
© 2016 Yudintceva et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2016:11 4521–4533

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
4521

O r I g I N a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/IJN.S111656

experimental bladder regeneration using a 
poly-l-lactide/silk fibroin scaffold seeded with 
nanoparticle-labeled allogenic bone marrow 
stromal cells

Natalia M Yudintceva,1 Yulia 
A Nashchekina,1,2 Miralda I 
Blinova,1 Nadezhda V Orlova,3 
alexandr N Muraviov,3 Tatiana 
I Vinogradova,3 Magomed g 
Sheykhov,3 Elena Y Shapkova,3 
Dmitriy V Emeljannikov,3 
Petr K Yablonskii,3,4 Igor a 
samusenko,5 anastasiya l 
Mikhrina,6 Artem V Pakhomov,7 
Maxim A Shevtsov1,7,8

1Department of cell culture, Institute 
of Cytology of the Russian Academy of 
sciences (ras), 2Nanotechnology and 
Telecommunications, Institute of Physics, 
Peter the Great St Petersburg Polytechnic 
University, 3Department of Urology, 
Federal state Institution saint Petersburg 
Research Institute of Phthisiopulmonology, 
Ministry of Health of Russia, 4Faculty of 
Medicine, Federal state Budgetary Institute, 
5Department of Pathology, Federal State 
Budgetary Institute “Nikiforov russian 
centre of emergency and radiation 
Medicine” of the Ministry of Health of 
russia, 6Department of Pathomorphology, 
I.M. Sechenov Institute of Evolutionary 
Physiology and Biochemistry of the Russian 
academy of science, 7Department of 
Radiology, Federal Almazov North-West 
Medical Research Center, 8Department 
of experimental Medicine, First I.P. Pavlov 
state Medical University of st Petersburg, 
st Petersburg, russia

Abstract: In the present study, a poly-l-lactide/silk fibroin (PL-SF) bilayer scaffold seeded 

with allogenic bone marrow stromal cells (BMSCs) was investigated as a potential approach 

for bladder tissue engineering in a model of partial bladder wall cystectomy in rabbits. The 

inner porous layer of the scaffold produced from silk fibroin was designed to promote cell pro-

liferation and the outer layer produced from poly-l-lactic acid to serve as a waterproof barrier. 

To compare the feasibility and efficacy of BMSC application in the reconstruction of bladder 

defects, 12 adult male rabbits were divided into experimental and control groups (six animals 

each) that received a scaffold seeded with BMSCs or an acellular one, respectively. For BMSC 

tracking in the graft in in vivo studies using magnetic resonance imaging, cells were labeled 

with superparamagnetic iron oxide nanoparticles. In vitro studies demonstrated high intracel-

lular incorporation of nanoparticles and the absence of a toxic influence on BMSC viability and 

proliferation. Following implantation of the graft with BMSCs into the bladder, we observed 

integration of the scaffold with surrounding bladder tissues (as detected by magnetic resonance 

imaging). During the follow-up period of 12 weeks, labeled BMSCs resided in the implanted 

scaffold. The functional activity of the reconstructed bladder was confirmed by electromyo-

graphy. Subsequent histological assay demonstrated enhanced biointegrative properties of the  

PL-SF scaffold with cells in comparison to the control graft, as related to complete regener-

ation of the smooth muscle and urothelium tissues in the implant. Confocal microscopy studies 

confirmed the presence of the superparamagnetic iron oxide nanoparticle-labeled BMSCs in 

newly formed bladder layers, thus indicating the role of stem cells in bladder regeneration. The 

results of this study demonstrate that application of a PL-SF scaffold seeded with allogenic 

BMSCs can enhance biointegration of the graft in vivo and support bladder tissue regeneration 

and function.

Keywords: bladder, bone marrow stromal cells, scaffold, superparamagnetic iron oxide nano-

particles, tissue engineering, stem cells

Introduction
Bladder reconstruction is still one of the greatest surgical challenges. Currently, 

augmentation cystoplasty using gastrointestinal segments is the most frequently applied 

method, which often leads to various complications including metabolic acidosis, 

urolithiasis, recurrent urinary tract infections, and tissue contracture.1,2 Furthermore, it 

was shown that the level of differentiation of the epithelial cells of the small intestine 

submucosa is low and they cannot functionally replace the urothelium in the case of 
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autoplasty of the bladder with the application of gastroin-

testinal tract fragments.3,4 Nongastrointestinal alternatives 

(eg, fascia, skin, omentum, placenta) used for bladder aug-

mentation also demonstrated a high risk of complications.1

Application of transplantable autologous urinary blad-

der neo-organs produced by tissue engineering clearly 

demonstrated the feasibility and efficacy of this method in 

reconstruction of the bladder.5 Subsequent clinical applica-

tion of autologous engineered bladder tissues reported by 

Atala further proved the efficacy of engineered tissues for 

cystoplasty.6 The significant limitation of the proposed tech-

nique is the availability of autologous tissues for engineering 

that are significantly reduced or pathologically changed in 

patients with various diseases including a contracted bladder 

due to tuberculosis, tumors, etc.7 A plausible approach for 

bladder regeneration could be based on the application of a 

scaffold seeded with allogenic cells. To date, decellularized 

natural (based on bladder or small intestine submucosa) and 

synthetic scaffolds have been proposed.8–10

Although natural scaffolds were shown to have a thera-

peutic efficacy, application of synthetic scaffolds is preferen-

tial due to the possibility of producing individualized forms 

with defined physicochemical characteristics.

