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Abstract 

Bladder tissue engineering holds promise for addressing bladder  
defects resulting from congenital or acquired bladder diseases. 
However, inadequate vascularization significantly impacts the 
survival and function of engineered tissues after transplanta-
tion. Herein, a novel bilayer silk fibroin (BSF) scaffold was fabri-
cated with the capability of vascular endothelial growth factor 
(VEGF) and platelet derived growth factor-BB (PDGF-BB) sequen-
tial release. The outer layer of the scaffold was composed of 
compact SF film with waterproofness to mimic the serosa of the 
bladder. The inner layer was constructed of porous SF matrix 
incorporated with SF microspheres (MS) loaded with VEGF and 
PDGF-BB. We found that the 5% (w/v) MS-incorporated scaffold 
exhibited a rapid release of VEGF, whereas the 0.2% (w/v) MS-incorporated scaffold demonstrated a slow and sustained release of 
PDGF-BB. The BSF scaffold exhibited good biocompatibility and promoted endothelial cell migration, tube formation and enhanced 
endothelial differentiation of adipose derived stem cells (ADSCs) in vitro. The BSF patch was constructed by seeding ADSCs on the 
BSF scaffold. After in vivo transplantation, not only could the BSF patch facilitate the regeneration of urothelium and smooth muscle, 
but more importantly, stimulate the regeneration of blood vessels. This study demonstrated that the BSF patch exhibited excellent 
vascularization capability in bladder reconstruction and offered a viable functional bioengineered patch for future clinical studies.
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Introduction
Bladder defects, whether anatomical or functional, impair urinary 
storage and voiding functions, resulting in reduced quality of life 
[1]. Conventional enterocystoplasty is often accompanied by a se-
ries of complications, such as infection, stone formation, metabolic 
disorder and malignancy, due to the substantial structural and 
functional disparity between the intestine and the bladder [2–6]. 
Consequently, an innovative approach to bladder reconstruction is 
urgently required. In recent years, with the development of bioma-
terials and stem cells, tissue engineering has been a promising 
strategy for bladder repairment and reconstruction [7–11]. Scaffold 
material is an important part of bladder tissue engineering. Both 
naturally derived material represented by bladder acellular matrix 

and synthetic polymer represented by polyurethanes have been 

used in bladder tissue engineering [12, 13]. Silk fibroin, derived from 

Bombyx mori cocoons, has good plasticity and can be used to fabri-

cate thin films, sponges, hydrogels and microspheres [14]. 

Moreover, silk fibroin owns good biocompatibility and controllable 

mechanical properties, making it very suitable for the repair and re-

construction of the bladder [15].
The bladder is a multi-layered organ with smooth muscle as 

its main structure. Adequate blood supply is necessary to main-

tain its normal function. However, studies reveal that the maxi-

mum distance between capillaries in the body is 200 μm, 

imposing a constraint on oxygen diffusion in tissues [16]. 

Therefore, ineffective vascularization will lead to graft atrophy and 
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necrosis [17]. Thus, vascularization is a major problem that affects 
the clinical translation of bladder tissue engineering. There are few 
researches on vascularization in bladder tissue engineering. 
Scaffold prevascularization with omentum embedding seems to be 
a promising approach, but it is time-consuming and can cause sec-
ondary damage to the host [18]. Therefore, it is necessary to 
explore a simple and minimally invasive method to promote 
vascularization in bladder tissue engineering.

Besides prevascularization, the promotion of host vascular infil-
tration [19–24] is another strategy for vascularization, among which 
surface modification on tissue-engineered scaffolds with angiogenic 
growth factors seems to be a potential method [19, 25]. There are 
many kinds of angiogenic growth factors, including vascular endo-
thelial growth factor (VEGF), platelet derived growth factor (PDGF), 
fibroblast growth factor (FGF), angiopoietin (ANG), etc. Specifically, 
VEGF can induce the migration and branching of vascular endothe-
lial cells during the initiation stage of vascularization process, 
which plays an important role in promoting the germination of 
capillaries [26]. Meanwhile, PDGF can stimulate the recruitment 
and proliferation of smooth muscle cells and fibroblasts around en-
dothelial cells during the maturation stage of vascularization pro-
cess, which is the key to promoting capillary maturation [27]. 
However, a single growth factor may not effectively enhance vascu-
larization. Researches in drug delivery indicate that the sequential 
release of growth factors which mimic their temporal release and 
spatial distribution in vivo can play a synergistic role in promoting 
vascularization [28].

Microspheres refer to spherical particles with a diameter 
<1000 μm. The high specific surface area of microspheres renders 
them excellent carriers for drug delivery [29]. More importantly, 
the drug release property can be tuned by changing the particle 
size and surface morphology of the microspheres, which makes 
microspheres ideal carriers for achieving sequential release of 
growth factors [30].

