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Abstract
Rationale: In urethral tissue engineering, the currently available reconstructive procedures are insufficient
due to a lack of appropriate scaffolds that would support the needs of various cell types. To address this
problem, we developed a bilayer scaffold comprising a microporous network of silk fibroin (SF) and a
nanoporous bacterial cellulose (BC) scaffold and evaluated its feasibility and potential for long-segment urethral
regeneration in a dog model.
Methods: The freeze-drying and self-assembling method was used to fabricate the bilayer scaffold by
stationary cultivation G. xylinus using SF scaffold as a template. The surface morphology, porosity and
mechanical properties of all prepared SF-BC scaffolds were characterized using Scanning electron microscopy
(SEM), microcomputed tomography and universal testing machine. To further investigate the suitability of the
bilayer scaffolds for tissue engineering applications, biocompatibility was assessed using an MTT assay. The cell
distribution, viability and morphology were evaluated by seeding epithelial cells and muscle cells on the
scaffolds, using the 3D laser scanning confocal microscopy, and SEM. The effects of urethral reconstruction
with SF-BC bilayer scaffold was evaluated in dog urethral defect models.
Results: Scanning electron microscopy revealed that SF-BC scaffold had a clear bilayer structure. The SF-BC
bilayer scaffold is highly porous with a porosity of 85%. The average pore diameter of the porous layer in the
bilayer SF-BC composites was 210.2±117.8 μm. Cultures established with lingual keratinocytes and lingual
muscle cells confirmed the suitability of the SF-BC structures to support cell adhesion and proliferation. In
addition, SEM demonstrated the ability of cells to attach to scaffold surfaces and the biocompatibility of the
matrices with cells. At 3 months after implantation, urethra reconstructed with the SF-BC scaffold seeded with
keratinocytes and muscle cells displayed superior structure compared to those with only SF-BC scaffold.
Principal Conclusion: These results demonstrate that the bilayer SF-BC scaffold may be a promising
biomaterial with good biocompatibility for urethral regeneration and could be used for numerous other types
of hollow-organ tissue engineering grafts, including vascular, bladder, ureteral, bowel, and intestinal.
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Introduction
Several congenital and acquired pathologies,
including hypospadias, epispadias, strictures, fistulas,
malignancy, and straddle injuries, can compromise