An ideal biocompatible scaffold for bladder regeneration 

should maintain a three-dimensional structure with appropri-

ate mechanical properties (ie, strength, elasticity), tunable 

biodegradability and a waterproof barrier function.11 In the 

present study, we aimed to use a bilayer scaffold based on 

poly-l-lactide/silk fibroin (PL-SF) for bladder augmenta-

tion. The inner porous layer of the scaffold was designed 

to promote cell proliferation and the second outer layer to 

serve as a barrier to fluid penetration. The porous layer was 

produced from native silk fibroin (SF) fibers. SF is a unique 

natural fibrous protein that has a unique array of properties, 

including high structural strength and elasticity and diverse 

processing plasticity.12 Poly-l-lactide was applied due to its 

high hydrophobicity that could be employed for the produc-

tion of the outer waterproof layer of the scaffold.13,14

To increase the biocompatibility of the synthesized 

graft we applied bone marrow stromal cells (BMSCs) that 

were previously shown to enhance bladder regeneration.15,16 

BMSCs have immunosuppressive effects,17–19 high prolifera-

tive potential and the ability to differentiate into different 

tissue lines20–22 including cells of the urothelium.23–25

For stem cell tracking in the graft, BMSCs were labeled 

with superparamagnetic iron oxide nanoparticles (SPIONs) 

which, due to their superparamagnetic behavior, can be 

applied as contrast agents for magnetic resonance imaging 

(MRI).26,27 SPIONs have increased transverse relaxivity, r2, 

in comparison to paramagnetic gadolinium-based contrast 

agents, suggesting the possibility for cell imaging in a 

clinical MRI scanner. Previously, several studies reported 

the feasibility of the application of iron-labeled cells for 

in vivo tracking.28–30

The implanted scaffolds seeded with iron-labeled 

BMSCs were analyzed for biocompatibility and feasibility 

in bladder regeneration in a model of partial bladder wall 

cystectomy in New Zealand rabbits.

Materials and methods
Fabrication of the bilayer PL-SF scaffold
SF was obtained from silkworm Bombyx mori cocoons. 

Natural silk obtained from B. mori cocoons was boiled for 

1 hour in 0.03 M NaHCO
3
 and thoroughly rinsed with dis-

tilled water. Scaffolds were prepared by a particle-leaching 

method. The poly-l-lactic acid (η=0.49 dL/g) (Sigma-

Aldrich, Carlsbad, CA, USA) was dissolved in 2% (w/v) 

chloroform (Reachem, Moscow, Russia) at 20°C. NaCl 

particles (100–150 mm) were mixed with SF and then put 

into polytetrafluoroethylene wells (diameter, 18 mm; height, 

3 mm), then the polymer solution was added to the salt/SF 

mixture. Following overnight air drying, the same mixture of 

polymer solution was added to the surface of the synthesized 

composites. To remove the remaining solvent, composites 

were air-dried for 48 hours with subsequent vacuum dry-

ing for 24 hours. The resulting polymer/salt/SF composites 

were immersed for 24 hours in distilled water for desalting. 

The resulting scaffold consisted of two layers: 1) polymer/

salt/SF and 2) poly-l-lactide polymer. The scaffolds were 

sterilized using an ozone gas concentration of 200 ppm for 

120 minutes at a relative humidity of 80%. For analysis of 

the graft structure, samples were examined using scanning 

electron microscopy (SEM) (FE-SEM; JSM-6340F, JEOL, 

Tokyo, Japan).

Isolation of BMscs
Bone marrow from the femur of New Zealand rabbits was 

extruded by flushing with α-minimum essential medium 

(MEM) (Lonza, Allendale, NJ, USA) supplemented with 

10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 

100 U/mL penicillin (Sigma-Aldrich, WGK Germany), 

and 100 μg/mL streptomycin (Sigma-Aldrich, WGK 

Germany). The marrow plug suspension was dispersed 

by pipetting, filtered through a 70 μm mesh nylon filter 

(Becton Dickinson Biosciences, Bedford, MA, USA), and 

centrifuged at 400× g for 5 minutes. The pellet was resus-

pended in Red Blood Cell Lysis Solution (0.154 M NH
4
Cl, 

10 mM KHCO
3
, and 0.1 mM ethylenediaminetetraacetic 
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acid [EDTA]; Panreac, Barcelona, Spain) for 5 minutes 

and centrifuged at 400× g for 5 minutes. Cells (1×107) were 

seeded into 100 mm culture dishes (Nunc, Thermo Fisher 

Scientific, Waltham, MA, USA) and incubated at 37°C in a 

humidified 5% CO
2
/95% air atmosphere. Following 4 days 

of incubation, nonadherent cells were removed by replacing 

the medium. Thereafter, the medium was changed twice a 

week. At 80%–90% confluence, cells were harvested with 

0.05% trypsin–EDTA (Life Technologies, Carlsbad, CA, 

USA) for 3 minutes at 37°C. Before the experiments, cells 

were harvested in the log phase of growth and their viability 

was determined by 0.4% Trypan blue exclusion. The cells 

were used after three to five passages.