Adipose derived stem cells (ADSCs), known for their extensive 
sources, convenient isolation and multi-lineage differentiation 
potential, are commonly used in bladder tissue engineering [31]. 
ADSCs not only regulate cell migration and microenvironment 
through paracrine signaling [32], but also can differentiate into 
smooth muscle cells or endothelial cells under specific condi-
tions, facilitating vascularization and tissue regeneration [33, 34]. 
Furthermore, studies have demonstrated that bladder scaffolds 
seeded with ADSCs show better effect of tissue repairment than 
the non-seeded ones [35].

In this study, we attempted to fabricate a bilayer bioengi-
neered patch with sequential dual-growth factor release to pro-
mote vascularization in bladder reconstruction. The bilayer silk 
fibroin (BSF) scaffold was made by silk fibroin because of its ex-
cellent biocompatibility. The outer layer of the BSF scaffold was 
composed of SF film with toughness and waterproofness to 
mimic the serosa of the bladder, which provided mechanical sup-
port and prevented urine leakage. The inner layer of the BSF scaf-
fold was composed of porous SF matrix incorporated with 
tunable growth factor-loaded SF microspheres, which could 
achieve the sequential release of VEGF and PDGF-BB. After seed-
ing ADSCs on the BSF scaffold, the BSF patch was constructed. To 
determine the suitable concentrations for microspheres prepara-
tion, the release profiles of growth factors were assessed. 
Subsequently, in vitro experiments were used to examine the bio-
compatibility and angiogenic ability of the BSF scaffold. Finally, a 
rat bladder defect model was employed to evaluate the impact of 
the BSF patch on vascularization and regeneration of the recon-
structed bladder in vivo.

Materials and methods
Preparation of SF microspheres
SF microspheres were prepared as previously reported [14]. In 

brief, SF and polyvinyl alcohol (PVA, Sigma, Germany) solution 
were mixed at the same concentration (0.2%, 1% and 5%) in a ra-

tio of 1:4 (v/v). The growth factor-loaded microspheres were fab-

ricated by adding 200 ng/ml VEGF (Peprotech, USA) or PDGF-BB 
(Peprotech, USA) to the SF solution before mixing with PVA solu-

tion. The mixed solution was sonicated with an ultrasonic proc-

esser (950E, SCIENTZ, China) at 25% amplitude for 30 s. The 
mixture was poured into a petri dish evenly and was dried over-

night in fume hood. The dried film was dissolved in ultrapure wa-

ter under shaking for 30 min and centrifuged twice at 11 000 rpm 
at 4 �C for 20 min. The SF microspheres were obtained by resus-

pending the precipitate in ultrapure water. The microspheres 

fabricated from 0.2%, 1% or 5% SF/PVA concentration were 
termed as 0.2% MS, 1% MS or 5% MS, respectively.

Preparation of BSF scaffold
BSF scaffold was prepared according to the method described by 
Zhang with partial modifications [36]. The SF film was obtained 

by adding 10% SF solution into a petri dish and dried at 60 �C for 

4 h. Then, 6% SF solution was mixed with SF microsphere suspen-
sion in a ratio of 1:3 (v/v). The mixture was poured onto the film, 

frozen at −80 �C overnight and lyophilized for 24 h in a freeze- 

drying machine (10 N, SCIENTZ, China) to obtain the BSF scaffold. 
Then the scaffold was treated with 90% methanol (SCR, China) 

for 1 h to induce crosslinking. After re-lyophilization, the BSF 

scaffold was cut into a cylinder with a diameter of 8 mm and a 
height of 1.5 mm. The BSF scaffold without microsphere incorpo-

ration was termed as BSF, and the BSF scaffold incorporated with 

0.2% MS, 1% MS or 5% MS was termed as BSF-0.2% MS, BSF-1% 
MS or BSF-5% MS, respectively. The unloaded, VEGF-loaded, 

PDGF-BB-loaded or VEGF/PDGF-BB-loaded BSF scaffold was 

termed as BSF-MS, BSF-MS-VEGF, BSF-MS-PDGF or BSF-MS-V/P, 

respectively.

Scanning electron microscope imaging
SF microsphere (0.2%, 1% and 5%) suspension was diluted 50 

times, dripped onto the silicon wafer and dried overnight to pre-
pare the sample. BSF scaffold was lyophilized and cut along the 

transverse axis to prepare the sample. After being coated with 

gold, the samples were observed by a scanning electron micro-
scope (SEM; SU8220, HITACHI, Japan) to evaluate the surface 

structure. The images of SF microspheres were processed using 

Image J (NIH, USA), and the particle size distribution was ana-
lyzed using Origin 2021 software.