the normal functionality of the urethra and require
urethral reconstruction [1]. End-to-end anastomosis is
frequently used to repair short, non-complex urethral
http://www.thno.org
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defects, but reconstruction of long-segment urethral
strictures remains a challenging problem in urology.
Bladder mucosa, oral mucosa, and colonic mucosa
have been used for long-segment urethroplasty [2-4].
However, harvesting complications, such as
submucosal scarring, pain, numbness, injury to
salivary ducts and limitation of mandibular
movement, have been reported [5].
Tissue engineering approaches provide potential
strategies for developing biological substitutes to
restore and maintain the normal functional anatomy
of the urethra [6, 7]. Over the past several decades,
decellularized matrixes, such as small intestinal
submucosa (SIS) [8] and the bladder acellular matrix
(BAM) [9], as well as synthetic polymeric materials,
including polylactic acid (PLA) [10] and
polylactic-co-glycolic acid (PLGA) [11], either alone or
seeded with cells, have been successfully used for
urethral reconstruction. However, long-term adverse
effects of decellularized matrixes and synthetic
polymeric materials have been reported, such as
stricture recurrence, fistula formation and foreign
body responses [12-14]. It is known that urine leakage
plays an important role in scarring and fistula
formation [8]; so, a scaffold architecture with a barrier
function against urine could be a direction for urethral
biomaterials. Therefore, further refinements are
required to overcome the limitations of biomaterials
for urinary tract reconstruction.
In urethral tissue engineering, designing
biomaterials that mimic the native structure of the
urethral extracellular matrix (ECM) could be a
promising approach. The structure of the urethra
consists of two major layers: the stratified epithelium
and the organized subcutaneous layer. The
epithelium-laden epidermis is the upper, thin layer
that functions as the barrier of the urethra. The lower,
subcutaneous layer, which is thicker, contains muscle
cells and fibroblast cells and provides strength and
flexibility[15]. This complex structure makes urethral
engineering challenging. In addition to the cells, the
bilayer scaffolds intended for use in urethral
applications is composed of an upper, smooth layer
and a porous or sponge-like sublayer, which could
fulfill the specific requirements of the threedimensional (3D) architecture, the microenvironmental needs of the various cell types of the urethra,
and provide a diffusion barrier function and
structural integrity.
In order to achieve this kind of structure, Eberli
et al. described the fabrication of a bilayer scaffold by
suturing a collagen matrix to polyglycolic acid (PGA)
polymer
with
collagen-threaded
stitches[16].
However, the suturing of polymers may compromise
the barrier function of the scaffold, which is
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indispensable for hollow organ reconstruction. We
previously fabricated bacterial cellulose (BC), a
biodegradable polymer produced by Gluconacetobacter
xylinus [17]. BC combines the important and
well-known qualities of cellulose with the
outstanding features of nano-scale materials [18].
There is much interest in the development of medical
applications based on BC for wound care, such as
modern wound dressings and artificial skins [19], and
implantable tissue engineered biomaterials, such as
blood vessels [20] and bone [21]. In particular, the
nanofibrous network architecture of BC mimics the
extracellular matrix (ECM), which may have
significant effects on cell adhesion and proliferation in
tissue engineering [22]. However, BC itself lacks a
microporous architecture. The relatively dense
nanostructure of the nanofibrous network allows only
limited cell migration, penetration and ingrowth. Our
previous studies have shown that silk fibroin, derived
from silkworms, is a promising bioscaffold in
regenerative medicine owing to its favorable
properties, such as high structural strength and
elasticity, low antigenicity, and easily controllable 3D
fibrous scaffolds [23-25]. Silk fibroin scaffolds have
suitable cytocompatibility and supported the
formation of smooth muscle and urothelial tissues in
dog models of urethral reconstruction. Therefore, in
the current study, we developed a bilayer scaffold
comprising a microporous network of silk fibroin
(SF), which allows ingrowth of surrounding host
tissues, and a nanoporous surface of bacterial
cellulose (BC), which provides a fluid-tight seal for
retention of urine, and evaluated its feasibility and
potential in vitro and in vivo.
Another
critical
factor
in
generating
tissue-engineered urethral tissue for patients is the
cell source. Typically, epithelial cells and muscle cells
are used to construct urethral tissue. Cells obtained
from bladder biopsies are a main source for a
cell-based tissue-engineered (TE) urethra [26].
However, healthy cells might not be available in
patients with chronic inflammation due to a urinary
tract infection or an indwelling catheter. Lingual
mucosa is considered the ideal tissue for urethral
reconstruction [27], and a previous study
demonstrated that lingual keratinocytes and muscle
cells can be collected from the lingual mucosa and
used as a source of seed cells for urethral tissue
engineering [28]. Thus, in the present study, we
cultured autologous lingual keratinocytes and muscle
cells and then seeded them onto a SF-BC scaffold with
a 3D microporous/nanoporous structure to obtain a
new type of 3D urethral tissue for urethral
reconstruction.