Synthesis and physicochemical 
characterization of the SPIONs
SPIONs were prepared from iron salt solutions by co-

precipitation in alkaline media at 80°C, according to Massart.31 

FeSO
4
 and FeCl

3
 at an Fe2+/Fe3+ ratio of 1:2 were dissolved 

in water with the addition of CsCl. Magnetite precipitation 

was induced by titration with an NH
4
OH solution in an inert 

atmosphere under vigorous stirring in a 100 mL reactor. The 

precipitate was collected by a permanent magnet. The magne-

tite suspension in water was treated by ultrasound at 22 kHz 

for 15 minutes. To prevent sedimentation, low molecular 

weight dextran (molecular weight: 10 kDa; Sigma-Aldrich 

Co., St Louis, MO, USA) was added to the dispersion during 

the process of ultrasound application. The prepared stock 

solutions of nanoparticles were washed and separated into 

fractions by centrifugation and microfiltration using 0.2 μm 

pore membranes (EMD Millipore, Billerica, MA, USA). The 

fine fraction of SPIONs was characterized and stored in water 

at 4°C prior to preparation of the conjugates. The Fe content 

in the suspension was controlled by the ultraviolet absorption 

of the thiocyanate–Fe3+ complex at λ=480 nm.

Labeling of the BMSCs with magnetic 
nanoparticles
cell viability and proliferation
Cells were incubated with phosphate-buffered saline 

(control) and SPIONs (at an Fe concentration of 150 μg/mL) 

for 1, 3, 12, and 24 hours in a CO
2
 incubator. Following 

incubation, cells were washed and viability was assessed 

by 0.4% Trypan blue exclusion. Additionally, the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay was used to test the cytotoxicity of the magnetic 

nanoparticles and cell proliferation. We applied a Vybrant® 

MTT Cell Proliferation Assay Kit according to the manu-

facturer’s protocol (Life Technologies).

confocal microscopy
Cells were seeded onto glass slides and harvested in α-MEM 

supplemented with 10% FBS, 2 mM of l-glutamine, 

100 units/mL of penicillin G, and 100 μg/mL of streptomycin 

(Life Technologies). For analysis of nanoparticle internaliza-

tion, cells were incubated with SPIONs (150 μg/mL) for 6, 

12, and 24 hours. Following co-incubation with nanoparticles, 

cells were extensively washed and fixed with 4% paraform-

aldehyde. The nuclei were stained with 4′,6-diamidino-

2-phenylindole (DAPI). Glasses were mounted in Dako 

fluorescence mounting medium (Dako North America Inc., 

Carpinteria, CA, USA). Assessment of the incorporation of 

magnetic nanoparticles into BMSCs was performed by con-

focal microscopy. For the analysis of magnetic nanoparticle 

incorporation, reflected laser scanning was applied. Fluores-

cent images were captured with a Leica TCS SP5 confocal 

system, equipped with lasers exciting at 488 nm (Ar/Kr) on a 

Leica DM IRBE microscope (Leica Microsystems, Wetzlar, 

Germany). For evaluation of the localization of nanopar-

ticles, single Z-planes were analyzed with Leica confocal 

software (LCS Lite; Leica Microsystems) and ImageJ 1.37 

(Wright Cell Imaging Facility, Toronto, ON, Canada). Image 

presentation, size, and contrast were adjusted with Pho-

toshop 7.0 software (Adobe Systems Incorporated, San Jose, 

CA, USA).

Seeding the PL-SF scaffolds with BMSCs
PL-SF scaffolds were co-incubated with BMSCs (PL-SF[+]) 

(2×106) in collagen type I gel (2 mg/mL) at 37°C in a humidi-

fied 5% CO
2
/95% air atmosphere for 30 minutes. Following 

polymerization of collagen gel, scaffolds were harvested in 

α-MEM medium supplemented with 10% FBS, 2 mM of 

l-glutamine, 100 units/mL of penicillin G and 100 μg/mL 

of streptomycin (Life Technologies) in a CO
2
 incubator for 

3–5 days. PL-SF scaffolds filled with collagen gel containing 

no BMSCs (PL-SF[-]) were used as a control. Following 

incubation for 24 and 48 hours, cells were recovered from 

the scaffolds, washed and viability was assessed by 0.4% 

Trypan blue exclusion. The MTT assay was used to test the 

cytotoxicity of the scaffold and cell proliferation. We applied 

a Vybrant MTT Cell Proliferation Assay Kit according to the 

manufacturer’s protocol (Life Technologies).