Loading and release of growth factors
The loading efficiency of growth factors was measured by collect-
ing the supernatant obtained during the preparation of SF micro-

spheres using VEGF ELISA Kit (Abcam, UK) and PDGF-BB ELISA 

Kit (Abcam, UK). The BSF scaffold loaded with growth factors 
was incubated in PBS at 37 �C with shaking. The supernatant was 

collected for ELISA analysis on day 1, 3, 7, 14, 21 and 28. The cu-

mulative release of growth factors was analyzed by GraphPad 
Prism 8.0.2 software.

Mechanical property of BSF scaffold
BSF scaffold was prepared into a cube of 40 mm × 20 mm × 3 mm. 
The mean break stress was obtained by using a universal 
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mechanical testing machine (68SC-1, Instron, USA) at a constant 
speed of 2 mm/s until the scaffold was broken.

In vitro degradation of BSF scaffold
BSF scaffold was cut into a cylinder with a diameter of 8 mm and 
a height of 1.5 mm. The dry weight of the scaffold was recorded 
as M0. Subsequently, the scaffold was incubated in simulated 
body fluids at 37 �C with shaking. On day 7, 14, 21 and 28, the 
scaffold was dried and weighed as M1. Weight loss (%) ¼ (M0 − 
M1)/M0 × 100%.

Isolation, culture and characterization of ADSCs
ADSCs were isolated as previously reported [18]. In brief, inguinal 
adipose tissues from 2 weeks old Sprague Dawley (SD) rats were 
harvested and rinsed with PBS three times. Then the adipose tis-
sues were cut into small pieces and digested with 0.25% trypsin 
at 37 �C for 30 min. After digestion, the supernatant was filtered 
and centrifuged at 1200 rpm for 10 min. Finally, the precipitate 
was resuspended in Dulbecco's modified eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and cultured in 
an incubator at 37 �C and 5% CO2. The culture medium was 
changed every 2 days. The third passage of ADSCs was identified 
by flow cytometry with a panel of antibodies, including CD29, 
CD45, CD90, CD106 and CD31. The third to fifth passages of 
ADSCs were used for subsequent experiments.

Effect of BSF scaffold on cell viability and 
proliferation
ADSCs were seeded on sterilized BSF scaffold with a cell density 
of 1 × 106 cells/ml. The BSF patch was cultured in DMEM at 37 �C 
and 5% CO2 with the culture medium being replaced every 
2 days. The cell viability was assessed using a fluorescent live/ 
dead activity assay kit (KeyGEN Biotech, China) on day 1 and 7 
according to the protocol. The BSF patch was visualized under a 
confocal laser scanning microscope (LSM900, ZEISS, Germany). 
At the same time, the cell proliferation was analyzed using a Cell 
Counting Kit-8 (CCK-8, Dojindo, Japan) on day 1, 3, 5 and 7 
according to the protocol. The absorbance at 450 nm was mea-
sured by a microplate reader (Molecular Versa max, USA). ADSCs 
cultured in the petri dish were served as the control group.

HUVEC migration and tube formation
HUVECs (CTCC, China) were cultured in endothelial cell culture 
medium (ECM, China) supplemented with 10% FBS. The culture 
medium was replaced every 2 days and the third to sixth pas-
sages of HUVECs were used in the experiments. The BSF scaffold 
was immersed in serum-free ECM at 37 �C for 72 h and the extract 
was collected. HUVECs were stained with PKH26 (Solarbio, 
China) before being seeded in 6-well plate. A scratch was per-
formed in the center of the well using a 200 μl tip, then 2 ml ex-
tract was added into each well. Pictures were captured at 0 and 
24 h using a fluorescence microscope (Ti2, NIKON ECLIPSE, 
Japan). The migration area was quantified using Image J.

The BSF scaffold was immersed in ECM containing 10% FBS at 
37 �C for 72 h and the extract was collected. A 24-well plate was 
placed on ice, and 150 μl growth factor-reduced Matrigel 
(Corning, USA) was coated on each well. After incubating at 37 �C 
for 30 min, 1 × 105 HUVECs in 500 μL extract were seeded in each 
well and cultured at 37 �C and 5% CO2. Photos of capillary-like 
tubes were captured by an optical microscope (Ts2, NIKON 
ECLIPSE, Japan) 4 h after seeding. The number of tubes and the 
length of tubes were quantified using Image J.