http://www.thno.org
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Methods
Fabrication of the bilayer SF-BC scaffolds
All chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
Gluconacetobacter xylinus strain 1.1812 was obtained
from the Institute of Microbiology, Chinese Academy
of Science. The culture medium for Gluconacetobacter
xylinus consisted of 5.0 wt% D-glucose, 0.5 wt%
peptone, 0.5 wt% yeast extract, 0.2 wt% disodium
hydrogen phosphate, 0.1 wt% monopotassium
phosphate and 0.1 wt% citric acid, and the pH was
adjusted to 5.0 with NaOH. The medium was
sterilized at 121°C in an autoclave for 30 min.
The bilayer SF-BC scaffold was composed of 3-D
microporous SF and BC. Preparation of the silk fibroin
solution followed a procedure described previously
[29, 30]. Next, the prepared SF solution (2% w/v) was
slowly poured into a vessel, which was then
transferred to the refrigerator and frozen at -80°C for
24 days. The frozen protein samples were lyophilized
for 24 h to prepare a 3-D microporous SF and stored at
4°C until further use.
To fabricate the nanoporous surface, we first
treated the 3-D microporous SF with 70% (v/v)
ethanol for 30 min to induce crystallization and
insolubility in water. Then, the scaffolds were
repeatedly washed with sterile culture medium to
remove any remaining alcohol. The culture medium,
containing Gluconacetobacter xylinus at an initial
bacterial density of 3.8×107 cells/ml, was added in a
culture vessel to a depth of 1 mm. The 3-D porous SF
scaffolds were placed in the culture vessel. Then, the
medium was incubated statically at 30°C for 3 days to
produce the SF-BC scaffolds. To further purify the
scaffolds, the composites were immersed in 75 wt%
ethyl alcohol for 24 h, then treated with 1 wt% Triton
X-100 in ultrapure water for 24 h, after which they
were rinsed with ultrapure water 3 times to remove
the excess chemical. Unmodified BC was prepared for
comparison. The samples were cut into fixed sizes
(i.e., 10 cm × 3 cm) and freeze-dried at -20°C for 24 h
for further characterization.

Scanning electron microscopy
The surface morphology of all prepared SF-BC
scaffolds was characterized using an S-4800 FE SEM
operated at 10 kV. Prior to analysis, small pieces were
cut from the freeze-dried samples and coated with a
thin layer of sputtered gold. The average fiber
diameter was measured using Image J through the
analysis of SEM images; at least 100 fibers and 100
pores were assessed.
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Porosity measurements
The porosity of the scaffold sections was
measured using
microcomputed
tomography
(Micro-CT) (Skyscan 1272, Bruker). Briefly, scaffold
samples underwent Micro-CT in order to evaluate the
pore structures of those scaffolds. After scanning, the
pore size, porosity and connectivity of the films were
analyzed by the CTAn program (Skyscan Company).

Measurement of mechanical properties
The tensile strength of the SF-BC scaffolds (n=5)
was measured using a universal testing machine
(Instron 5969, Instron, USA) at room temperature
with a crosshead speed of 2 mm/min. Before testing,
all scaffolds were rehydrated in phosphate-buffered
saline (PBS) solution for 30 min. The Young’s
modulus and stress and strain at break were
determined using the manufacturers’ software.
Briefly, 5 mm length strips were clamped at each end
by metal clips. Using the manufacturer’s software, the
Young’s modulus was calculated from the slope of the
initial linear section of the stress–strain curve. Stress at
break and strain at break (Lb- L0/L0*100%, where L0
is the initial length of the sample and Lb is the sample
length at break time) were determined.
The suture-retention strength was measured
using the instrument and a suture (Polyglactin 910,
5–0 size, Ethicon Inc.). Briefly, the SF-BC scaffolds
were fixed in the lower grip of the instrument and a
suture was inserted 2 mm from its outside edge. The
two ends of the suture were attached to the upper grip
and pulled at a constant rate of 1 mm/min. The
suture-retention strength was defined as the peak
force obtained during this procedure.

Cell isolation and expansion
Healthy female beagle dogs (averaging 1.1 y,
11.5 kg) were used in this study. A 0.3 cm × 0.3 cm
section of lingual tissue was harvested using a biopsy
punch (Kai Industries, Gifu, Japan) from healthy dog
lingual tissue and the wound was sutured. The tissue
was then divided into mucosal and muscle sections
using a sterile scalpel. The cell culture methods were
reported previously [31]. Briefly, muscle tissues were
minced and digested with 0.5 wt% type I collagenase
(Worthington, USA). After 30 min, the suspended
cells were filtered through a 74 μm cell strainer and
then cultured in high glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). The mucosal sections were
incubated in dispase Π (Roche) overnight at 4°C.
Then, a thin epithelial layer was peeled from the
submucosa and treated with 0.05% trypsin (Gibco).
The suspended cells were cultured in keratinocyte
serum-free medium (KSFM; Gibco). The lingual
http://www.thno.org
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keratinocytes were identified using immunohistochemical (IHC) staining with antibody AE1/AE3
(Abcam). The lingual muscle cells were identified
using an anti-desmin antibody (Abcam).

