Traut’s Reagent (2-Iminothiolane• HCl, Sigma- 
Aldrich, USA). 

Briefly, various concentrations of the Traut’s Reagent (0, 0.625, 

1.25, 2.5, 5, 7.5, 10 mg/mL were dissolved into phosphate-buffered 
saline (PBS; ZSGB-BIO, China) with 2 mg/mL of EDTA (pH = 8.0). 
The SIS (2 cm in diameter) was then soaked into the Traut’s Reagent for 
1.5 h at room temperature. To analyze the effectiveness of the Traut’s 
Reagent on the SIS, Ellman’s Reagent (Sigma-Aldrich, USA) was used to 
quantify the sulfhydryl (SH) groups. After fully reacting with the Traut’s 
Reagent, the SIS was reacted with 300 μL of Ellman’s Reagent (4 mg/ 
mL) in 1 mM Na3PO4 solution (pH = 8.0) at room temperature for 15 
min. The absorbance was measured at 412 nm with a plate reader 
(Tecan, Sunrise, Australia). The absorbance was transformed into the 
amount of sulfhydryl (SH) groups based on the calibration curve of 
acetylcysteine (Sigma-Aldrich, USA) using the Ellman’s Reagent. For 
detecting the binding capacity of CD29 on the SIS, serial concentrations 
of antibody (5 μg, 10 μg and 20 μg) were diluted with PBS containing 2 
mg/mL of EDTA (pH = 8.0) and reacted with Sulfo-SMCC (0.5 mg/mL) 
at room temperature for 1 h, which was then washed by PBS for three 
times. 

The SIS treated by the Traut’s Reagent was washed with PBS for 
three times, and incubated with antibodies treated by Sulfo-SMCC for 1 
h at room temperature (Fig. 1). The SIS was then washed with PBS for 
several times and incubated with 5% (W/V) Glycin (Ameresco, USA) and 
5% (W/V) bovine serum albumin (BSA) (Sigma-Aldrich, USA) for 3 h to 
block the remaining reaction. The CD29 conjugated SIS was named as 
AC-SIS. 

2.2. Assessment of CD29 antibody crosslinking 

After the CD29 antibody crosslinking, the remaining reaction solu-
tion was collected to determine the rate of cross-linking. The concen-
tration of residual CD29 antibody was determined with an anti-mouse 
IgG ELISA kit (Santa Cruz, USA). The cross-linking rate was determined 
with a calibration curve based on known concentrations of CD29. 

Biotin-labeled goat anti-mouse IgG (H + L, Abcam, UK) was used to 
label the mouse anti-human primary antibody conjugated to the SIS. The 
signals were amplified with horseradish peroxidase-labeled streptavi-
din, and a DAB solution was used for color development. 

2.3. Morphological analysis 

Surface morphologies of the SIS and AC-SIS were examined with a 
Field Emission Scanning Electron Microscope (EVO 10, Carl Zeiss AG, 
Germany) operated at 20 kV. Freeze-dried samples were sputter coated 
with Au and observed at 500 × magnification. 

Fig. 1. Schematic representation of chemical crosslinking of antibody with the SIS.  
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2.4. Measurement of contact angle 

Contact angle of the materials was detected with a Kruss goniometer 
(DSA25, Germany) at 20 ◦C. Dropped deionized water was added onto 
the sample surface. Five pictures were recorded and analyzed with the 
equipped DSAI software. 

2.5. Measurement of mechanical properties 

The SIS and AC-SIS were cut into rectangle shape (2 cm × 10 cm, n =
5). Elastic modulus of the samples was tested under dry condition with 
an uni-axial testing machine (Instron 8874, USA). The tests were per-
formed with a stretch rate of 10 mm/min till the samples were cracked. 
The elastic modulus was calculated by measuring the slope of the stress- 
strain curve. 

2.6. Primary culture of the USCs and flow cytometry analysis 

Primary culture of the USCs was performed as previously described 
[33,34]. Briefly, the USCs were obtained from four young male adult 
donors (20–30 years old). Fresh urine sample (about 200 mL) was 
centrifuged and washed with PBS for twice. The sediment was 
re-suspended and cultured in T25 cell culture flasks with 5 mL of 
established medium [35]. 

Cells in logarithmic growth phase were digested with trypsin (Gibco, 
USA), with their density adjusted to 1 × 106 cells/mL with PBS. 100 μL 
aliquot of cell suspension was moved to each flow tube (Corning, USA). 
Thereafter, 2 μL of mouse anti-human CD29 (559883, BD Pharmin-
gen™, USA), mouse anti-human CD34 (555821, BD Pharmingen™), 
mouse anti-human CD44 (555478, BD Pharmingen™), mouse anti- 
human CD73 (550257, BD Pharmingen™), mouse anti-human CD90 
(561558, BD Pharmingen™) and mouse anti-human CD133(130-111- 
085, Miltenyi Biotec GmbH, Germany) antibodies were added to each 
tube. The mixture was allowed to incubate for 30 min in darkness at 
room temperature. Thereafter, the cells were washed twice with PBS and 
re-suspended in 200 μL PBS for flow analysis. 

2.7. Differentiation induction of the USCs 

Adipogenic, osteogenic, and chondrogenic differentiation of the 
USCs was performed as previously described [33,35]. 