Q-PCR analysis
The third passage of ADSCs were seeded on the BSF scaffold in a 

24-well plate at the density of 1 × 107 cells/ml. They were cul-
tured in ECM for 21 days in vitro. The culture medium was 

changed every 2 days. The differentiated ADSCs were collected 

on day 7, 14 and 21, the total RNA was extracted using Trizol re-

agent (Invitrogen, USA). Meanwhile, the total RNA of HUVECs 
was extracted as the positive control. RNA was reverse tran-

scribed to cDNA by a commercially available PrimeScript RT 

Reagent Kit (Takara, Japan). The gene expression levels of 

PECAM-1 and KDR were analyzed by quantitative PCR using a 
LightCycler 96 system (Roche, Switzerland) with a SYBR Primix 

kit (Takara, Japan). The primer sequence is listed in 

Supplementary Table S1.

Immunofluorescence staining
After 14 days of differentiation, the BSF patch was rinsed with 

PBS, fixed with 4% paraformaldehyde (Beyotime, China) for 1 h 

and then subjected to frozen section. The sections were permea-
bilized with 0.1% Triton-X100 (Beyotime, China) for 30 min, 

blocked with protein block (Abcam, UK) for 30 min, and then in-

cubated with anti-CD31 antibody (1:100, Abcam, UK) and anti- 

vWF antibody (1:100, Abcam, UK) overnight at 4 �C. After washed 
with PBS for three times, the sections were incubated with sec-

ondary antibody (1:250, Abcam, UK) and the nuclei were stained 

with DAPI. The sections were observed under a confocal laser 
scanning microscope (LSM900, ZEISS, Germany).

Acetylated-low-density lipoprotein/Ulex 
europaeus-1 (Ac-LDL/UEA-1) uptake
Ac-LDL/UEA-1 uptake was detected by incubating ADSCs differ-
entiated for 14 days with 50 μg/ml of Ac-LDL labeled with Dil 

(Solarbio, China) for 4 h at 37 �C. After being washed twice with 

PBS, they were fixed in 4% paraformaldehyde for 15 min. Then 

they were incubated with 20 μg/ml of FITC-conjugated UEA-1 
(Sigma Aldrich, USA) for 1 h at 37 �C. HUVECs were used as the 

positive control. The cells were visualized by a fluorescence mi-

croscope (Ti2, NIKON ECLIPSE, Japan).

Rat bladder reconstruction
Male SD rats of 8 weeks old were randomly divided into four 

groups: BSF-MS group, BSF-MS-VEGF group, BSF-MS-PDGF group 

and BSF-MS-V/P group. ADSCs were seeded on BSF scaffold in a 
24-well plate with a cell density of 1 × 107 cells/ml, then the 

BSF patch was cultured in DMEM at 37 �C and 5% CO2 for 3 days 

before operation. Animal experiments were approved by 
the Animal Experimental Ethics Committee of the People’s 

Liberation Army General Hospital (Approval number: 2023- 

X19-29).
SD rats were anesthetized with pentobarbital (30 mg/kg) intra-

peritoneally and then shaved to expose the surgical site. A 2-cm 

longitudinal excision was made at the midline of the lower abdo-
men to expose the bladder. A 50% cystectomy was performed at 

the dome of the bladder, the whole layer of the bladder was re-

moved and the BSF patch was used to repair the defect. The 5-0 

nonabsorbable sutures were used to mark the repaired boundary 
at the four corners and 6-0 absorbable sutures were used to anas-

tomose the remaining incision. The tightness of the suture was 

tested by injecting sterile saline into the repaired bladder via a 

1 ml syringe. Finally, the lower abdominal incision was closed us-
ing 3-0 absorbable sutures.
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Cystography
The SD rats were anesthetized with pentobarbital (30 mg/kg) in-
traperitoneally 4 weeks post-operation. The iopamidol (Aladdin, 
China) was diluted to a concentration of 30% (v/v) with sterile sa-
line and then injected into the bladder using a 1 ml syringe until 
stress incontinence. X-ray films were obtained using a Quantum 
GX Micro-CT (PerkinElmer, USA).

Histological evaluation
Four weeks post-operation, samples of the bladder were har-
vested, fixed in 4% paraformaldehyde, dehydrated with graded 
ethanol, embedded in paraffin, sectioned into 5 μm slices and 
subjected to HE staining, Masson’s trichrome staining and 
Immunofluorescence staining. HE and Masson trichrome stain-
ing were performed with standard protocols. Images were cap-
tured using an optical microscope (Ts2, NIKON ECLIPSE, Japan). 
Besides, sections were incubated with anti-pan cytokeratin anti-
body (AE1þAE3, 1:100, Abcam, UK), anti-alpha smooth muscle 
actin antibody (α-SMA, 1:100, Abcam, UK) and anti-CD31 anti-
body (1:100, Abcam, UK) at 4 �C overnight. After washed with PBS 
for three times, the sections were incubated with secondary anti-
body (1:250, Abcam, UK) and the nuclei were stained with DAPI. 
The sections were observed using a fluorescence microscope 
(Ti2, NIKON ECLIPSE, Japan).