Scaffold cytotoxicity assay
To detect cytotoxicity of the scaffold, a
cell-proliferation assay was performed in vitro as
described in a previous study [32]. Briefly, 1 mL of cell
suspension (lingual keratinocytes and muscle cells) at
a density of 104 cells/mL was seeded into a 24-well
plate. The cells were allowed to adhere for 4 h. The
medium with non-adherent cells was removed, and
medium containing SF-BC was added. A control
without scaffolds was also carried out. The cellular
growth at 1, 3, 5, 7 and 9 days of incubation was
evaluated by the MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium bromide) assay, a
colorimetric test (optical density, OD value) that
measures mitochondrial activity.

In vitro incubation of engineered urethral
tissue
Before cell seeding, the final SF-BC scaffolds
were sterilized with 75% ethanol for 2 h, washed three
times in sterilized PBS and then filled with 5 mL of
DMEM with 10% FBS for 24 h at 37°C. The lingual
muscle cells (5×106 cells) were first seeded onto the
porous layer of the SF-BC composite scaffold (2×5 cm)
and then cultured in DMEM containing 10% FBS.
Four days later, the lingual keratinocytes (5×105 cells)
were seeded onto the dense layer and cultured in a
medium composed of KSFM and DMEM (1:1). The
compound scaffold was incubated under static
conditions for an additional 4 days under an air–fluid
level at 37°C in a humidified atmosphere with 5%
CO2. The medium was changed daily.
To further assess the cellular distribution and
infiltration within the scaffold, an immunofluorescence assay was performed. The epithelial cell
layers were identified using the AE1/AE3 antibody.
Muscle cells were identified using an anti-desmin
antibody. The nuclei in the sections were stained with
4’,6-diamidino-2-phenylindole (DAPI) (Abcam, USA)
[31]. The images were captured using a confocal
laser-scanning microscope (Carl Zeiss, LSM710).
Cell adhesion on scaffolds was imaged using
SEM. SF-BC composites containing muscle cells and
keratinocytes were fixed with 2.5% glutaraldehyde for
>3 h. The substrates were dehydrated in 50%, 60%,
70%, 80%, 90%, 95%, and 100% ethanol and dried in
butyl alcohol. Samples were mounted onto SEM
stubs, sputter-coated with gold and imaged by SEM
(S-4800 FE)
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Surgical procedure for urethral reconstruction
and follow-up
For the animal experiments, 20 female beagle
dogs (averaging 1.1 y, 11.5 kg) were divided into two
groups of 10 dogs each. Group A was given SF-BC
scaffolds seeded with keratinocytes and muscle cells,
and group B was given SF-BC scaffolds. All dogs were
anesthetized with pentobarbital. The urethra between
the bladder and the pubic symphysis was exposed,
and a 5 cm long segment was transected and removed
(Fig. 5 A). Then, the SF-BC scaffold was tubularized
by suturing an 8F urethral catheter in preparation for
urethroplasty(Fig. 5 C,D). Urethral repair was
performed with 5-0 vicryl sutures applied in
interrupted suturing (Fig. 5 E). The new urethra and
its anastomosis were covered by the omentum majus
for
preventing anastomotic leakages and strictures
with 5-0 vicryl sutures applied in continuous suturing
(Fig. 5 F). Multiple non-absorbable marking sutures
were placed at anastomotic margins. The catheter
remained in place for 14 days after operation. After
the urethral caliber was assessed with retrograde
urethrograms, five animals from each group were
killed at one and three months post-implantation. The
entire urethra was removed, prepared by
H&E/Masson staining and assessed by viewing
sections of tissue in the mucosal membrane. In
Masson staining, the collagen fibers, mucus and
cartilage are blue; the cytoplasm, muscle, cellulose,
and glia are red, and cell nuclei are black-blue.
Immunohistochemical (IHC) staining was performed
using monoclonal antibodies against cytokeratin (AE1/AE3; Abcam, Cambridge, Britain), α-smooth
muscle actin (α-SMA; Santa Cruz Biotech), and
vascular CD31 (CD31; Santa Cruz Biotech) for
detecting the epithelial cells, smooth muscle cells, and
blood vessels, respectively.