Surgical technique
New Zealand rabbits weighing 3–3.5 kg were obtained from 

the Rappolovo Laboratory Animal Nursery of the Russian 

Academy of Medical Sciences (St Petersburg, Russia). 

Animals were housed in cages under pathogen-free conditions, 

controlled temperature and humidity, and a 12 hours light–dark 
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cycle, with food and water ad libitum. For anesthesia, intrave-

nous injection of a ketamine (10–50 mg/kg) and xylazine (1–3 

mg/kg) mixture was applied. A light sedative agent, fentanyl/

droperidol (0.2 mg/kg), was administered intramuscularly 

prior to anesthesia to avoid stress in the rabbit. The bladder 

wall was dissected and a partial cystectomy (10×10 mm2) was 

performed for further implantation of the PL-SF scaffold. The 

graft was placed on the bladder wall defect and sutured with 

6.0 Vicryl stitches, then the bladder was filled with normal 

saline to check leakage from the suture line. The bladder was 

covered with a perivisceral fat layer to provide vascularization. 

In the postoperative period all animals were given one intra-

muscular injection of 300,000 EU of the antibiotic bicillin-3 

(benzathine benzylpenicillin) (Sintez, Moscow, Russia) every 

3 days (a total of four injections). In this study, the animals 

were divided into two groups as follows (six animals each): 

1) a control group with a PL-SF graft filled with collagen gel 

and without cells and 2) an experimental group with a PL-SF 

scaffold seeded with iron-labeled BMSCs. The follow-up 

period constituted two time points of 8 and 12 weeks, after 

which three animals from each group were sacrificed and their 

bladder extracted and analyzed in histological and immuno-

fluorescence assays. Before being euthanized, cystography 

and urodynamic analysis were performed.

All animal-handing procedures were performed according 

to the Guide for the Care and Use of Laboratory Animals of 

the Saint-Petersburg Scientific Research Institute of Phthisio-

pulmonology, Russian Ministry of Health Care and followed 

the guidelines of the Animal Welfare Protocol No 25, 10.28.  

All animal experiments were approved by the ethical com-

mittee of the Saint Petersburg Scientific Research Institute of 

Phthisiopulmonology, Russian Ministry of Health Care.

Functional and eMg study of 
reconstructed urinary bladder
The functional activity of the urinary bladder was tested 

by filling with saline under EMG control. Activity of the 

intact part of the bladder and the wall reconstructed with 

scaffold-based mesenchymal stromal cells was monitored 

synchronously using a disposable subdermal stainless elec-

troencephalogram needle (length 12 mm; diameter 0.40 mm) 

(Viasys, Santa Monica, CA, USA). The detrusor was stimu-

lated by slow filling with 25 mL of physiological saline at 

24°C. Two pairs of electrodes were placed within the wall 

of the bladder at both intact and reconstructed parts.

Magnetic resonance imaging
MRI scans were performed on a 3.0 T whole-body scan-

ner (Siemens, Munich, Germany). The rabbit position was 

supine. To obtain axial T2-weighted images we applied a 

turbo spin-echo sequence (TR 4,800 ms; TE 90 ms; slice 

thickness 1 mm, FoV 60×100 mm2, and matrix size 256×256 

pixel). For detection of SPION-labeled BMSCs in the PL-SF 

scaffold, follow-up serial T2*-weighted gradient echo imag-

ing was performed at 4, 8, and 12 weeks.

histological analysis
At the designated time point, animals were euthanized by 

CO
2
 asphyxiation, bladders were extracted and fixed in 10% 

formalin. Paraffin sections of 3–5 mm were stained with 

hematoxylin and eosin (H&E) or Van Gieson’s stain. The 

thickness of the urothelium and thickness of the submucous, 

muscular, and external connective-tissue shell of the bladder 

were measured by a morphometric study. Additionally, the 

quantity of microvessels was assessed. All samples were 

analyzed for infiltration with neutrophils, macrophages, and 

lymphocytes using a Leica DM LS photo-optical microscope 

equipped with a Leica DC320 camera.

For the detection of iron-labeled BMSCs in the graft, the 

extracted samples were embedded in Tissue-Tek® (Sakura 

Finetek Europe BV, Alphen an den Rijn, the Netherlands) and 

stored at -80°C. Sections (5–7 μm thick) prepared from these 

blocks were mounted on Superfrost™ Plus slides (Thermo 

Fisher Scientific) and used for the detection of cells with 

magnetic conjugates through confocal microscopy. Sections 

were additionally stained with DAPI. Fluorescence images 

were obtained using a Leica TCS SP5 confocal system (Leica 

Microsystems). SPIONs were detected by reflected laser 

scanning with laser excitation at 504 nm (Ar/Kr). Nuclei 

were detected using a diode laser (405 nm).

statistical analysis
One- or two-tailed Student’s t-tests were used to evaluate the 

differences between the control and experimental groups. 

All data were run using Statistica Version 9.2 for Windows 

(StatSoft, Inc, Tulsa, OK, USA). P-values of 0.05 were 

considered statistically significant for all tests.