Statistical analysis
Statistical analysis was performed using GraphPad Prism. All 
data were presented as mean ± standard deviation. The differen-
ces between groups were analyzed using two-tailed Student’s 
t-test or one-way ANOVA test. P< 0.05 was considered as statisti-
cally significant. The data were indicated with � for P<0.05, ��

for P< 0.01, ��� for P< 0.001, ���� for P< 0.0001 and NS for no sta-
tistical significance.

Results and discussion
Preparation and characterization of SF 
microspheres
Microspheres prepared by different materials and methods ex-
hibit diverse shapes, structures and functions [37–40]. Particle 
size, a pivotal parameter of microspheres, is affected by many 
factors such as the molecular weight of the ingredient, the con-
centration of the raw material and the synthesis method. Higher 
molecular weight and concentration of the raw material result in 
larger particle size of microspheres [41]. Nonetheless, increasing 
the ultrasonic amplitude during SF microsphere preparation 
leads to smaller particle sizes [14]. In our study, SF microspheres 
were fabricated by a simple phase separation method using SF 
and PVA solution at the same concentration. The SF micro-
spheres fabricated from 0.2%, 1% and 5% SF/PVA concentration 
showed a spherical shape with smooth surface under SEM 
(Figure 1A–F). Their particle sizes ranged from about 100 nm to 
7 μm, and the mean particle size was 0.32 ± 0.09 μm, 0.47 ± 
0.15 μm, 4.37 ± 1.02 μm, respectively (Figure 1G–I). The particle 
size of 0.2% MS was similar to that of 1% MS, but the particle size 
of 5% MS was nearly 10 times larger than that of 0.2% MS, which 
may have great influence on the function of microspheres.

The drug loading and release profiles of microspheres are im-
portant parameters as well. Previous research indicates that 
loading and release profiles depend on factors such as hydrophi-
licity, surface charge, particle size, the molecular weight of drugs, 
as well as the binding method between microspheres and drugs 
[42]. A previous study on the loading profiles of SF microspheres 
reported that the encapsulation efficiency of E7, a small peptide 
for bone regeneration, was 22.6% because of its hydrophilicity. 
While the encapsulation efficiency of hydrophobic Rhodamine B 
was higher than 60% [36]. In our study, the SF microspheres were 
used for the encapsulation of VEGF and PDGF-BB. The 

Figure 1. Preparation and characterization of SF microspheres. (A, D) SEM image of SF microspheres fabricated from 0.2% SF/PVA concentration. (B, E) 
SEM image of SF microspheres fabricated from 1% SF/PVA concentration. (C, F) SEM image of SF microspheres fabricated from 5% SF/PVA 
concentration. Particle size distribution of SF microspheres fabricated from 0.2% (G), 1% (H) and 5% (I) SF/PVA concentration. (J) Encapsulation 
efficiency of VEGF in SF microspheres. (K) Encapsulation efficiency of PDGF-BB in SF microspheres.
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encapsulation efficiency of VEGF for the microspheres (0.2%, 1% 

and 5%) was 95.72 ± 0.80%, 96.45 ± 0.20% and 96.90 ± 0.16%, re-

spectively (Figure 1J). The encapsulation efficiency of PDGF-BB 

for the microspheres (0.2%, 1% and 5%) was 99.35 ± 0.07%, 99.37 ± 

0.13% and 99.29 ± 0.22% (Figure 1K), respectively, indicating 

the suitability of SF microspheres for loading these two 

growth factors.

Preparation and characterization of BSF scaffold
The bladder is a hollow organ with a multi-layered structure 

whose main function is to store and void urine through contrac-

tion and relaxation. Studies have demonstrated that scaffolds 

with bilayer structures and diverse functions significantly impact 

tissue repair [43–45]. Moreover, the bilayer design is also preva-

lent in the widely utilized 3D printing technique [46]. As shown in  

Figure 2A, the BSF scaffold was cut into a cylinder (d¼ 8 mm). 

SEM images demonstrated that the BSF scaffold showed an obvi-

ous double-layer structure. The outer layer was a smooth SF film 

with compact structure (Figure 2B), signified robust mechanical 

properties (Figure 2F) and waterproofness (Supplementary Figure 

S1), which had similar functions with serosa of the bladder wall. 