Ethical approval and informed consent
The entire animal experimental protocol was
approved by the Animal Care and Use Committee of
Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital before study initiation. All the
methods were carried out in accordance with the
approved guidelines.

Statistical analysis
All data are expressed as mean ± standard
deviation. ANOVA was used to determine differences
between two groups using SPSS17.0 statistical
software. Differences were considered statistically
significant when the P-value was < 0.05.

http://www.thno.org
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Results
Schematic of the biosynthesis of SF-BC
composites
Fig. 1 is a schematic illustration of the biosynthesis of the SF-BC composites. First, the 3-D
porous SF scaffold was formed using freeze-drying
techniques. After inoculation, the bacterial cells
synthesized cellulose nanofibrils as they migrated in
the porous SF scaffold to gradually form a dense
cellulose network at the nanoscale. The SF-BC
composites, which consist of nanofibrous BC and
porous SF, have a clear bilayer structure with a
smooth upper layer and a porous lower layer. Oral
tissue was harvested from female dogs by punch
biopsy and divided into muscle sections. Muscle cells
and keratinocytes were seeded onto the SF-BC
composites. Then, the cell-seeded composite sheets
were tubularized to complete the TE urethra, which
was autologously grafted to surgically induced
urethral defects.

Macro- and micro-morphology observations
and porosity measurements of SF-BC
composites
After seven days of static culture, the SF-BC
scaffolds had a clear bilayer structure. The yellow SF
layer remained dominant, and a thin white BC film
covered the porous SF layer, as observed in the
images (Fig. 2 A, B).
As shown in the Table 1, the SF-BC bilayer
scaffold is highly porous with a porosity of 85%. The
average pore diameter of the porous layer in the
bilayer SF-BC composites was 210.2 μm (Fig. 2 F,
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G, H).
The
surface
morphology
was
further
investigated using SEM (Fig. 2 C, D, E). As a result of
the random movement of bacteria near the
oxygen-rich region during static culture, the isotropic
cellulose fiber network is characteristic of dense
layered structures. The average nanofiber diameters
of BC were approximately 47 nm and could be
observed at a high magnification.

Mechanical properties
The mechanical strength of wet SF-BC scaffolds
was assessed to determine the material’s ability to
withstand the stresses during handling and
implantation. The results of mechanical testing are
presented in Table 2. The suture-retention strength of
the scaffold was 1.45±0.21 N, and the Young’s
modulus was 6.85±0.26 MPa.

Cytotoxicity results
The lingual keratinocytes and muscle cells grew
well in the medium containing SF-BC, and the OD
values in the scaffold groups were similar to those in
the control group (Fig. 3 A, B; p>0.05).

In vitro incubation of engineered urethral
tissue
After incubation, the lingual keratinocytes had a
typical cobblestone-like appearance, and immunofluorescence staining was positive for AE1/AE3
(Abcam, USA) (Fig. 4 A). The lingual muscle cells
exhibited a typical phenotype, and immunofluorescence staining demonstrated that these cells
were positive for desmin antibodies (Abcam, USA)
(Fig. 4 C).

