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Abstract

Background: The goal of this study was to explore the feasibility of utilizing human umbilical mesenchymal stem cells
(HUMSCs)-seeded Bladder acellular matrix graft (BAMG) for bladder reconstruction in a canine model.

Methodology/Principal Findings: HUMSCs were isolated from newborn umbilical cords and identified by flow cytometry.
Partial cystectomy was performed in the experimental and control group. Bladder defects were repaired with HUMSCs-
BAMG in the experimental group and repaired with unseeded-BAMG in control group. The implanted grafts were harvested
after surgery. H&E and immunohistochemistry staining were performed to evaluate the regeneration of the bladder defect.
Primary cultured HUMSCs displayed typical fibroblast morphology with spindle-shaped. Flow cytometry indicated that
these cells were positive for CD105 (97.3%) and CD44 (99%), but negative for CD34 (2.8%), CD31 (2.1%), and CD45 (1.7%).
Immunohistochemistry staining showed that a multilayered urothelium and well-developed smooth muscle were observed
at 12 weeks in experiment group. In contrast, multilayered urothelial tissues were also observed at 12 weeks in group B, but
well-developed smooth muscle bundles were observed.

Conclusions/Significance: Our preliminary results demonstrate that UMSC-seeded BAMGs are superior to unseeded BAMGs
to promote the regeneration of bladder defects. Our findings indicated that HUMSCs may be a potential cell source for
bladder tissue engineering.
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Introduction

The repair of bladder defects caused by trauma or tumors is

often problematic and poses a serious challenge for urological

surgeons [1]. The development of tissue engineering techniques

will bring new opportunities for bladder reconstruction [2]. These

techniques involve seeding biomaterial scaffolds with appropriate

cells in the laboratory and implanting them in vivo to repair or

regenerate damaged tissue [3].

Certain studies have reported that transplantation of biomate-

rial seeded with autologous urothelial and smooth muscle cells

could allow for the regeneration of a functional bladder in several

animal models [4–6]. However, the use of autologous cells from

patients with invasive bladder cancer or neurogenic bladders may

eventually result in the reoccurrence of a diseased bladder state

and a decline in urodynamic function during treatment [7].

Therefore, identifying a suitable cell source is a major challenge

for cell therapy and tissue engineering. In addition to fulfilling the

function of the reconstructed tissue, low immunogenicity is needed

for clinical applications. Among the various types of cell sources,

mesenchymal stem cells (MSCs) have drawn attention because

they are characterized as undifferentiated cells, they are able to

self-renew with a high proliferative capacity, and they possess a

mesodermal differentiation potential [8,9]. Currently, autologous

adult MSCs, which can be easily harvested from various tissues

such as bone marrow [10], adipose tissue [11] and muscle tissue

[12], have been the main source of MSCs. However, the use of

autologous adult MSCs is not always acceptable due to the high

degree of viral exposure and the significant decrease in the cell

number and the proliferative/differentiation capacity with in-

creasing age [13,14].Moreover, adult MSCs require painful

invasive harvest; numbers are limited and their stem properties

do not last for too long in vitro. Because of the disadvantages

associated with autologous adult MSCs, it is essential to find an

alternative source of MSCs.

In 2003, Mitchell et al. [15] reported the successful isolation of

MSCs from porcine and human umbilical cord tissue by explant

culture. Umbilical mesenchymal stem cells (UMSCs) can also be

differentiated into adipocytes, osteoblasts and smooth muscle cells
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[16–18]. Umbilical cords can be collected at a low cost and

provide an inexhaustible source of stem cells. Substantial numbers

of UMSCs can be harvested within several passages without the

need for long-term culture and extensive expansion ex vivo [19].

Moreover, the harvesting procedure of UMSCs is not invasive or

painful, there is no donor site morbidity, and there is no ethical

controversy related to the harvest of the resident stem cells. More

interestingly, preliminary studies have shown that UMSCs do not

express MHC II molecules, and the expression of MHC I

molecules is also low [20]. Furthermore, MSCs, which may have

immunosuppressive and immunomodulatory effects, evoke only

minimal immune reactivity [21–23]. Clinically, the immunomod-

ulatory properties of MSCs can be used to enhance engraftment

and to reduce the incidence of graft versus host disease (GvHD)

after transplantation [24]. Therefore, UMSCs may become an

ideal source of allogeneic cell transplantation.

