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Abstract
Regeneration of damaged urethral tissue remains a major challenge in the field of lower urinary
tract reconstruction. To address this issue, various synthetic and natural biodegradable
biomaterials are currently being explored for the fabrication of scaffolds that promote urethral
regeneration and healing. In this study, we present an approach to fabricate a trilayer hybrid
scaffold comprising a central layer of poly(lactic acid) (PLA) between two layers of chitosan. The
chitosan/PLA/chitosan (CPC) scaffolds were fabricated by a sequential electrospinning process and
their properties were evaluated for their suitability for urethral tissue engineering. The physical and
biological properties of the CPC scaffolds were evaluated in comparison to electrospun PLA
scaffolds and acellular dermis (Alloderm) as controls for a synthetic and a natural scaffold,
respectively. Compared to the controls, the CPC scaffolds exhibited higher elastic modulus and
ultimate tensile strength, while maintaining extensibility and suture retention strength appropriate
for clinical use. The CPC scaffolds displayed significant hydrophilicity, which was associated with a
higher water absorption capacity of the chitosan nanofibres. The degradation products of the CPC
scaffolds did not exhibit cytotoxicity and promoted wound closure by fibroblasts in vitro. In
addition, CPC scaffolds showed increased growth of smooth muscle cells, an essential component
for functional regeneration of urethral tissue. Furthermore, in a chicken embryo-based assay, CPC
scaffolds demonstrated significantly higher angiogenic potential, indicating their ability to
promote vascularisation, a crucial aspect for successful urethral reconstruction. Overall, these
results suggest that CPC hybrid scaffolds containing both natural and synthetic components offer
significant advantages over conventional acellular or synthetic materials alone. CPC scaffolds show
promise as potential candidates for further research into the reconstruction of the urethra in vivo.

1. Introduction

Anomalies of the urethra may be either congenital or
acquired later in life and present a major challenge
to urologists. For example, hypospadias is a common
defect of the external genitalia that occurs in approx-
imately 1 in 200 live male births and results in sig-
nificant narrowing of the urethra that often requires

surgical correction [1, 2]. Urethroplasty with a buc-
cal mucosal graft may be effective in severe cases or
for patients who experience postoperative complica-
tions, but there are no generally accepted algorithms
yet for the surgical management of hypospadias [1,
3–5]. Tissue engineering offers promising solutions to
produce grafts that closely resemble the natural archi-
tecture of the urethra [6, 7].
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The normal human urethra has a tubular struc-
ture consisting of three distinct layers: (i) epithe-
lium (innermost layer), which consists of transitional
cells that act as a barrier to urine, (ii) submucosa
(middle layer), which consists mainly of fibroblasts
that provide structural strength to the urethral wall,
and (iii) muscle layer (outermost layer), which con-
tains smooth muscle cells (SMCs) that provide con-
tractility to maintain the high compliance of the
urethra during urination [8, 9]. Most tissue engin-
eering studies to date have constructed cell-seeded
or acellular scaffolds that aim to reconstruct the epi-
thelial and muscle layers, often ignoring the submu-
cosa and the critical role of the surrounding cor-
pus spongiosum in providing mechanical support
and blood supply [10–13]. The corpus spongiosum
is inadequate in hypospadias [14, 15], so failure to
replace this tissue may lead to long-term failure of
urethral reconstruction [16]. Therefore, it is essential
to develop tissue engineering strategies that involve
all layers of the urethra. By combining these essen-
tial components, more effective surgical repair can
be achieved, leading to better functional outcomes in
urethral tissue regeneration.

In recent decades, various natural and syn-
thetic biodegradable scaffolds have been investig-
ated for urethral tissue engineering, including scaf-
folds seeded with primary cells [17–20]. Synthetic
polymers exhibit high strength but are less biocom-
patible, whereas natural biomaterials exhibit the
opposite properties [21]. Synthetic polyesters such
as poly(lactic acid) (PLA) have been widely used
for scaffold fabrication because they can be easily
degraded to lactic acid by simple hydrolysis [22].
In addition, PLA scaffolds can successfully support
cell growth in regenerative medicine applications [23,
24]. Although PLA is typically hydrophobic [25],
the polymer exhibits excellent mechanical strength
that can be tailored to a range of clinical applica-
tions and has been approved by the Food and Drug
Administration. However, a major limitation of PLA
and its co-polymers is their insufficient biocompat-
ibility in urethral replacement, which often leads
to undesirable inflammatory reactions when used
in vivo [26].

Recent advances in tissue engineering have shown
that it is possible to develop more physiological
grafts, such as synthetic scaffolds of microfibrous
PLA and nanofibrous poly(3-hydroxybutyrate-co-3-
hydroxyvalerate), which have been proposed for the
fabrication of tissue substitutes for buccal mucosa
exhibiting good mechanical properties and morpho-
logical similarity to normal human oral mucosa [27].
Another promising strategy to improve the biolo-
gical performance of synthetic polymers has been to
has been to combine them with natural polymers
[28]. Commonly used natural polymers are cellulose,

chitin, silk fibroin, and gelatin. Chitin is the second
most abundant biopolymer after cellulose [29] and
is commonly found in invertebrates, green algae,
and fungi [30]. Deacetylation of chitin produces the
polysaccharide chitosan, which can be used to pro-
duce multilayer films by a layer-by-layer deposition
technique [31]. Chitosan is degraded in vivo by lyso-
zyme and various other enzymes [32], resulting in
the formation of nontoxic oligosaccharides of varying
lengths that can be incorporated (or simply excreted)
into normal tissuemetabolic pathways [33]. Chitosan
also exhibits significant antimicrobial activity [34]
and thus may be particularly well suited as a bioma-
terial for urologic applications, which to our know-
ledge has not yet been investigated. Although it is
difficult to produce chitosan alone as electrospun
nanofibers, this material can be blended with other
polymers such as poly(ethylene oxide) (PEO) or
poly(vinyl alcohol) to improve fiber stability [35].
PEO is a synthetic biopolymer approved for use in
food, cosmetics, personal care products, and pharma-
ceuticals. The addition of PEO reduces the viscosity of
the chitosan solution, allowing it to be electrospun at
high polymer concentrations. Hybrid scaffolds com-
bining synthetic with natural biomaterials can there-
fore help to overcome important technical problems
and offer numerous material advantages in the clinic
[36].