Figure 1. Schematic illustration of the biosynthesis of bilayer SF-BC composites and the experimental design to fabricate TE urethra.

http://www.thno.org
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Table 1 The medium thickness, porosity, pore size and the nanofiber diameter of the SF-BC bilayer scaffold.
Bilayer scaffold thickness
4.4±0.52 mm

Porsity
85±5.8 %

Nanofiber diameter of nanotextured surface
46.7±6.7 nm

Pore size of microporous scaffold
210.2±117.8 μm

Table 2 The Young’s modulus, stress and strain at break and suture-retention strength of SF-BC bilayer scaffold.
Sample code
SF-BC

Stress at break (KPa)
274.6±15.4

Strain at break (%)
15.7±1.4

Young’s modulus (MPa)
6.85±0.26

Suture retention strength (N)
1.45±0.21

Figure 2. Structural and mechanical analyses of the SF-BC scaffold. (A) Digital photographs of the SF-BC scaffold. (B) Cross-sectional scanning electron microscopy
(SEM) images of the SF-BC scaffold. (C-E) Representative SEM images of the architectures in the dense layer. (F-H) Representative SEM images of the architectures
in the porous layer.

Figure 3. (A) MTT results from proliferation assays using lingual keratinocytes. (B) MTT results from proliferation assays using lingual muscle cells. The lingual
keratinocytes and muscle cells grew well in the medium containing SF-BC, and the OD values in the scaffold groups were similar to those in the control group.

http://www.thno.org
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Figure 4. In vitro incubation of engineered urethral tissue. (A, C) Immunofluorescence staining of lingual keratinocytes and muscle cells. (B) Immunofluorescence
staining of the SF-BC scaffold with DAPI. (D) Immunofluorescence staining of a cross-section of a cell-seeded SF-BC scaffold. (E) Immunofluorescence staining
demonstrating that keratinocytes formed a compact confluent keratinocyte layer. (F) Immunofluorescence staining demonstrating that muscle cells invaded the SF-BC
scaffold and dispersed throughout the porous polymer. (G-I) SEM analysis of keratinocytes on the compact surface of the SF-BC scaffold. (J-L) SEM analysis of muscle
cells located inside the porous network that had grown along the SF wall. The white arrow indicates the cells, the yellow arrow indicates the nanofiber and the red
arrow indicates the SF.

Immunofluorescence staining demonstrated that
well-defined lingual keratinocytes formed with
minimal cellular penetration (Fig. 4 D, E) and the
keratinocytes on the compact surface of the SF-BC
scaffolds formed a compact confluent keratinocyte
layer, which acts as an important barrier. On the
opposite side, muscle cells invaded the SF-BC
composite scaffolds and dispersed throughout the
porous polymer (Fig. 4 D, F).
We further characterized the adhesion of
keratinocytes on the compact surface of the SF-BC
composite by SEM. The dense network of fibers and
small pore size of the pure BC scaffolds directed cell
growth to form a compact barrier (Fig. 4 G-I). In
contrast, SEM analysis illustrated that muscle cells
were inside the porous network and had grown along
the SF wall (Fig. 4 J-L), which indicates that SF may
provide better guidance for the direction or spacing of
cell growth.

Surgical outcomes and follow-up
All animals survived the duration of the study
with no adverse events. There were no oral
complications, such as difficulty in eating, bleeding,
or hematoma, during the three-month period.
At 1 month, retrograde urethrograms showed a
wide urethral caliber without a fistula or stricture in
group A (Fig. 5 G). All the animals regained
satisfactory voiding function in one month without a
catheter after the operation. However, group B
revealed mild strictures in all dogs, and bladder
distension occurred after catheter removal in 3 dogs at
1 month (Fig. 5 I).
At 3 months, retrograde urethrography revealed
the maintenance of a wide urethral caliber without
any sign of strictures in group A (Fig. 5 H). All the