As for urothelium differentiation, 4 × 103 USCs were seeded onto a 
12-well plate (Corning, USA) and cultured in K-SFM medium (Gibco, 
USA) containing 2% fetal bovine serum (FBS, Gibco, USA) and 30 ng/mL 
of epidermal growth factor (EGF) (Gibco, USA) for 21 days. For smooth 
muscle differentiation, 4 × 103 USCs were cultured in 80% DMEM 
(Gibco, USA) and 15% F12 medium containing 5% FBS, 2.5 ng/mL 
transforming growth factor beta1 (TGF-β1), 5 ng/mL platelet-derived 
growth factor subunit BB (PDGF-BB) for 28 days. The induction me-
dium was replaced every 2 days. The induced cells were identified by 
immunofluorescence (IF) staining for urothelium-specific markers AE1/ 
AE3 (ab9377, Abcam), smooth muscle-specific markers α-SMA 
(ab32575, Abcam) and Myosin (ab11083, Abcam). Uninduced USCs 
were used as the control. 

2.8. Effect of CD29 antibody on cell proliferation 

For evaluating the effect of antibody on the proliferation capacity of 
USCs, 100 μL of CD29 antibody (10 μg/mL; 556047, BD Pharmingen™) 
was added to the 96-well plate and coated overnight at 4 ◦C. Thereafter, 
4 × 104 cells were added to each plate. Proliferation of the cells was 
assessed with a Cell Titer 96 Assay kit (Promega, USA) in 1, 3 and 5 days. 

2.9. USCs captured by the AC-SIS in vitro 

To evaluate their ability for capturing the USCs, the SIS and AC-SIS 

scaffolds were compared under static and dynamic circumstances. 
Under the static condition, the SIS and AC-SIS were respectively 

placed in 24-well culture plates containing 1 mL of USCs suspension (2 
× 104 cells) per well. After 30 min, cell suspension was removed, and the 
plates were washed 3 times with PBS. The materials inoculated with the 
USCs were then transferred to a new plate and cultured in an incubator 
(Fig. 2). Viability of the captured cells was assessed though proliferation 
capacity and fluorescence. Proliferation of the captured cells was 
recorded at days 1, 3 and 5 using a Cell Counting Kit-8 (Dojindo Mo-
lecular Technologies, Japan) at 450 nm (OD450) or labeled with 1 μg/mL 
of calcein-AM (Sigma, USA) for 45 min at 37 ◦C and observed and 
photographed under light and fluorescence microscopes (Olympus, 
Japan). 

Under the dynamic condition, an extracorporeal suspension system 
[30] was used to simulate the USCs transfer process in urine (Supple-
mentary material video). USCs (P3) labeled with CM-Dil (C7000, Invi-
trogen, USA) were prepared. The suspension cell culture flask was filled 
with the USCs at 2 × 104 cells/100 mL to simulate the storage and 
excretion of USCs in urine in vivo. The SIS and AC-SIS were respectively 
hung in the culture flasks containing suspension of CM-Dil-labeled USCs 
for 24 h. Non-adhered cells were gently washed off with PBS. 

With the above method, the SIS and AC-SIS were suspended in the 
USCs suspension for 6 h and 24 h, and removed for cytoskeleton staining 
thereafter. The scaffolds were washed with PBS at 37 ◦C and fixed with 
4% paraformaldehyde for 10 min at room temperature. Actin cytoskel-
eton was stained with FITC-phalloidin (P5282, Sigma-Aldrich, USA). 
Cell nuclei were stained with DAPI (C1005, Beyotime, China). All 
samples were observed and photographed under a confocal laser scan-
ning microscope (Nikon, Japan). 

2.10. Biocompatibility of the SIS and AC-SIS 

Biocompatibility of the scaffolds was quantified. The SIS and AC-SIS 
(2 cm in diameter) were paved into a 12-well plate. 1 mL of USCs sus-
pension (5 × 104 cells/mL) were seeded in each well, and the medium 
was replaced every day. After 3 days, the cells were digested and 
collected. 200 μL of cell suspension was incubated with 2 μL Annexin V/ 
P (Keygen, China) at 4 ◦C for 5 min. After being washed 3 times with 
PBS, the samples were detected with flow cytometry (Becton Dickinson, 
USA). 

With the above method, after the USCs were cultured for three days, 
the scaffolds were harvested and fixed with 2.5% glutaraldehyde for 30 
min and dehydrated through an alcohol gradient, coated with Au, and 
visualized with SEM. 

2.11. Animal experiments 

All animal experimental procedures were approved by the Sichuan 
University Animal Care and Use Committee in concordance with the 
Principles of Laboratory Animal Care formulation by The National So-
ciety for Medical Research. 

36 male healthy New Zealand white rabbits (purchased from Animal 
Center of Sichuan Province) which initially weighted 3.0 ± 0.2 kg were 
used for the experiment. The animals were randomized divided into 
sham, SIS and AC-SIS groups, with three rabbits used for each time 
point. The bladders of anesthetized rabbits were exposed through in-
jection of pentobarbital sodium (2 mL/kg) through the marginal auric-
ular vein. As shown in Fig. S1, a paramedian incision was made in the 
abdomen of each rabbit. A 2 cm × 2 cm full-thickness square defect was 
then made in the posterior wall of bladder. 