Results
Development of the PL-SF scaffold 
seeded with iron-labeled BMSCs
For reconstruction of the bladder wall defect we synthesized 

bilayered PL-SF scaffolds with a thickness of 2.0 mm and 

diameter of 22 mm (Figure 1A). SEM analysis demonstrated 

that the first layer of the scaffold consisted of parallel-

oriented silk fibers and the second outer layer was more 

compact and consisted of only a poly-l-lactic acid polymer 

(Figure 1B). The high porosity structure of the inner layer 
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contributes to cell migration inside the membrane and the 

free flow of nutrients in the depth of the scaffold. Poly-l-

lactic acids of the outer hydrophobic layer consisted of a 

porous structure (pore diameter 250–300 μm) with a system 

of interconnected spherical pores. Deformation-strength 

properties of silk fibers before and after treatment were 

investigated using an Instron 5,943 universal tensile machine 

(Instron, High Wycombe, UK). On the basis of the stretch-

ing chart, strength (σp, MPa), elongation at break (εp, %), 

and modulus of rigidity (E0, GPa) for the two-layer scaffold 

were determined. The strength of the obtained sample was 

0.00780 MPa, elongation at break 19.14004%, and modulus 

of rigidity 0.55649 GPa. Following seeding of the scaffold 

with BMSCs, SEM images clearly demonstrated that stem 

cells had normal morphology on the surface of the graft 

and formed multilayers throughout the bilayer scaffold 

(Figure 1C). The cytotoxicity assays clearly demonstrated 

that there was no toxicity of the scaffold after co-incubation 

with BMSCs for 48 hours. Prior to labeling the stem cells 

with superparamagnetic nanoparticles, we investigated the 

toxic effects of SPIONs on the cells, and analyzed BMSC 

proliferative activity. We did not observe any influence of 

the nanoparticles on the viability of cells at a concentration of 

150 μg/mL and co-incubation for 24 hours. Viability, accord-

ing to the Trypan blue exclusion assay, did not differ for all 

periods of incubation (ie, 1, 3, 12, and 24 hours) with SPIONs 

and was not different from the control cells (P0.05). The 

standard MTT assay did not reveal any influence of SPIONs 

on cell proliferation, which did not differ from the control 

(Figure S1). Confocal microscopy imaging of the BMSCs 

incubated with nanoparticles demonstrated that after 6 hours 

there was internalization of the SPIONs into the stem cells 

(Figure 2). Nanoparticles presented as red dots in the cyto-

plasm of the cells surrounding but not penetrating the nucleus. 

The highest level of SPION accumulation was observed after 

24 hours of incubation (Figure 2). For seeding the PL-SF 

Figure 1 Pl-sF bilayer scaffold.
Notes: (A) Macrophoto of the PL-SF scaffold. Scale bar, 1 cm. (B) SEM of the cross section of the acellular PL-SF scaffold. Scale bar, 1,000 μm. (C) SEM of the PL-SF scaffold 
co-incubated with BMSCs for 24 h. Scale bar, 10 μm.
Abbreviations: BMscs, bone marrow stromal cells; Pl-sF, poly-l-lactide/silk fibroin; SEM, scanning electron microscopy.

Figure 2 assessment of sPION internalization by BMscs.
Notes: Confocal microscopy images of BMSCs co-incubated with SPIONs (150 μg/mL) for 6 and 24 h. Nuclei were stained with DAPI (blue) and detected using a diode 
laser (405 nm). Magnetic nanoparticles were detected by reflected laser scanning at 488 nm (red). Scale bar, 100 μm. Inset pictures show magnified images of the control 
and cells treated with SPIONs. Magnification, ×40.
Abbreviations: BMscs, bone marrow stromal cells; DaPI, 4′,6-diamidino-2-phenylindole; SPIONs, superparamagnetic iron oxide nanoparticles; h, hours.
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scaffold with iron-labeled cells, the latter were embedded 

into a gel based on type I collagen after co-incubation with 

SPIONs for 24 hours (at an Fe concentration of 150 μg/mL). 

PL-SF scaffolds were co-incubated with BMSCs (2×106) in 

collagen type I gel for 30 minutes. Following polymerization 

of collagen gel, scaffolds were incubated in a CO
2
 incubator 

for 3–5 days.

Reconstruction of the bladder wall defect 
with the PL-SF graft
Following bladder exposure, partial cystectomy was per-

formed in 12 rabbits with a surface defect of ~1.0 cm2 

(see Video S1, Figure 3). The PL-SF acellular graft or PL-SF 

seeded with iron-labeled BMSCs was sutured as a patch onto 

the bladder wall defect with 6.0 Vicryl sutures (Figure 3C). 

A piece of perivisceral fat was wrapped over the graft. A 

catheter was inserted to provide bladder drainage for 3 days 

after the operation. Following animal sacrifice we observed 

efficient biointegration of the PL-SF(+) scaffold with bladder 

tissues (Figure 4A and B) while complete rejection of the 

PL-SF(-) scaffold was observed in the bladder cavity in two 

out of six animals in the control group (Figure 4C and D).