The bladder acellular matrix grafts (BAMG) is collagen-based

xenogenetic biomaterial [25]. After a series of physical and

chemical processes, the cells and antigens of the bladder can be

eliminated, while their framework can be partly or completely

retained. Therefore, BAMGs have good biocompatibility and

reasonable mechanical strength, but they are associated with little

or no immune rejection. Previous investigations have demonstrat-

ed the feasibility of using BAMGs for bladder reconstruction

[25,26].

In the present study, we isolated and cultured HUMSCs in vitro

and seeded them onto BAMGs to repair bladder defects in a

canine model. Our study allowed for us to assess the feasibility of

using HUMSCs-seeded BAMGs for bladder reconstruction and

explore alternative cell sources for tissue engineering.

Materials and Methods

Ethics Statement
This study was performed with the approval of the institutional

Animal Care and Use Committee of West China Hospital,

Sichuan University. All of the experimental procedures were

conducted according to local guidelines on the ethical use of

animals and the National Institutes of Health ‘‘Guide for the Care

and Use of Laboratory Animals’’ (NIH publication No. 80–23,

revised 1996). Approval from the Institutional Review Board and

the Ethics Committees of the West China Hospital was obtained

for the collection of umbilical cords from human participants after

obtaining written informed consent of participant’s guardian.

Experimental animals
35 adult beagle dogs weighing 10–15 kg were used in this study.

Ten of these dogs were sacrificed to prepare the BAMGs. The

remaining 25 dogs were divided into a sham group (5 animals) that

did not undergo resection of the anterior aspect of the bladder, a

control group (10 animals) that received unseeded BAMGs to

repair a bladder defect and an experiment group (10 animals) that

received UMSC-seeded BAMGs to repair a bladder defect.

Bladder acellular matrix graft (BAMG) preparation
Fresh bladders were obtained from the sacrificed dogs, and the

BAMGs were processed as described previously [27]. The mucosa

of the bladders were manually removed and washed in distilled

water in a stirring flask (200 rpm) for 2 days at 4uC, followed by

treatment with 0.03% trypsin for 1 h. The bladder matrix was

soaked for 3 days at 4uC in 0.5% Triton X-100 (Sigma) and 0.05%

ammonium hydroxide. Lastly, the resultant matrix was disinfected

using 0.1% PAA in 20% ethanol for 2 h, rinsed three times with

sterile distilled water for 10 min and stored in 10% gentamycin

sulfate at 4uC until use. The structural characteristics of the

BAMGs were examined using hematoxylin and eosin (H&E)

staining and scanning electron microscopy (SEM) to confirm the

effectiveness of the preparation procedure.

Isolation and culture of HUMSCs
Approval from the Institutional Review Board of the West

China Hospital was obtained for the collection of umbilical cords

from ten human subjects after obtaining informed patient consent.

The umbilical cords were obtained after full-term births and

placed in Hank’s Balanced Salt Solution (HBSS, Gibco) before

harvesting the HUMSCs. After disinfection in 75% ethanol, the

umbilical cord vessels were cleared off, the remaining mesenchy-

mal tissue (in Wharton’s jelly) was diced into cubes of approxi-

mately 0.5 cm3 in Dulbecco’s Modified Eagle’s Medium (DMEM;

low glucose) and then transferred into 25-cm2 flasks in a 37uC
incubator at 5% CO2. These Wharton’s jelly tissues were

completely immersed in DMEM-LG supplemented with 10%

fetal bovine serum (FBS) to allow for the cells to migrate and

attach to the plastic surface. The medium was changed every 3

days until the plastic-adherent cells reached near confluence.

Then, the cells were passaged with trypsin-EDTA.

Flow cytometric analysis of HUMSCs
Third-passage HUMSCs were trypsinized and spun by centri-

fugation for 3 min at 1200 rpm. The pellet was resuspended in

50 ml phosphate-buffered saline (PBS) and incubated at 4uC for 30

min with the following cell-specific antibodies conjugated with

fluorescein isothiocyanate (FITC) or phycoerythrin (PE): CD105,

CD44, CD34, CD45 and CD31 (BD Biosciences Franklin Lakes,

NJ, USA) in the dark. The labeled cells were washed twice with

1 ml PBS, resuspended with PBS, diluted in 200 ml PBS and then

analyzed with a FACScan flow cytometer (Beckman Coulter Epics

XL, Miami, FL).