An absorbable thread was used to fix the control group with diagonal 
suture, and whole layer suture was made to form a linear defect. A 
sterilized SIS or AC-SIS patch (2.2 cm × 2.2 cm in size) was sewn into 
place with degradable sutures (5-0 Monocryl, Johnson & Johnson, USA). 
Non-absorbable sutures (5-0 Monocryl) were used to mark the defect 
area in the sham and experiment groups, and closed the abdomen layer 
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by layer. The animals were sacrificed by injection of air at 1, 2, 4 and 8 
weeks. 

2.12. Histological and immunofluorescence analyses 

Tissue samples were fixed with 10% neutral formaldehyde, 
embedded in paraffin, and sectioned in 5 μm diameter specimen, which 
was followed by HE staining for the observation of material degradation, 
morphological and histological changes and process of re- 
epithelialization, and Masson staining for the observation of muscle 
tissue regeneration. 

AE1/AE3 (ab9377, Abcam) antibody was used to observe the re- 
epithelialization of full-thickness of rabbit bladder. Myosin (ab11083, 
Abcam) and α-SMA (ab32575, Abcam) were used to observe the 
regeneration of bladder muscle. 

2.13. 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 

3.1. Preparation and basic characteristics of the AC-SIS 

To achieve specific identification and capture of scaffold materials, 
the SIS was conjugated with antibody for the highly expressed marker 
CD29 based on identification of rUSCs surface markers [34]. 

The Ellman’s Reagent assay was used to determine the sulphydryl 
grafting efficiency of the Traut’s Reagent on the SIS. Along with the 
increase in Traut’s Reagent concentration, the number of sulphydryl 
groups on the material has also increased until the concentration was 
above 5 mg/mL (Fig. 3A). Based on the result, 5 mg/mL Traut’s Reagent 

Fig. 2. Schematic representation of AC-SIS specifically capture of USCs.  

Fig. 3. Determination of the cross-linking condition and analysis of the structure and mechanical properties of the AC-SIS. (A) Measurement of sulfhydryl graft 
absorbance of the SIS with various concentrations of Traut’s Reagent. *P < 0.05. (B) Measurement of remaining sulfhydryl absorbance after cross-linking with 
various concentrations of CD29 antibody. (C) Cell proliferation with 10 μg/mL of CD29 antibody as detected with a Cell Titer 96 kit. (D) Measurement of antibody 
graft rate with an anti-mouse IgG- ELISA kit. (E) Immunohistochemical observation of the SIS and AC-SIS. Scale bar = 50 μm. (F) Gross observation of the SIS and AC- 
SIS. (G) Characterization of the mechanical properties of the SIS and AC-SIS. *P < 0.05. (H) Representative SEM image of the surface of the SIS and AC-SIS. Scale bar 
= 20 μm. (I) Measurement of water contact angle of the SIS and AC-SIS. (J) Quantification of water contact angle of the SIS and AC-SIS. 
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was crosslinked with various concentrations of CD29 antibody (5–20 
μg/mL), and the optimal antibody concentration (10 μg/mL) was 
determined with the residual sulfhydryl concentration (Fig. 3B). As 
shown by the subsequent experiments, the results showed no significant 
cytotoxic effect on the proliferation of the USCs (Fig. 3C). The grafting 
ratio, as measured with an anti-mouse IgG-ELISA kit, was 72% (Fig. 3D). 
The immunohistochemical assay also proved that the SIS had been 
successfully cross-linked with the antibody (Fig. 3E). 

As shown in Fig. 3F, there was no obvious morphological change 
before and after the crosslinking, though the cross-linking has resulted 
in a slight change in the microstructure of the materials. Analyzing the 
surface with SEM showed that both SIS and AC-SIS had a porous 
structure with randomly coiled collagen fibers at the submucosal sur-
face, while the interstitial space of the AC-SIS was slightly reduced 
without directional change (Fig. 3H). The average contact angle has 
increased from 61.46 ± 4.87◦ (SIS group) to 74.73 ± 6.39◦ (AC-SIS 
group) after the antibody cross-linking, albeit no statistical difference 
was detected between the two groups (Fig. 3I and J). Further charac-
terization of the mechanical properties of the SIS and AC-SIS indicated 
that the elastic moduli is slightly increased in the AC-SIS group as the 
pore size of collagen bundles decreased (Fig. 3G). 

3.2. Characterization and identification of the USCs 

The USCs were isolated and cultured as previously described [23,33, 
35]. Primary cell colonies had appeared after about 1 week, and reached 
80% confluence in about 2 weeks (Fig. 4A). Cells from passage 3 were 
used for subsequent experiments (Fig. 4A). 

Flow cytometry was used to analyze the expression ratio of the sur-
face antigens. The USCs were highly positive (≥99%) for CD29, CD44 
and CD73, moderately positive (~45.3%) for CD90, and negative for 
CD133 and CD34 expression (Fig. 4B). 

The USCs were cultured in the osteogenic and adipogenic induction 
medium for 30 days and in chondrogenic induction medium for 24 days, 
and subsequently stained by Alizarin red staining, Oil red O, or toluidine 
blue staining, respectively (Fig. 4C). 