During the follow-up period of 12 weeks, no sign of 

infection, fistulae, stone formation, or upper urinary tract 

complications were observed in any of the animals from the 

experimental group in macroscopic evaluations. To assess 

PL-SF scaffold biointegration in the postoperative period, we 

performed MRI of the bladder 4, 8, and 12 weeks after implan-

tation using a 3.0 T clinical MRI scanner (Siemens). For MRI 

detection of the graft inside the bladder wall, BMSCs were 

labeled with SPIONs that could be analyzed on T2-weighted 

scans as a “dark” contrast negative zone (Figure 5). 

Following implantation of the PL-SF(+) scaffold we observed 

the presence of a dark artifact in the bladder wall for the 

whole follow-up period of 8 weeks (Figure 5). When we 

analyzed the animals in the control group, we observed 

rejection of the graft into the lumen of the bladder in two 

out of six animals.

Subsequent analysis of bladder activity using EMG also 

proved the functional properties of the implanted scaffold 

(Figure 6). Thus, bladder refilling with saline solution clearly 

demonstrated that the reconstructed bladder could accept the 

same volume of solution as the intact bladder (20–24 mL) 

(Figure 4E and F). The EMG monitoring of the bladder wall 

performed during the refilling tests showed electrical activ-

ity during induced voiding in both intact and reconstructed 

parts of the detrusor. Following refilling in 7–10 seconds 

we observed low-amplitude EMG activity in the intact part 

of the detrusor that was also presented in the reconstructed 

bladder wall. EMG activity in both parts of the detrusor 

preceded and accompanied the voiding with steady-state 

magnitude (Figure 6B). As compared to the intact part of 

the bladder wall, the observed EMG activity in the oper-

ated part of the bladder had noticeably lower magnitude 

and duration (Figure 6B). The excitability of muscle fibers 

in the reconstructed part of the detrusor before and during 

voiding indicated the functional activity and biointegration 

of the scaffold.

The PL-SF graft seeded with stem cells 
increases bladder regeneration
To verify the effectiveness of the reconstructed bladder, 

histological sections were assessed by light microscopy. 

Bladder samples with implanted grafts were analyzed in 

weeks 8 and 12 following the operation. Bladder tissue of the 

intact rabbit was used as a control (Figure 7). In all animals 

Figure 3 Partial bladder wall cystectomy.
Notes: (A) Mobilization of the bladder wall. (B) Partial cystectomy. The size of the defect in the wall was 10×10 mm2. (C) Reconstruction of the bladder wall with PL-SF 
scaffold seeded with BMSCs. The scaffold is indicated by white solid arrows.
Abbreviations: BMscs, bone marrow stromal cells; Pl-sF, poly-l-lactide/silk fibroin.
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at the site of implantation of the scaffold, we observed com-

plete regeneration of the bladder wall including four layers: 

mucosa, submucosa, muscular coat, and adventitia (Figure 7, 

Table 1). The scaffold material could not be visualized in 

the H&E staining due to complete degradation of the PL-SF 

material. In the intact control animals, the mucous membrane 

was represented by transitional epithelium and the lamina 

propria, which consisted of collagen and elastic fibers. The 

thickness of the transitional epithelium was 91.7±5.9 μm, and 

the thickness of the mucous layer was 22.5±1.1 μm (Table 1). 

Submucosal tissue contained loose connective tissue with 

a thickness of 325.0±44.4 mm. Microcirculatory vessels 

(1 mm2) were determined as 3.0±0.01 with the diameter of 

the lumen 52.5±9.8 μm. The muscular layer was represented 

by three layers of smooth muscle fibers with their longitudinal 

course in the inner and outer layers and circular course in 

the middle layer with thickness of 1,700.0±108.4 μm. The 

adventitia was also represented by loose fibrous connective 

tissue, the thickness of which amounted to 27.5±5.0 μm. 

Figure 4 Reconstruction of the bladder wall defect with the bilayer PL-SF scaffold.
Notes: (A) external and (B) internal surfaces of the bladder following augmentation with the PL-SF scaffold seeded with BMSCs. The follow-up period was 12 weeks. 
The scaffold is indicated by a white solid ellipse. (C) external and (D) and internal surfaces of the bladder reconstructed with acellular PL-SF scaffold. At the end of the 
follow-up period, rejection of the scaffold (D) into the bladder lumen was observed. (E) Cystography of the bladder. The bladder is indicated by white solid arrows. 
(F) Bladder volume capacity following implantation of the PL-SF scaffolds.
Abbreviations: BMscs, bone marrow stromal cells; Pl-sF, poly-l-lactide/silk fibroin.