dogs could urinate without dilation or other
treatments. In all dogs in group B, progressive
postoperative narrowing of the urethra and bladder
distension occurred (Fig. 5 J). There was an obvious
difference in success rate between group A and B.
Histological assays were performed on all
groups at 1 and 3 months post-operation. At 1 month,
all canines in group A had intact epithelial cellular
layers: 2-3 layers of well-developed, stratified
epithelium (Fig. 6 A, C) and increased numbers of
organized muscle bundles were observed (Fig. 6 B, D).
In group B, a discontinued epithelium occurred on the
lumen surface of the retrieved urethra (Fig. 6 K, M):
no muscle fiber bundles were observed (Fig. 6 L, N)
and mild chronic inflammatory reactions were
characterized by mononuclear cell infiltrates (Fig. 6 K,
L). At 3 months, the lumen surface formed intact and
multilayer epithelium (Fig. 6 F, H), and large numbers
of organized muscle bundles were observed in group
A (Fig. 6 G, I). We observed similar epithelium
regeneration in group B (Fig. 6 P, R), with little
inflammation in the sub-epithelium and small
amounts of unorganized muscle fiber bundles (Fig. 6
Q, S). At 1 and 3 months, a large amount of new
growth vascular formation was observed in groups A
and B (Fig. 6 E, J, O, T).

Discussion
The scaffold is one of the most critical
components in tissue engineering because it should
provide a temporary structure and milieu for
regeneration. The ideal scaffold for the regeneration
of a urethra needs to fulfill specific requirements
pertaining to the three-dimensional architecture, the
environmental needs of the various cell types of the
urethra, and provide the diffusion barrier function
http://www.thno.org
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and structural integrity of the urethra. Toward this
goal, we have developed a novel technique to
manufacture a bilayer scaffold that combines a
microporous silk fibroin with a nanofibrous bacterial
cellulose scaffold for urethral reconstruction.
BC combines the important and well-known
qualities of cellulose with the outstanding features of
nanoscale materials [18, 33]. However, BC is less
suitable for specific biomedical applications when
serving as an implantable scaffold because of its
compact nanotextured surface, which lacks a 3-D
microenvironment [34]. Our previous studies [35]
have demonstrated that SF has potential for use in
urethral reconstruction. Plasticity in terms of the silk
processing methods allows for the construction of a
variety of configurations, including films, foams,
hydrogels, gel-spun matrices, and woven or
nonwoven meshes. The freeze-drying method might
be an appropriate technique because it can create
three dimensions and a highly porous scaffold [36],
while lacking a nanotextured surface. In our study, a
facile and effective method was used to fabricate a
nanotextured surface with a microporous (SF-BC)
scaffold via stationary cultivation of Gluconacetobacter
xylinus using an SF microporous scaffold as a
template. This bilayered hybrid scaffold combines the
advantages of the two materials used.
The scaffold in our study contained a
nanotextured BC layer and a microporous SF layer. SF
formed the walls of large pores having diameters of
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210.2±117.8 µm. The micron-scale pores allow for cell
incorporation, migration, proliferation, transport of
nutrients and waste products, and tissue growth into
the scaffold [37]. The biocompatibility of the scaffolds
was evaluated by SEM, which was used to investigate
the morphology of the cells on the scaffolds. The
muscle cells were distributed mainly in the pores of
the scaffold and were anchored onto the SF (Fig. 4
J-L). The BC nanotextured surfaces comprised a
fibrous network for cell adhesion and signaling. The
lingual keratinocytes had a flat morphology and
clustered on the web of cellulose nanofilaments (Fig. 4
G-I). This is consistent with the findings of previous
studies that a porous surface structure inhibits the
proliferation of epithelial cells, whereas epithelial cells
seeded onto flat surfaces proliferate rapidly [38-40].
All these results indicate that this SF-BC scaffold has
good biocompatibility. Furthermore, the biomaterials
should provide mechanical support to withstand
physiological conditions over an extended period of
time. For urethral reconstruction, the biomedical
scaffold should be successfully sutured to the urethral
tissue, and the suture-retention strength should be
greater than 0.8 N to ensure implantation [41]. In the
current study, the suture-retention strength of the
SF-BC scaffold was 1.37±0.14 N, which was
considered adequate for implantation. Overall, the
SF-BC scaffold has promising prospects in cell culture
and tissue engineering.