Thereafter, the USCs were induced with urothelial-inducing medium 
for 21 days or fibroblastic-inducing medium for 28 days, with epithelial 
origin marker (AE1/AE3) (Fig. 4D) and smooth muscle markers (α-SMA, 
Myosin) detected (Fig. 4E). 

3.3. Ability of the AC-SIS for capturing the USCs in vitro 

To verify whether adherence and proliferation of the USCs could be 
facilitated by the AC-SIS, we have evaluated the ability of the AC-SIS to 
capture the USCs under static condition. As the AC-SIS could capture 
more USCs cells, the number of cells in this group was significantly 
greater than that in the SIS group after 1 day (Fig. 5B). The survival and 
proliferation of the captured USCs were evaluated by FACS, CCK-8 assay 
and calcein-AM staining. As indicated by flow cytometry, there was no 
difference in the survival of the USCs between the SIS and AC-SIS groups 
(Fig. 5D), suggesting that the AC-SIS did not induce apoptosis. The re-
sults of CCK-8 and calcein-AM staining both indicated that, compared 
with the SIS group, the USCs had proliferated better on the AC-SIS after 3 
and 5 days (Fig. 5B and C). The morphology of the USCs on the surface of 
different materials was also observed by SEM. As previously reported, 
the growth of the USCs may be affected by the make and surface 
morphology of the scaffolds [36,37]. As a loose and porous acellular 
matrix material, the SIS did not alter the construct of the scaffolds after 
the cross-linking. Under the SEM, the USCs have displayed a long 
spindle-like morphology and sound adhesion and growth on the surface 
of both groups, with the cells aggregated more closely in the AC-SIS 
group (Fig. 5A). 

The function of the bladder is to collect, temporary store and void 
urine. Normal urine does not contain any cells except a small number of 
USCs. Therefore, the ability to capture the USCs in the urine may be used 

as an important indicator for the capturing ability of the scaffold. Sup-
plementary material video has shown the equipment for testing the 
capability of the scaffolds for capturing the USCs under a dynamic 
condition. Through flow culturing, all groups have a few USCs adhered 
at a rotational speed 10 rpm, but confocal images have shown that, 
compared with the SIS, significantly more USCs have adhered to the 
surface of the AC-SIS (Fig. 5E). As reported previously, cytoskeletal 
structures are closely related to cell morphology and spreading, and 
cytoskeleton disorganization may affect cell proliferation [38,39]. As 
shown by the cytoskeleton staining in this study, the USCs were 
stretched and intact, and have adhered and proliferated normally on the 
surface of both SIS and AC-SIS (Fig. 5F). In addition, there were signif-
icantly more cells in the AC-SIS group compared with the SIS group after 
6 h. 

3.4. Macroscopic observation and histological analysis of the rabbit 
bladder repair 

The AC-SIS was subsequently implanted into a full-thickness bladder 
defect to evaluate its potential as a bladder patch. The animals were 
divided into the control group (direct suturing the defect area), SIS 
group, and AC-SIS group. Bladder tissue of the repair area was collected 
at various time points (1, 2, 4 and 8 weeks after the operation). 

The gross pathology of the bladder tissues was observed after the 
sampling (Fig. 6A). Adhesion of the sutured area of the bladder to the 
abdominal wall was noted after 1, 2 and 4 weeks (data not shown). One 
week after the surgery, the wounds of the control group were almost 
completely healed, whilst other groups have shown complete coverage 
by the materials. The SIS and AC-SIS groups showed notable shrinkage 
and no significant degradation, yet the contracture rate has decreased, 
and the degradation rate has increased with the elapse of time (Fig. 6A). 
Two weeks after the operation, the lateral (serosal layer) of the repair 
region was basically healed in both the SIS and AC-SIS groups, with the 
tissues showing significantly thickening and submucosal edema 
(Fig. 6A). At this time, bladder stones were found around the sutures and 
on the patches in all experimental groups, but had decreased or even 
disappeared along with the degradation of sutures and/or the material. 
All implanted materials showed visible degradation 4 weeks after the 
operation, with the average thickness of the repaired area being greater 
in all experiment groups, and that of the AC-SIS group being the thickest 
(Fig. 6A). All experimental groups had healed after 8 weeks. As shown in 
Fig. 6B, the bladder wall of the control group became thinner during 
bladder filling, and the bladder size (mean short and long axis = 5.5 cm 
× 7 cm) was significantly increased with slightly poorer elasticity 
compared with the normal tissue (mean short and long axis = 4.5 cm ×
5.75 cm), while the SIS group had the greatest bladder size (mean short 
and long axis = 7.5 cm × 6.2 cm). Among the three groups, the bladder 
wall of the AC-SIS group still had a certain thickness, and the bladder 
size was closest to the normal (mean short and long axis = 5 cm × 5.3 
cm). 