Figure 5 MRI of the PL-SF scaffold seeded with iron-labeled BMSCs after 8 weeks 
of implantation.
Note: The scaffold is indicated by white solid arrows.
Abbreviations: BMscs, bone marrow stromal cells; MrI, magnetic resonance 
imaging; Pl-sF, poly-l-lactide/silk fibroin.
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Fibrosis and inflammatory infiltration in the bladder wall 

were not determined. In the experimental group, when a 

PL-SF graft seeded with BMSCs was applied, the bladder 

wall consisted of the mucosa, submucosa, muscular, and 

adventitia layers (Figure 7). The adventitia was substituted 

with serous membrane. The mucous membrane was epithe-

lized and presented as a transitional epithelium layer with 

increased content of collagen fibers (stained by Van Gieson’s 

stain). The thickness of the transitional epithelium was not 

significantly different from that of the control group and 

was 90.8±6.0 μm. There was a significant increase of the 

lamina propria of the mucous layer to 31.7±3.1 μm (Table 1). 

The submucous membrane was enlarged due to edema 

(1,108.3±61.8 μm). The number of 1 mm2 microcirculatory 

vessels was also increased – 8.0±0.4 μm. The diameter of 

the vessels was also increased and was 95.8±14.1 μm. In the 

muscular layer we observed edema and formation of loose 

fibrous connective tissue between the circular and longitu-

dinal layers. The thickness of the swelling was significantly 

increased and was 3,416.7±156.5 μm; the adventitia was 

283.3±42.7 μm. Following partial resection of the bladder 

wall, the muscular tissue was replaced by connective tissue 

Figure 6 Electromyography of the bladder wall following reconstruction.
Notes: (A) Macrophoto of the bladder wall with implanted PL-SF scaffold seeded with BMSCs and electroencephalogram electrodes. The scaffold is indicated by a white 
solid ellipse. (B) Electromyogram test of the intact and reconstructed bladder wall.
Abbreviations: BMscs, bone marrow stromal cells; Pl-sF, poly-l-lactide/silk fibroin.
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with lymphocytic infiltration and granulomas with giant 

multinucleated cells. At the end of the follow-up period 

of 12 weeks the thickness of the transitional epithelium 

was not significantly changed and was 88.3±5.3 μm. We 

observed a significant increase of lamina propria thickness 

compared to intact rabbits – 62.5±5.1 μm (Table 1). The 

submucous membrane was moderately increased due to 

edema (416.7±11.8 μm); the number of vessels did not dif-

fer from the control group though there was enlargement of 

the diameter – 85.0±3.5 μm. We observed slight edema in the 

muscular layer with increased content of collagen fibers. The 

adventitia contained a high content of connective tissue with 

a thickness of 83.8±8.1 μm. In the control group, only four 

from six animals were histologically assessed due to rejection 

of the graft. When an acellular PL-SF graft was applied, we 

observed lymphocytic infiltration at the implantation site that 

was not detectable in the experimental group (Figure S2).

To reveal iron-labeled cells at the implantation site, 

confocal microscopy of bladder cryosections was performed 

using reflected laser scanning. The cells were detected in 

different morphological structures of the bladder including 

the epithelial layer (Figure 8A) and in the muscular wall 

(Figure 8B). We did not detect any iron-labeled cells in native 

bladder wall tissues (Figure 8C).

Table 1 Morphometric analysis of the reconstructed bladder wall

Parameter/group Control  
intact rabbit

Reconstructed bladder  
wall after 8 weeks

Reconstructed bladder 
wall after 12 weeks

Urothelium thickness, μm 91.7±5.9 90.8±6.0 88.3±5.3
Lamina propria thickness, μm 22.5±1.1 31.7±3.1* 62.5±5.1*
Submucosal layer thickness, μm 325.0±44.4 1,108.3±61.8* 416.7±11.8*
1 mm2 microvessel quantity  
in the submucosal layer

3.0±0.01 8.0±0.4* 4.0±0.0

Diameter of microvessels  
in the submucosal layer, μm

52.5±9.8 95.8±14.1* 85.0±3.5*

Muscular layer thickness, μm 1,700.0±108.4 3,416.7±156.5* 1,583.3±31.3
Adventitia thickness, μm 27.5±5.0 283.3±42.7* 83.8±8.1*

Notes: *P0.05. Data shown as mean ± standard deviation.

Figure 7 Histological sections of the reconstructed bladder wall stained with H&E.
Notes: The intact bladder wall was used as control. Scale bar, 200 μm.
Abbreviations: BMSCs, bone marrow stromal cells; H&E, hematoxylin and eosin.
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Figure 8 Cryosections of the bladder wall with implanted PL-SF scaffold.
Notes: Confocal microscopy of the PL-SF scaffold seeded with SPION-labeled BMSCs. The follow-up period was 12 weeks. Nanoparticles were detected using reflected 
laser scanning in the mucosal and submucosal layers. (A) Muscular layer. scale bar, 50 μm. (B) Nuclei were stained with DAPI (blue) and detected using a diode laser (405 nm). 
scale bar, 100 μm. Iron-labeled cells were detected in all layers of the bladder. (C) Confocal microscopy of the control intact bladder wall. Scale bar, 100 μm. Inset pictures 
show magnified images of the non-labeled and iron-labeled cells. Magnification, ×20.
Abbreviations: BMscs, bone marrow stromal cells; DaPI, 4′,6-diamidino-2-phenylindole; PL-SF, poly-l-lactide/silk fibroin; SPION, superparamagnetic iron oxide 
nanoparticles.