Seeding the HUMSCs onto the BAMGs
Before cell seeding, the BAMG sheet was cut into fragments of

approximately 262 cm. For the control group, the BAMGs were

incubated in DMEM-LG+10% FBS without HUMSCs prior to

implantation. For the experiment group, the prepared HUMSCs

were seeded on the BAMGs. Third-passage HUMSCs were

seeded onto the outside of the BAMG at a concentration of

106106 cells per square centimeter in a flask filled with DMEM-

LG+10% FBS at 37uC in 5% CO2 and 95% humidity for 10 days

prior to implantation. The medium was changed daily for 24 h.

The HUMSCs -seeded BAMGs were examined using SEM.

Bladder reconstruction
Under anesthesia, a 7-cm lower midline incision was made in

the abdomen of each dog. Once the dome of the bladder was

exposed, the anterior aspect of the bladder (40% of the bladder)

was resected with electrocautery. In the sham group, the anterior

aspect of the bladder was not resected. In the control group, the

unseeded BAMG was sutured as a patch onto the dome of the

bladder using running 5–0 Vicryl sutures in 10 dogs. Prolene

marking sutures were placed at the three, six, nine and 12 o’clock

positions to rule out variation in the tissue harvest. The graft was

covered with omentum to improve tissue vascularization. In the

experiment group, the HUMSCs-seeded BAMGs were sutured in

the remaining 10 dogs using the same method and the cell-seeded

side of scaffold faces to the bladder lumen during the surgery. The

bladder was tested for leakage by instillation of saline solution.

When anastomosis was satisfactory, the fascia, subcutaneous tissue
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and skin were closed with absorbable sutures. An 8 F catheter was

used and maintained for 7 days for postoperative bladder

drainage. All of the animals were treated with intramuscular

Gentamycin (5 mg/kg) after surgery for 7 days.

Histopathological examination and
Immunohistochemistry

The animals in each group were divided over five time points

and killed at 1, 2, 4, 8 and 12 weeks post-implantation. After

euthanization, Bladder tissue specimens were isolated immediately

following euthanasia and fixed in 10% neutral buffered formalin,

dehydrated through an alcohol gradient, cleared, paraffin-embed-

ded blocks and sectioned (8 mm). H&E staining was also performed

according to a standard protocol to evaluate regeneration of the

bladder. To identify urothelial and smooth muscle cell differen-

tiation of the HUMSCs-seeded BAMG scaffolds in vivo; the tissue

graft samples were analyzed by immunohistochemistry staining.

The urothelial cell layers were identified using a cytokeratin (AE1/

AE3) monoclonal antibody (Sigma, St. Louis, MO), and smooth

muscle cells in the regenerating bladder were identified using ana-

smooth muscle actin (a-SMA) monoclonal antibody (Sigma, St.

Louis, MO).

Results

Morphological Features and Identification of cultured
HUMSCs

After 3 days in culture, the cells had migrated out of the

Wharton’s jelly tissues, and the nonadherent cells were rinsed from

the culture flask (Fig 1A). When the adherent cells reached 80%

confluence at 7 days and were passaged with trypsin-EDTA, the

passaged cells displayed typical fibroblast morphology, with a

spindle shape after incubation for 2 days, and they proliferated

rapidly (Fig 1B). Flow cytometry showed that the adherent cells

were positive for CD105 (97.3%) and CD44 (99%), but negative

for CD34 (2.8%), CD31 (2.1%) and CD45 (1.7%), which was

similar to the previous reports and indicated that these cells were

mesenchymal stem cells from human umbilical cord tissue (Fig 2).

The Character of BAMGs and Scaffold Seeding
After processing, the BAMG appeared as a white, semitrans-

parent film and the thickness is about 0.3–0.5 cm. The structure of

the BAMG was an intact, reticular fibrous collagen framework

without cells or cell fragments, as evidenced by H&E, Masson

trichrome staining and SEM (Fig 3). After seeding, the BAMGs

were maintained for 10 days to allow for cell adhesion. Prior to

implantation, a 0.5-cm piece of each seeded BAMG was removed

for testing to ensure enough seeding of the cells by SEM. SEM

showed numerous HUMSCs migrated and proliferated actively in

the three-dimensional fashion of BAMG at five days and

overspread the surface of BAMG at 10 days (Fig 4).