The effect of bladder repair by the AC-SIS was further evaluated by 
histology analysis. As shown by H&E staining, a large number of neo-
vasculature was noted in the area near the edge of the defect 1 week 
after the operation. In the control group, epithelial and vascular pro-
gression had appeared in the submucosa after 2 weeks (Fig. 6C). 
Meanwhile, a small amount of epithelium had appeared at the edge of 
repair area in the SIS group, while a large number of neovascular and 
new epithelial cell masses had appeared in the AC-SIS group (Fig. 6C). 8 
weeks after the operation, the regenerated epithelium at the defect area 
had become multilayered in all groups. However, the control group and 
the SIS group both lacked the normal fluctuation of bladder urothelium 
with disordered smooth muscle-like tissues. As expected, the AC-SIS 
groups showed a normal tissue organization with distinct hierarchical 
structure and obvious smooth muscle fibers, urothelium layer had loop 
fluctuations (Fig. 6C), which resembled the normal bladder urothelium 
(Fig. S2A). 
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Fig. 4. Characterization of human USCs. (A) Morphology and proliferation of the USCs. Scale bar = 500 μm. (B) Expression of surface marker of the USCs. (C) Representative images of non-induced cells (control group) 
and osteogenic-induced, adipogenic-induced and chondrogenic-induced USCs. Scale bar = 200 μm. (G) Urothelial differentiation of the USCs with AE1/AE3. SV-HUC was used as positive control, with non-induced USCs 
showing no fluorescence signal. Scale bar = 50 μm. (H) Myogenic differentiation of the USCs with expression of α-SMA and Myosin. HUVSMC was used as positive control, with non-induced USCs showing no 
fluorescence signal. Scale bar = 100 μm. 
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Masson staining also confirmed similar results. 4 weeks after the 
operation, a large number of collagen formation was observed in the AC- 
SIS and SIS groups, both with a collagen density significantly higher 
than that of the control group (Fig. 6C). This may be attributed to that 
the AC-SIS has captured the USCs and altered the microenvironment, 
which accelerated the degradation of the AC-SIS. 4 weeks after the 
operation, small longitudinal and/or circular muscle bands were 
observed in the AC-SIS group, which was significantly higher in orga-
nization hierarchy and regenerated structure as compared with other 
groups (Fig. 6C). The difference was more pronounced with the elapse of 
time. 8 weeks after the operation, the control group has closely packed 
and regularly arranged collagen without muscle fibers, while the SIS 
group has some loosely distributed smooth muscle bundles (Fig. 6C). In 
the AC-SIS group, the proportion of collagen fiber area has increased, in 
addition with prominent smooth muscle bundles. 

3.5. Immunofluorescence observation for the repair of rabbit bladder 

IF staining has shown regeneration of bladder epithelium (AE1/AE3) 
and smooth muscle (α-SMA and Myosin) at various time points. Incon-
sistent with the H&E and Masson staining results, AE1/AE3 staining 
showed that neo-epithelial cell masses have appeared in submucosa and 
traveled along to mucosa layers in all three groups 2 weeks after the 

surgery (Fig. 7A). Four weeks after the surgery, many epithelial cell 
masses may still be found in the submucosa of the control group but 
were completely covered by epithelium (Fig. 7A). However, with the 
epithelial repair nearly completed, the number of neo-epithelial cell 
masses have decreased and epithelial thickness have peaked in the 
experiment groups, with the AC-SIS group being the thickest. With the 
elapse of time, both the SIS and AC-SIS groups have shown a significant 
decrease of epithelial thickness, which became close to normal after 8 
weeks (Fig. 7A). At this point, complete and continuous epithelial 
structure have formed in all three groups, with the morphology of the 
AC-SIS group more similar to the normal (Fig. S2C), suggesting a better 
re-epithelization (Fig. 7A and B). 

As shown by muscle staining, the α-SMA and Myosin signals began to 
overlap after 4 weeks in both groups (Fig. 7B). Compared with the SIS 
group, the intensity and area of the α-SMA signals were significantly 
higher in the AC-SIS group after 4 weeks. At week 8, the α-SMA and 
Myosin signals of the control group and the SIS group were still weak 
and without a regular structure, while the AC-SIS group has exhibited 
tightly arranged smooth muscle clusters with a certain size, which 
indicated gradual maturation of smooth muscle (Fig. 7B) similar to the 
normal tissue (Figs. S2D and E). 