Conversely, the inner layer was a rough SF matrix with porous 

structure (Figure 2B), suggesting favorable cell adhesion capabili-

ties, which had similar functions with submucosa and muscula-

ris of the bladder wall. SF microspheres incorporated in the SF 

scaffold were demonstrated by SEM of the cross section 

(Figure 2C). The weight loss of BSF-0.2% MS, BSF-1% MS and BSF- 

5% MS on day 28 was 17.05 ± 1.59%, 17.32 ± 0.71% and 19.37 ± 

2.45%, significantly higher than that of the BSF, which was 9.93 ± 

2.29% (Figure 2G). While the weight loss was higher in vivo and 

the comparison was not that significant (Supplementary 

Figure S2).

Afterwards, we investigated the release profiles of VEGF and 
PDGF-BB from the BSF scaffold. Scaffold incorporated with differ-
ent SF microspheres (0.2%, 1% and 5%) showed similar sustained 
release trend but at different rates (Figure 2D and E). The BSF-5% 
MS released VEGF and PDGF-BB more rapidly than the BSF-0.2% 
MS, potentially due to the aforementioned larger particle size. 
Particularly, the VEGF released by the BSF-5% MS was approxi-
mately six times more than the PDGF-BB released by the BSF- 
0.2% MS in the first 7 days, and both VEGF released by BSF-5% MS 
and PDGF-BB released by BSF-0.2% MS could last for more than 
30 days, which was similar with the sequential release pattern of 
growth factors in the vascularization process. In order to mimic 
the sequential release of growth factors in vivo, 5% MS loaded 
with VEGF was employed to fabricate the BSF-MS-VEGF, 0.2% MS 
loaded with PDGF-BB was employed to fabricate the BSF-MS- 
PDGF and these two microspheres mixed together in a ratio of 
1:1(w/w) were employed to fabricate the BSF-MS-V/P. These find-
ings suggest that manipulating the particle size of SF micro-
spheres enables sequential release of growth factors, offering 
extensive application potential. These results reveal that the bi-
layer structure of BSF scaffold is more in line with the bionic con-
cept in tissue engineering. In addition, this bilayer scaffold 
provides a reproducible template for the construction of complex 
tissues and organs in tissue engineering.

Biocompatibility of BSF scaffold and its effect on 
HUVECs migration and tube formation
ADSCs were verified by the flow cytometry results that the isolated 
cells were positive for CD29 and CD90 but negative for CD45, CD106 
and CD31 (Supplementary Figure S3). Meanwhile, the multi-lineage 
differentiation potential was demonstrated by the adipogenic, oste-
ogenic and chondrogenic differentiation of ADSCs (Supplementary 
Figure S4). CCK-8 analysis showed that the cell proliferation rate 

Figure 2. Preparation and characterization of BSF scaffold. (A) Gross images of BSF scaffold. (B) SEM images of BSF scaffold. The arrows indicate the SF 
film. (C) SEM images of the cross section of BSF scaffold. The arrows indicate the incorporated SF microspheres. (D) Cumulative release of VEGF from 
BSF scaffold (n¼3). (E) Cumulative release of PDGF-BB from BSF scaffold (n¼3). (F) Mean break stress of BSF scaffold (n¼ 3). (G) Weight loss (%) of BSF 
scaffold (n¼3).
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increased over time and the OD values of ADSCs seeded on BSF 
scaffold were significantly higher than that of the control group on 
day 7 (Figure 3A). Live/dead staining also presented well prolifera-
tion of ADSCs from day 1 to day 7 in all groups with few dead cells 
observed, indicating good biocompatibility (Figure 3B).

Vascularization remains a crucial challenge in tissue engineer-
ing, significantly affecting the clinical translation of engineered tis-
sues [47]. A small dose of growth factors can induce obvious 
biological effects, due to the high efficiency. Therefore, employing a 
scaffold loaded with angiogenic growth factors to recruit vascular 
endothelial cells emerges as a promising strategy to stimulate vas-
cularization [48]. However, immature blood vessels triggered by 
VEGF alone are easy to leak out [49]. Hence, the sequential release 
of multiple angiogenic growth factors seems more reasonable to fa-
cilitate vascularization [50]. In vitro HUVECs scratch assay revealed 
that the BSF-MS-VEGF group had significantly larger relative mi-
grating area than the BSF-MS group and the BSF-MS-PDGF group 
(Figure 3C and D). Also, the relative migrating area in the BSF-MS- 
V/P group was significantly larger than the BSF-MS group, suggest-
ing that VEGF enhanced HUVECs migration.