Discussion
Bladder augmentation or partial substitution is one of the 

main surgical challenges in urology that is required for differ-

ent clinical conditions including contracted bladder, tumors, 

bladder fibrosis, and neurogenic bladder. In previous studies, 

application of gastrointestinal decellularized segments or 

alloplastic materials did not lead to satisfying results.32 One of 

the possible strategies to increase the biocompatibility of the 

graft and reduce complications could be based on the seed-

ing of the implant with cells.33 To date, several cell sources 

have been suggested including pluripotent stem cells, human 

umbilical mesenchymal stem cells, urothelial, and smooth 

muscle cells.34–37 In our studies for enhancing the integrative 

properties of grafts, we applied allogenic BMSCs which have 

immunosuppressive action17–19 and are able to differentiate 

in different directions.20–22

The data obtained clearly demonstrate the efficacy and 

safety of a two-layer scaffold (PL-SF) seeded with allogenic 

BMSCs in the reconstruction of the bladder wall in a model 

of partial cystectomy in rabbits. Thus, we did not observe 

rejection of the cell-seeded implant in any operated animals in 

comparison to the control group. Furthermore, application of 

PL-SF(+) grafts resulted in full-thickness bladder regeneration 

(including urothelium, smooth muscle, and vessels; Figure 7). 

Presumably, seeded BMSCs not only stimulated ingrowth 

of the tissues into the graft but also differentiated into other 

types of cells in situ. Thus, in the study by Bouhout et al it was 

demonstrated that a graft seeded with bladder mesenchymal 

cells, when exposed to urine, produced urothelium with physi-

ologic pseudostratification and cellular polarity.38

For tracking BMSCs in the implanted graft in vivo, the 

cells were labeled with SPIONs that, due to MRI negative 

contrast-enhancing properties, could be applied for live imag-

ing. The cytotoxicity assays clearly demonstrated the absence 

of toxic effects of the nanoparticles toward BMSCs according 

to Trypan blue or MTT assays. These results correspond to 
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our earlier published data in which SPIONs were applied for 

diagnostic purposes.39,40 In the work by Yun and Ja it was also 

shown that loading of MSCs with SPIONs did not influence 

the functional activity of the cells which underwent normal 

chondrogenic, adipogenic, and osteogenic differentiation.41 

PL-SF grafts seeded with iron-labeled BMSCs were visual-

ized as hypotensive zones in the T2-weighted images during 

the whole follow-up period of 12 weeks (Figure 5). Previ-

ously, Lee et al reported that SPION-labeled MSCs could be 

tracked by MRI in the bladder.42 Intriguingly, we observed 

the presence of labeled BMSCs only in the graft, which might 

indicate that introduced cells usually stay in the place of 

implantation without migration into other zones. Subsequent 

confocal microscopy of bladder cryosections confirmed the 

presence of the nanoparticle-labeled cells throughout all 

layers of the wall without any labeled cells in native bladder 

tissues (Figure 8). Similar data were obtained by other groups 

when SPION-labeled stem cells were applied.41,43

In our study, we applied BMSCs, though combination 

with other methods might be beneficial in bladder repair. 

Another possible approach to stimulate bladder regeneration 

in vivo could be based on application of various agents (eg, 

cytokines, growth factors) that promote cellular ingrowth 

from the native bladder wall.44–46 Thus, in the recently pub-

lished study by Xiong et al the authors introduced vascular 

endothelial growth factor-loaded poly(lactic-co-glycolic 

acid) nanoparticles for long-term sustained release in bladder 

acellular matrix allografts in a swine model.44 Implantation of 

this scaffold resulted in increased angiogenesis that reduced 

contracture during bladder regeneration.44

Conclusion
Application of a bilayer PL-SF scaffold seeded with BMSCs 

was effective for bladder wall reconstruction in vivo. There 

was efficient functional regeneration of the bladder proved 

by histological analysis in a partial cystectomy rabbit model. 

The proposed method of cystoplasty might be beneficial in 

regenerative urology for the repair of the bladder wall.
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Supplementary materials

Figure S1 assessment of sPIONs’ cytotoxicity on BMscs.
Notes: Following co-incubation of magnetic nanoparticles with BMSCs (at conce ntration 150 μg/mL) for 1, 3, 12, and 24 h the toxicity was assessed using MTT assay. Values 
are expressed as mean ± sD.
Abbreviations: BMSCs, bone marrow stromal cells; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD, standard deviation; SPIONs, super paramagnetic 
iron oxide nanoparticles; h, hours.

Figure S2 Lymphocytic infiltration at the implantation site of the PL-SF acellular scaffold.
Notes: Infiltration is pointed by black solid arrows. Scale bar, 500 μm.
Abbreviation: Pl-sF, poly-l-lactide/silk fibroin.
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