Fig. 5. The capability of the SIS and AC-SIS to capture the USCs in vitro (A) Ultrastructure of the USCs on the surface of the SIS and AC-SIS after 3 days of culture. 
Scale bar = 20 μm. (B) Photographs of the USCs captured by the SIS and AC-SIS under static condition as stained with calc-xanthocyanin. Live cells were stained with 
calcein AM (green). Scale bar = 200 μm. (C) Proliferation of the USCs captured by the AC-SIS as detected with a Cell Titer 96 kit. *P < 0.05. (D) Flow cytometric 
analysis of cell apoptosis. (E) Confocal microscopy images of CM-Dil-labeled USCs (red) captured under dynamic condition on the SIS and AC-SIS after 24 h. Scale bar 
= 200 μm. (F) Phalloidin staining of the cytoskeleton of the USCs captured under a dynamic condition on the SIS and AC-SIS after 6 and 48 h. FITC-phalloidin 
staining (green) marked the cytoskeleton and DAPI staining (blue) marked the nuclei. Scale bar = 50 μm. 
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Fig. 6. Macroscopic observation and histological examination of the regenerated bladder. (A) Representative images of the regenerated bladder after 1, 2, 4, and 8 weeks. (B) Representative images of bladder filling at 
week 8 in various groups. (C) Representative images of H&E staining and Masson staining of the regenerated bladder. Scale bar = 200 μm. (D) Statistical comparison of bladder size in various groups at week 8. Data 
were presented as mean ± S.D. (E) Comparison of Masson staining for collagen area (%) in each group at week 1. *P < 0.05. (F) Comparison of Masson staining for collagen area (%) in each group at week 2. (G) 
Comparison of Masson staining for collagen area (%) in each group at week 4. *P < 0.05. (H) Comparison of Masson staining for collagen area (%) in each group at week 8. 
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Fig. 7. Immunofluorescence observation of the repaired bladder. (A) Expression of endothelium-associated markers AE1/AE3 in the control and experimental groups. The urothelium was stained with AE1/AE3 (red), 
while the nuclei were stained with DAPI (blue). Scale bar = 100 μm. (B) Expression of smooth muscle-specific markers α-SMA and Myosin in the control and experimental groups. Bladder and vascular smooth muscle 
were stained with α-SMA (red) and Myosin (green), the nuclei were stained with DAPI (blue). Scale bar = 100 μm. (C) Percentage of α-SMA positive area relative to the total area of each group as compared after 1 week. 
Data was presented as mean ± S.D. **P < 0.01. (D) Percentage of α-SMA positive area relative to the total area of each group as compared after 2 weeks. Data was presented as mean ± S.D. (E) Percentage of α-SMA 
positive area relative to the total area of each group as compared after 4 weeks. Data was presented as mean ± S.D. *P < 0.05. (F) Percentage of α-SMA positive area relative to the total area of each group as compared 
after 8 weeks. Data was presented as mean ± S.D. (G) Percentage of α-SMA positive area relative to the total area of each group as compared after 1 week. Data was presented as mean ± S.D. **P < 0.01. (H) Percentage 
of α-SMA positive area relative to the total area of each group as compared after 2 weeks. Data was presented as mean ± S.D. **P < 0.01. (I) Percentage of α-SMA positive area relative to the total area of each group as 
compared after 4 weeks. Data was presented as mean ± S.D. *P < 0.05. (J) Percentage of α-SMA positive area relative to the total area of each group as compared after 8 weeks. Data was presented as mean ± S.D. *P <
0.05; **P < 0.01. (K) Percentage of Myosin positive area relative to the total area of each group as compared after 1 week. Data was presented as mean ± S.D. **P < 0.01. (L) Percentage of Myosin positive area relative 
to the total area of each group as compared after 2 weeks. Data was presented as mean ± S.D. *P < 0.05. (M) Percentage of Myosin positive area relative to the total area of each group as compared after 4 weeks. Data 
was presented as mean ± S.D. **P < 0.01. (N) Percentage of Myosin positive area relative to the total area of each group as compared after 8 weeks. Data was presented as mean ± S.D. *P < 0.05. 
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4. Discussion 

Tissue engineering based on stem cells and biomaterials has provided 
a strategy for the reconstruction of impaired bladder. In this study, an 
antibody-conjugated SIS (AC-SIS) has been successfully fabricated for 
capturing the USCs for bladder defect repair. 

Acellular matrices have provided a unique opportunity for bladder 
reconstruction in both experimental and clinical set-ups. As a xenoge-
neic, acellular, biocompatible, biodegradable, and collagen-based scaf-
fold, porcine SIS can enable bladder regeneration without ex vivo cell 
seeding before the implantation [40–43]. The particular biochemical 
components and excellent mechanical properties have conferred it with 
appropriate structure and microenvironment not only as a scaffold but 
also with specific physiological functions suitable for cell adhesion, 
proliferation, differentiation, and the ultimate tissue regeneration [35, 
44–53]. 

Scaffolds as a carrier for stem cells are effective tools for tissue 
regeneration and repair. As progenitor cells derived from the urinary 
system, the USCs can be isolated readily from urine and expand exten-
sively through culturing [54]. Such cells possess the desired regenera-
tive properties including robust proliferative capacity [55], 
multipotential for differentiation [56–60], paracrine effect [61–63], and 
immune-modulatory property [29], and have been tested in animal 
models for a multitude of human diseases [29,64–68]. Previous studies 
have also demonstrated that the USCs could differentiate into multiple 
bladder cell lineages identifiable by particular gene and/or protein 
markers, and provide an ideal cell source for the reconstruction of uri-
nary tract [12,57,69,70]. With the potential for urothelial and smooth 
muscle differentiation, the USCs have offered an unlimited source of 
cells for tissue remodeling, engineering and regeneration. As illustrated 
by our in vitro study, such cells can efficiently differentiate into uro-
thelial cells and smooth muscle cells within the induction medium. 

To seed the USCs onto the SIS for the repair of tissue defects has 
achieved satisfactory outcome and better efficacy compared with 
transplantation of the USCs or SIS alone [10,12,70,71]. However, due to 
the pH value and flowing environment, to directly seed the USCs onto 
the SIS membrane may result in rapid cell death and reduced therapeutic 
effect. Furthermore, potential tumorigenicity and immunologic rejec-
tion caused by exogenous stem cells transplantation have also raised 
much concern over its clinical safety. Autologous stem cells for regen-
erative medicine are ethically more acceptable and likely to be exemp-
ted from most of the complications. Due to the relative long period of in 
vitro cultivation and decreased stemness and differentiation potential 
over time, exogenous cells often cannot fulfill the actual demand. In the 
present study, a CD29 antibody-conjugated SIS (AC-SIS) has been 
fabricated to specifically capture own USCs for bladder repair, with the 
efficacy proven by in vitro study. 