Images of HUVECs tube formation showed fragmented tubes 
formed in the BSF-MS group compared with the other three 
groups (Figure 3E), indicating vascularization stimulation of 

VEGF and PDGF-BB. Further analysis by Image J demonstrated 
that the BSF-MS-V/P group had significantly better score on not 
only the number of tubes but also the length of tubes than the 
BSF-MS-VEGF group and the BSF-MS-PDGF group (Figure 3F and 
G), suggesting that sequential release of VEGF and PDGF-BB was 
prior in vascularization than VEGF or PDGF-BB alone. These find-
ings underline that this combination of growth factors could re-
cruit endothelial cells around the injured area and stimulate 
their assembly into tubular structures, paving the way for the re-
generation of blood vessels. Most previous studies on vasculari-
zation in tissue engineering mainly focused on the combination 
and release patterns of different growth factors, neglecting the 
structure of the scaffold. In our study, we fabricated the BSF scaf-
fold to combine the sequential release of VEGF and PDGF-BB with 
a bilayer structure in order to promote the vascularization and 
regeneration of the bladder.

Effect of BSF scaffold on endothelial 
differentiation of ADSCs
The endothelial lineage induction of stem cells seeded on scaf-
folds is also a potential approach to promote vascularization [51]. 
As a kind of pluripotent stem cell, ADSCs have been confirmed 
by many studies to possess the ability to differentiate into 

Figure 3. Biocompatibility of BSF scaffold and its effect on HUVECs migration and tube formation. (A) CCK-8 of ADSCs seeded on BSF scaffold on day 1, 
3, 5 and 7 (n¼3). (B) Live/dead staining of ADSCs seeded on BSF scaffold on day 1 and 7. (C) Images of HUVECs migration at 0 and 24 h. The dotted lines 
indicate cell migration fronts. (D) Quantification of the relative migration area (n¼ 3). The migration area in the BSF-MS group was set as 1. (E) Images 
of HUVECs tube formation on Matrigel at 4 h. (F) Quantification of the number of tubes (n¼3). (G) Quantification of the length of tubes (n¼ 3).
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endothelial cells [52]. Thus, it is very interesting to explore 

whether the sequentially released growth factors have a syner-

gistic effect on the endothelial differentiation of ADSCs. Q-PCR 
analysis showed the highest expression of endothelial marker 

PECAM-1 and KDR on day 14 (Figure 4A and B). Moreover, both 
PECAM-1 and KDR had significantly higher expression in the BSF- 

MS-V/P group than the other groups, indicating that sequential 
release of VEGF and PDGF-BB promoted the endothelial differen-

tiation of ADSCs better than VEGF or PDGF-BB alone.
The immunofluorescence staining of CD31 and vWF, as well 

as the uptake capacity of Ac-LDL/UEA-1 were performed to ana-

lyze the differentiation of ADSCs toward the endothelial lineage. 
After 14 days of endothelial induction, the BSF-MS-V/P group 

showed more cells positive for CD31 staining compared with the 
BSF-MS, BSF-MS-VEGF and BSF-MS-PDGF groups (Figure 4C and 

F). Simultaneously, the BSF-MS-V/P group showed more cells 

positive for vWF staining compared with the BSF-MS, BSF-MS- 
VEGF and BSF-MS-PDGF groups (Figure 4D and G). Moreover, the 

BSF-MS-V/P group showed more cells positive for Ac-LDL/UEA-1 
double staining compared with the BSF-MS, BSF-MS-VEGF and 

BSF-MS-PDGF groups, demonstrating the endothelial lineage ca-

pacity to uptake Ac-LDL/UEA-1 (Figure 4E and H). Again, these 
results reveal that the sequential release of VEGF and PDGF-BB 

has a synergistic effect on the endothelial differentiation of 
ADSCs. By changing the types of seed cells, angiogenic scaffolds 

with many other functions can be easily constructed.

Morphological and histological evaluation of BSF 
patch on rat bladder reconstruction
A variety of congenital and acquired bladder diseases would lead 
to bladder defects [53–55]. The emergence of bladder tissue engi-
neering brings hope to these patients. Gross photographs of the 
bladder post-operation showed that the BSF patch could be su-
tured on the bladder without urine leakage (Figure 5A and B), 
demonstrating its toughness and waterproofness. Cystography 
presented that there was no urine leakage in all the groups 
4 weeks post-operation. The BSF-MS-V/P group exhibited a larger 
bladder size compared to the other groups (Figure 5C), indicating 
its superior reparative effect. Outline of the bladder was smooth 
in the BSF-MS-V/P group, while it was rough in the other three 
groups (Figure 5C). As smoother bladder wall means better blad-
der regeneration, we supposed that the sequential release of 
VEGF/PDGF-BB and ADSCs made a joint effort to facilitate the re-
generation of the reconstructed bladder.