Figure 5. (A-F) During the surgical procedure in a dog model, the urethra between the bladder and the pubic symphysis was exposed, and a 5 cm long urethra section
was transected and removed. Then, the scaffold was sutured onto the urethral defect. (G-L) Comparison of urethrography images in each group at 1 and 3 months
after operation. The arrow indicates the urethroplasty site of the urethra.

http://www.thno.org
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Figure 6. Histologic analysis of reconstructed urethras at one and three months post-implantation. Evaluation of epithelium, smooth muscle and vessels with
AE1/AE3, desmin and factor VIII immunohistochemical (IHC) staining in the retrieved urethra; H&E: hematoxylin and eosin.

The maximum defect distance suitable for
normal tissue formation using acellular scaffolds that
depends on the host cells for tissue regeneration
appears to be <1.0 cm [42]. Recent studies indicate
that seeding a scaffold with autologous cells can lead
to successful repair of urethral defects [43, 44].
Typically, epithelial cells and muscle cells are used to
construct TE urethral tissue [45]. Cells obtained from
the bladder are a main cell source for cell-based
tissue-engineered urethra [26]. However, healthy cells
might not be available in patients with chronic
inflammation due to urinary tract infections or
indwelling catheters. Lingual mucosa are considered
the ideal tissue for urethral reconstruction [27]. A
previous
study
demonstrated
that
lingual
keratinocytes and muscle cells can be collected from

the lingual mucosa and used as a source of seed cells
for engineering urethral tissue [28]. In the current
study, we repaired 5 cm urethral defects using BC-SF
scaffolds seeded with lingual keratinocytes and
muscle cells in our dog models. SEM revealed that the
lingual keratinocytes were stuck tightly onto the
SF-BC scaffold with stretching pseudopodially, and
lingual keratinocytes expressed AE1/AE3, which is
similar to epithelial cells or urothelial cells [9, 46, 47].
These results indicate that lingual keratinocytes had
good biocompatibility with the scaffold. The
infiltration of muscle cells is critical for the successful
regeneration of functional tissue after the
implantation of engineered constructs. Atala et al. [45]
found that a contributing factor to the success of
tubular urethral replacement could be due to the
http://www.thno.org
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support provided by a rapidly developing muscle
layer that keeps the urethra from collapsing and
prevents wall adhesion. Our results also suggest that
the regeneration of a suburothelial smooth muscle
layer, as observed in group A, provided the optimum
muscle orientation and bundle formation.
Vascularization of the graft is necessary to
ensure the survival of the implanted tissue. The pore
size of a scaffold is closely related to the
vascularization
of
microporous
biomaterials
implanted in vivo. Large pore sizes are beneficial for
the growth of blood vessels [48], as we also concluded
based on our results. In our study, the number of new
blood vessels detected in the SF-BC scaffold with or
without cells was high, which indicates the suitability
of the SF-BC scaffold for neo-tissue development.
Finally, the experiments described herein
focused on the use of this material in the urinary tract.
This type of composite scaffold could also be used for
numerous other types of hollow-organ tissue
engineering grafts, including vascular, bladder,
ureteral, esophageal, and intestinal, to provide 3-D
bilayer scaffolds with both microporous structures
and nanotextured surfaces.

Conclusions
The data presented in this study demonstrate the
feasibility of developing 3-D bilayer scaffolds with
both microporous structures and nanotextured
surfaces via stationary cultivation of Gluconacetobacter
xylinus using a SF microporous scaffold as a template.
The bilayer SF-BC scaffold can provide several
advantages and add functionality to the scaffold. The
nanotextured BC layer was designed to prevent the
erosion of toxic substances in urine and is conducive
to the proliferation of epithelial cells. The
microporous SF layer was conducive for cells to
migrate in vitro, and tissue could grow in through the
mesh and integrate with surrounding tissues. This
study provides preclinical evidence that cell-seeded
scaffolds can be used in the reconstruction of urethral
defects. More studies are required to establish the
feasibility of using the same concept in other
biomedical fields.
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