Surgical Outcomes and Histological Evaluation
All of the dogs recovered well after the surgery and survived

until euthanized. No significant postoperative complications, such

as infection and urinary leakage, were encountered in each group

and all of the dogs voided spontaneously after the removal of their

catheters.

Gross inspection showed that mild adhesions with the

perivesical tissue were present in all of the animals. In three

groups, the grafts could be distinguished from the host bladder

before two weeks. After four weeks, the grafts were covered by soft,

vascularized connective tissue and the graft borders could not be

identified easily. There were no stones, tumors or diverticulum

formations in any of the animals.

All of the retrieved bladder tissues were studied by routine

histological evaluation and immunohistochemistry. A moderate

inflammatory response was observed with granulocyte and

macrophage infiltration around the graft site at one week after

implantation in the control group and the experiment group. In

the experiment group, the regeneration of new urothelial tissue

could be observed at the periphery of the graft at two weeks. At

four weeks, the luminal surface of the graft was covered with

urothelium and muscle cells. We also observed a decrease in the

inflammatory response and an increase in the number of blood

vessels. At eight weeks, a multilayered urothelium covered the

entire graft with visible neovascularization and organized smooth

muscle bundles. At 12 weeks, complete layers of transitional

epithelium and well-developed smooth muscle were formed.

However, urothelium regeneration was observed at 4 weeks in

the control group. At 12 weeks, the smooth muscle cells on the

graft were organized, but they still did not form well-developed

smooth muscle bundles. Immunohistochemical staining showed

that the urothelium cells were stained positively with a cytokeratin

Figure 1. Morphology of HUMSCs. A the adherent cells the cells had migrated out of umbilical cord at 3 days in primate
culture.(magnification640) B the first passage cells displayed typical fibroblast morphology with a spindle-shape after incubation for 2 days.
(magnification6100).
doi:10.1371/journal.pone.0080959.g001
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(AE1/AE3) antibody, and the smooth muscle cells were stained

positively with a a-SMA antibody. (Fig 5)

Discussion

Conventional bladder reconstruction, which generally uses

autologous gastrointestinal tissue tissue, is associated with several

complications, such as perforation, infection, metabolic distur-

bance, excessive mucus production and malignant transformation

[28,29]. Over the past years, different approaches have been

developed in attempt to overcome the problems associated with

traditional bladder reconstruction. The development of tissue

engineering techniques will offer a potential alternative and bring

new hope for bladder reconstruction [2,30].

Numerous investigators have also studied the functional

regeneration of bladder and urethra defects with cell-seeded

biodegradable materials and indicate that a cell-seeded scaffold

can contribute to successful repair of bladder and urethral defects.

Sharma AK et al. [31] explored the regenerative capacity of bone

marrow derived mesenchymal stem cells (BMSCs) seeded on small

intestinal submucosa (SIS) in a baboon model and showed that the

BMSCs exhibited a typical bladder architecture by Trichrome

staining. Quantitative morphometry analyses revealed muscle-to-

collagen ratios of approximately 32% and 52% in the unseeded

versus seeded animals, respectively. Simple cytometry indicated

that the bladder had a greater capacity to recover in animals

treated with BMSC-seeded SIS than animals treated with

unseeded SIS. Zhu WD et al. [26] reported that BAMGs seeded

with adipose-derived stem cells could promote regeneration of

smooth muscle, urothelium and nervous tissue in a rabbit model.

The study showed that cell-seeded BAMGs were more suitable for

bladder reconstruction than unseeded BAMGs. Orabi H et al.

[32] reported that BAMGs combined with autologous cells

resulted in the development of normal-appearing urethral tissue

layers over time and can be used to repair long urethral defects,

whereas scaffolds without cells lead to poor tissue development and

strictures. These studies have shown the feasibility and effective-

ness of using cell-seeded biodegradable materials to repair bladder

defects in several animal models.