HE staining showed that the BSF patch was partially degraded 
after 4 weeks (Figure 6A). Except for the BSF-MS group, hyperpla-
sia of urothelial cells was found in the other three groups, indi-
cating regeneration of the urothelium (Figure 6B). Similarly, 
smooth muscle was seen in all the groups, however the arrange-
ment of smooth muscle fibers seemed to be more disordered in 
the BSF-MS group (Figure 6C). Masson trichrome staining 
revealed that there was more collagen deposition in the BSF-MS 
group than the other three groups (Figure 6D). Notably, more 

Figure 4. Effect of BSF scaffold on endothelial differentiation of ADSCs. (A) Q-PCR analysis of PECAM-1 gene expression on day 7, 14 and 21 (n¼3). 
PECAM-1 gene expression in HUVECs was set as 1. (B) Q-PCR analysis of KDR gene expression on day 7, 14 and 21 (n¼ 3). KDR gene expression in 
HUVECs was set as 1. (C) Immunofluorescence staining of CD31 on day 14. (D) Immunofluorescence staining of vWF on day 14. (E) Uptake of Ac-LDL 
and UEA-1 on day 14. (F) Number of cells positive for CD31 (n¼ 3). (G) Number of cells positive for vWF (n¼3). (H) Number of cells positive for Ac-LDL/ 
UEA-1 double staining (n¼ 3).
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Figure 5. Gross photographs and cystography of BSF patch for rat bladder reconstruction. (A) Gross photographs of BSF patch right after the operation. 
(B) Gross photographs of BSF patch 4 weeks post-operation. (C) Cystography of the bladder 4 weeks post-operation.

Figure 6. Histological evaluation of BSF patch on rat bladder reconstruction. (A) Gross photographs (HE staining) of bladder tissue in the junctional 
zone. The dotted lines indicate edges of the repaired areas. (B) HE staining of the urothelium. (C) HE staining of the smooth muscle. The arrows indicate 
blood vessels. (D) Masson trichrome staining of the collagen. The arrows indicate blood vessels.
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blood vessels were witnessed in the BSF-MS-V/P group (Figure 6C 
and D), which was in consistent with previous in vitro findings.

Immunofluorescence analyses of BSF patch on 
vascularization of the reconstructed bladder
Immunofluorescence staining of AE1þAE3, α-SMA and CD31 con-
firmed the regeneration of urothelium, smooth muscle and endo-
thelium, respectively in all the groups (Figure 7A and B). Blood 
vessels were demonstrated by double positive staining of α-SMA 
and CD31 (Figure 7B). Quantitative analyses showed that the 
blood vessel density and the arteriole density in the BSF-MS-V/P 
group was significantly higher than the other three groups 
(Figure 7C and D). Furthermore, the lumen area of blood vessels 
was significantly larger in the BSF-MS-V/P group (Figure 7E). The 
distribution and structure of blood vessels were revealed by 
CD31 and α-SMA double staining. Images of the double staining 
showed that the blood vessels in the BSF-MS-V/P group was pre-
dominantly composed of arteries with abundant smooth muscle, 
whereas blood vessels in the other three groups were primarily 
veins with little smooth muscle. These results demonstrated that 
the sequential release of VEGF and PDGF-BB by the BSF patch 
promoted vascularization of the reconstructed bladder in vivo.

While our experiments exhibited the potential of the BSF 
patch to enhance vascularization of the tissue-engineered blad-
der through in vitro and in vivo analyses, several shortcomings 
persisted. Firstly, the observation period of 4 weeks post- 
operation is slightly shorter, long-term follow-ups is encouraged. 
Moreover, assessing vascularization in larger or thicker scaffolds 

using large animal models are warranted. In addition, the trans-

formation of ADSCs and their synergistic effect with the sequen-

tial release of VEGF and PDGF-BB in vivo need in-depth 

exploration.

Conclusion
We presented a bilayer bioengineered patch with sequential 

dual-growth factor release to promote vascularization in bladder 

reconstruction. The outer layer of the scaffold was composed of 

compact SF film with waterproofness to mimic the serosa of the 

bladder. The inner layer was constructed of porous SF matrix in-

corporated with SF microspheres loaded with VEGF and PDGF- 

BB. The sequential release of these two growth factors was 

achieved by manipulating the particle size of SF microspheres. In 

vitro studies showed that the BSF scaffold could promote HUVECs 

migration, tube formation and endothelial differentiation of 

ADSCs. In vivo studies demonstrated that the BSF patch facilitate 

the regeneration of urothelium, smooth muscle and blood ves-

sels of the reconstructed bladder. In conclusion, our study pro-

vided a promising bioengineered patch with vascularization 

capability for future clinical research.
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Figure 7. Immunofluorescence analyses of BSF patch on vascularization of the reconstructed bladder. (A) AE1þAE3 staining of the urothelium. (B) 
α-SMA and CD31 staining of the smooth muscle and blood vessels. (C) Quantification of the blood vessel density (n¼6). (D) Quantification of the 
arteriole density (n¼ 6). (E) Quantification of the lumen area of blood vessels (n¼6).
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