Targeted capture of cells requires presence of specific membrane 
antibodies. Isolated from urine samples, subpopulations of the USCs are 
characterized by distinct cell morphology, various potential for prolif-
eration and differentiation [33], similar clone-forming efficiency and 
high level of CD29 expression [34]. Also known as Integrin beta 1, an 
adhesion molecule, the CD29 can bind with a variety of ligands and play 
an important role in the mobilization, homing, migration and differen-
tiation of stem cells as well as mediation of niche interactions [72–77]. 
As a surface marker for the MSCs, CD29 is essential for cell adhesion and 
recognition in a variety of biological processes including embryogenesis, 
tissue repair and immune response [78,79]. Since no single specific 
marker has been identified for the USC, we have chosen CD29 as a 
distinctive target for the capture of the USCs in this study. 

In this study, we have adopted the Traut’s reagent and Sulfo-SMCC to 
covalently bind the CD29 with the SIS scaffold. This not only has 
attained a high cross-linking rate (72%), but also maintained the safety 
and biocompatibility of the SIS scaffold. As discovered by previous 
studies, scaffolds treated with the Traut’s reagent and Sulfo-SMCC could 
also improve the vascularization and cellularization, whilst decrease the 

rate of degradation, which are beneficial for tissue regeneration 
[80–82]. As shown with our in vitro experiments, the CD29 antibody 
could specifically recognize both the hUSCs and rUSCs (Fig. S3). Better 
still, the cells captured by the AC-SIS membrane have maintained their 
activity and a better proliferation capacity compared with the SIS alone. 

Therapeutic interventions for bladder defects aim to restore the 
physiological structure and functions by restoring the urothelial and 
muscular architecture. As indicated by gross observation, structural 
integrity and endothelial intactness were presented in all groups 8 weeks 
after the operation. As revealed by H&E and IF staining, complete uro-
thelium regeneration had occurred within 8 weeks, but the AC-SIS group 
in particular had an urothelium layer more similar to the normal tissues 
at the defect area compared with the sham and the SIS groups. The 
urothelium might have developed from cells migrating from the sur-
rounding native tissues or the captured stem cells. The coordination of 
blood vessel and smooth muscle growth during the bladder wall 
regeneration also played a key role in the restoration of bladder func-
tion. Re-vascularization is crucial for the implanted patch to provide 
sufficient blood supply. Regeneration of smooth muscle is crucial to 
maintain the structural and functional integrity of the bladder. With 
unsatisfactory bladder muscular wall regeneration, shrinkage, perfora-
tion and/or leakage may occur. As revealed by H&E and IF staining, the 
AC-SIS group had better regeneration of blood vessels and exclusive 
growth of smooth muscles compared with the SIS group. Such muscle 
bundles may facilitate the storage and/or urination and maintenance of 
proper intravesical pressure with an increased amount of urine. 

It was reported previously that more than 99.9% of rabbit USCs 
(rUSCs) are positive for CD29 [34]. Hence, we have selected CD29 as an 
adhesive medium for the capture of the USCs. For in vitro experiment, we 
have designed two capture models (static and dynamic conditions) to 
verify the capturing ability of the AC-SIS. In both models, the number of 
USCs on the AC-SIS was significantly more compared with the control 
group. As mesenchymal stem cells derived from the urinary system, the 
USCs have demonstrated the ability to differentiate into various uro-
logical and cell lineages as well as to suppress oxidative stress, inflam-
matory and apoptotic processes. Such cells therefore may provide a 
potential source for bladder repair [83–87]. Theoretically, it may be 
feasible to capture more USCs with the AC-SIS to repair bladder dam-
ages. Similarly, in vivo experiments also confirmed that the AC-SIS could 
attain a better effect for the repair of bladder epithelium and smooth 
muscle and for angiogenesis. However, the repair process may be 
considerably more complex due to the complexity of the in vivo envi-
ronment. With the specificity of CD29, the AC-SIS may capture multiple 
cell types in vivo. However, given that the AC-SIS predominantly make 
contacts with urine, the target cell population may also include 
urine-derived epithelial cells, red blood cells and white blood cells [88, 
89], but whether such cells can maintain their proliferation activity in 
the urine has remained unknown. Our results have shown clear evidence 
for the capture of the USCs by the AC-SIS in vitro and repairing of rabbit 
bladder defect in vivo. However, to what extent the USCs can be effec-
tively captured by the AC-SIS in vivo and which pathways may be 
involved in the bladder repair by the captured-USCs still await further 
exploration. 