In the present study, HUMSCs were successfully isolated and

cultivated. The isolated cells formed a morphologically homoge-

neous population of fibroblast-like cells. Flow cytometric analysis

showed that the HUMSCs were positive for CD105 and CD44,

but negative for CD34, CD31 and CD45, which is consistent with

previous reports [33,34] and suggests that these cells have a

mesenchymal origin. We then tested the feasibility of using

HUMSCs-seeded BAMGs to repair bladder defects in a canine

model. A multilayered urothelium and well-developed smooth

muscle were observed at 12 weeks in experiment group. In

contrast, multilayered urothelial tissues were also observed at 12

weeks in control group, but well-developed smooth muscle bundles

were observed. Therefore, our study showed that UMSC-seeded

BAMGs provide better support for the formation of complete

layers of urothelium as well as the regeneration of smooth muscle

compared with unseeded BAMGs, indicating that HUMSCs can

contribute to improving the regenerative capacity of tissue-

engineered bladder.

Recently, a variety of synthetic and organic matrices used to

reconstruct damaged bladders in animal models have been

reported [31,35–38]. In the present study, we selected BAMG as

a biomaterial to reconstruct the bladder. BAMG is derived from

bladder tissue, and as an acellular extracellular matrix, BAMG

Figure 2. Flow cytometric analysis showing the immunophenotype of the second passage HUMSCs. The cells were positive for CD105
(97.3%) and CD44 (99%), but negative for CD34 (2.8%), CD31 (2.1%), and CD45 (1.7%).
doi:10.1371/journal.pone.0080959.g002

Figure 3. Micrographs of BAMG. A and B Photomicrograph of the BAMG stained with H&E and Masson trichrome stain (magnification6100). H&E
and Masson trichrome staining showed no presence of cells after the decellularization process. C SEM micrograph of the BAMG showing reticular
fibrous framework without residues of cells or cell fragments (magnification65000).
doi:10.1371/journal.pone.0080959.g003
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contains collagen, glycosamino-glycans, glycoproteins and many

types of cytokines, such as FGF, TGF-b, BMP-4 and VEGF, that

induce the attachment, proliferation and differentiation of cells

and promote angiogenesis [27]. Our previous studies indicated

that BAMG consists mainly of collagen fibers, and it has good

biocompatibility without cytotoxicity [39]. We therefore selected

BAMG as a biomaterial for bladder reconstruction.

However, the mechanism of tissue-engineered bladder regen-

eration based on MSCs is unknown, and the role of HUMSCs in

bladder regeneration has not been elucidated. The observed

Figure 4. HUMSCs cultured on BAMG. A SEM showed HUMSCs migrated and proliferated actively in the three-dimensional fashion of BAMG
(magnification62400) at five days. B SEM showed HUMSCs overspread the surface of BAMG at 10 days (magnification61200).
doi:10.1371/journal.pone.0080959.g004

Figure 5. Histologic analysis of reconstructed bladder at 12 weeks after implantation. (A, E and I) Hematoxylin–eosin stain
(magnification6200); (B, F and J) Masson trichrome stain (magnification6200); (C, G and K) immunohistochemistry staining showed the smooth
muscle cells to stain positively with a-SMA antibody (magnification6200); (D, H and L) immunohistochemistry staining showed the urothelium cell to
stain positively with cytokeratin (AE1/AE3) antibody (magnification6200).
doi:10.1371/journal.pone.0080959.g005

HUMSCs for Reconstruction of Bladder Defects

PLOS ONE | www.plosone.org 5 November 2013 | Volume 8 | Issue 11 | e80959



regeneration may be attributed to migration of the native bladder

cells, or the implanted HUMSCs may differentiate into smooth

muscle cells and urothelium in bladder microenvironment.

Our study only assessed the short-term effects of the use of a

biomaterial scaffold. Long-term studies are needed to evaluate the

functional effects of the biomaterial scaffold for bladder recon-

struction. Additionally, further research should be performed to

explore whether HUMSCs are superior to the other MSCs for

regeneration of the bladder.

Conclusion

Our preliminary results demonstrate that HUMSCs-seeded

BAMGs are superior to unseeded BAMGs to promote the

regeneration of bladder defects. Our findings indicated that

HUMSCs may be a potential cell source for bladder tissue

engineering.
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