Instead of to seed exogenous cells directly onto the scaffolds, an 
endogenous stem cells capturing composite scaffold has been con-
structed. The cell capturing capacity of the scaffolds was evaluated in 
vitro and further tested in an animal model. As shown by the results, 
specific capture could be integrated into the design and practice of 
bladder reconstruction. Our study has several limitations. First, the 
specific capturing capacity has not been evaluated in vivo. Second, the 
captured stem cells have not been traced further on the membrane. Last 
but not least, longer period of observation, further evaluation of func-
tional recovery, and more detailed mechanism exploration should be 
considered. 
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5. Conclusion 

In this study, we have fabricated an effective and specific stem cell 
capturing scaffold (AC-SIS), which showed sound biocompatibility and 
pro-proliferative effect in vitro. As demonstrated with the animal model, 
the AC-SIS has attained better outcomes for the repair of bladder defect 
in terms of epithelium and smooth muscle regeneration. This has opened 
a new revenue for the design and application of bladder reconstruction 
scaffolds based on capture of particular stem cells for tissue 
regeneration. 
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based therapies in regenerative medicine: applications in rheumatology, Stem Cell 
Res. Ther. 2 (2) (2011) 14, https://doi.org/10.1186/scrt55. 

[86] J.N. Lee, S.Y. Chun, H.J. Lee, Y.J. Jang, S.H. Choi, D.H. Kim, S.H. Oh, P.H. Song, J. 
H. Lee, J.K. Kim, T.G. Kwon, Human urine-derived stem cells seeded surface 
modified composite scaffold grafts for bladder reconstruction in a rat model, J. Kor. 
Med. Sci. 30 (12) (2015) 1754–1763, https://doi.org/10.3346/ 
jkms.2015.30.12.1754. 

[87] J. Li, H. Luo, X. Dong, Q. Liu, C. Wu, T. Zhang, X. Hu, Y. Zhang, B. Song, L. Li, 
Therapeutic effect of urine-derived stem cells for protamine/lipopolysaccharide- 
induced interstitial cystitis in a rat model, Stem Cell Res. Ther. 8 (1) (2017) 107, 
https://doi.org/10.1186/s13287-017-0547-9. 

[88] C.K. Chen, J. Liao, M.S. Li, B.L. Khoo, Urine biopsy technologies: cancer and 
beyond, Theranostics 10 (17) (2020) 7872–7888, https://doi.org/10.7150/ 
thno.44634. 

[89] C. Grupp, H. John, U. Hemprich, A. Singer, U. Munzel, G.A. Müller, Identification 
of nucleated cells in urine using lectin staining, Am. J. Kidney Dis. 37 (1) (2001) 
84–93, https://doi.org/10.1053/ajkd.2001.20592. 

Y.-T. Song et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.biomaterials.2010.10.006
https://doi.org/10.1016/j.biomaterials.2010.10.006
https://doi.org/10.1007/s10616-013-9663-2
https://doi.org/10.1007/s10616-013-9663-2
https://doi.org/10.1016/j.transproceed.2014.03.003
https://doi.org/10.1016/j.transproceed.2014.03.003
https://doi.org/10.1111/cpr.12130
https://doi.org/10.1111/j.1537-2995.2008.01926.x
https://doi.org/10.1111/j.1537-2995.2008.01926.x
https://doi.org/10.1182/blood.v98.8.2396
https://doi.org/10.1182/blood.v98.8.2396
https://doi.org/10.1097/00007890-200008270-00019
https://doi.org/10.1097/00007890-200008270-00019
https://doi.org/10.3390/ijms15046096
https://doi.org/10.3390/ijms15046096
https://doi.org/10.3892/mmr.2015.3854
https://doi.org/10.3892/mmr.2015.3854
https://doi.org/10.1080/09205063.2017.1291296
https://doi.org/10.1080/09205063.2017.1291296
https://doi.org/10.1177/0885328218811390
https://doi.org/10.1177/0885328218811390
https://doi.org/10.3892/mmr.2016.5339
https://doi.org/10.1371/journal.pone.0226390
https://doi.org/10.1371/journal.pone.0226390
https://doi.org/10.1186/ar4520
https://doi.org/10.1186/scrt55
https://doi.org/10.3346/jkms.2015.30.12.1754
https://doi.org/10.3346/jkms.2015.30.12.1754
https://doi.org/10.1186/s13287-017-0547-9
https://doi.org/10.7150/thno.44634
https://doi.org/10.7150/thno.44634
https://doi.org/10.1053/ajkd.2001.20592

	Application of antibody-conjugated small intestine submucosa to capture urine-derived stem cells for bladder repair in a ra ...
	1 Introduction
	2 Materials and methods
	2.1 Preparation of antibody-conjugated SIS
	2.2 Assessment of CD29 antibody crosslinking
	2.3 Morphological analysis
	2.4 Measurement of contact angle
	2.5 Measurement of mechanical properties
	2.6 Primary culture of the USCs and flow cytometry analysis
	2.7 Differentiation induction of the USCs
	2.8 Effect of CD29 antibody on cell proliferation
	2.9 USCs captured by the AC-SIS in vitro
	2.10 Biocompatibility of the SIS and AC-SIS
	2.11 Animal experiments
	2.12 Histological and immunofluorescence analyses
	2.13 Statistical analysis

	3 Results
	3.1 Preparation and basic characteristics of the AC-SIS
	3.2 Characterization and identification of the USCs
	3.3 Ability of the AC-SIS for capturing the USCs in vitro
	3.4 Macroscopic observation and histological analysis of the rabbit bladder repair
	3.5 Immunofluorescence observation for the repair of rabbit bladder

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