Insufficient angiogenesis and poor epithelializ-
ation are the major challenges in urethral regen-
eration with conventional tissue-engineered grafts.
An ideal tissue engineered urethra should promote
sufficient angiogenesis to support epithelialization
and regeneration of the urethra in vivo. At the site
of the primary defect, urothelial cells must migrate
and cover the affected area to form new epithelium,
which requires parallel vascularization to provide
sufficient nutrients and oxygen. The formation of
epithelium is critical to the structure and function of
the urethra because it provides an essential barrier to
the cytotoxic components of urine that can cause
fibrosis, shrinkage, and eventually stricture [37].
Consequently, a priority in the development of scaf-
fold materials is to synthesize multilayer grafts that
can supportmultiple healing processes in parallel.We
hypothesized that PLA/chitosan composite scaffolds
could represent a novel ‘off-the-shelf ’ scaffold with
structural and mechanical properties that initially
stabilize tissue function and, over time, would allow
gradual regeneration of the damaged urethra. The
aim of our study was to investigate the potential of
chitosan/PLA/chitosan (CPC) hybrid scaffolds
for improved urethral tissue regeneration, focus-
ing on the in vitro evaluation of their phys-
ical and biological properties and comparing
them with conventional acellular and synthetic
materials.
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2. Materials andmethods

2.1. Chemicals andmaterials
Chemicals purchased from Sigma Aldrich
included chitosan (deacetylated chitin, poly(D-
glucosamine), 75%–85% degree of deacetylation),
PEO (MW = 600 000–1000 000), glacial acetic
acid, cetrimonium bromide (CTAB), dichloro-
methane (DCM), and dimethylformamide (DMF).
The PLA (Ingeo Biopolymer 2003D) was pur-
chased from NatureWorks (Minnetonka, MN, USA).
Acellular dermal matrix scaffolds (AlloDerm®, des-
ignated ALD) were obtained from LifeCell Corp
(Branchburd, NJ, USA).

2.2. Preparation of electrospun scaffolds
A PLA solution (10% w/v) was prepared by adding
PLApellets to a 70:30mixture ofDCMandDMFwith
stirring for 6 h at room temperature. A chitosan solu-
tion (2% w/v) was prepared by dissolving chitosan
in a mixture of acetic acid, DCM, and distilled water
(4:5:1) and a PEO solution was prepared by dissolv-
ing PEO (2% w/v) in a mixture of acetic acid and
distilled water (1:1). The polymer solutions were pre-
pared separately under continuous magnetic stirring
for 6 h at room temperature to obtain homogeneous
solutions. To determine the optimal mixture for the
preparation of small diameter fibers without beads,
the chitosan and PEO solutionswere combined in dif-
ferent ratios (60:40, 50:50, 70:30, or 80:20) with addi-
tional magnetic stirring for 4 h. CTAB was dissolved
in the chitosan:PEO mixture at a final concentration
of 40 mM.

Scaffolds were manufactured using a nanofiber
electrospinning machine (Tong Li Tech, Shenzhen,
China). The PLA scaffolds were fabricated at a flow
rate of 2 ml h−1, a distance of 12 cm between the
needle tip and the collector, and an applied voltage
of 12 kV. To fabricate the trilayer CPC scaffold, the
first layer solution consisting of chitosan:PEO was
filled into a 10 ml syringe and electrospun at a flow
rate of 0.3 ml h−1. The nanofibers were collected
on an aluminium substrate at a distance of 10 cm
between the needle tip and the collector at an applied
voltage of 18 kV. Then, the second layer of PLA
solution was filled into a 20 ml syringe and elec-
trospun directly on the first layer at a flow rate of
2 ml h−1, a distance of 12 cm between the needle tip
and the collector, and an applied voltage of 12 kV.
Finally, the third layer consisting of chitosan:PEO
was immediately electrospun to overlay the previ-
ous layers. To improve the stability of the chitosan
nanofibers, the CPC scaffolds were immersed in
90:10 methanol/water for 20 min before allowing
this to dry at room temperature inside a fume hood
[38]. A schematic diagram of the sequential fabric-
ation process of the CPC scaffolds is depicted in
figure 1(a).

2.3. Morphological analysis of the scaffolds
The morphology of the different nanofiber scaffolds
was studied using a scanning electron microscope
(SEM, XL-30E, Philips, The Netherlands). Samples
with a size of (4 × 4) mm were sputtered with gold
to increase conductivity and prevent the sample from
being charged by the accumulation of static electric
fields [39]. To visualize the cross-sectional morpho-
logy of theCPC scaffolds, theywere broken after soak-
ing in liquid nitrogen for 15 min. Fiber diameters
were quantified using the ImageJ plugin DiameterJ
[40] based on four independent SEM images per scaf-
fold type.

2.4. Mechanical testing of the scaffolds
For the mechanical tests, all scaffolds were prepared
as strips of (35 × 7) mm. A total of six strips of each
scaffold type were tested. Mechanical testing was car-
ried out in accordance with ISO: 604–02 using the
universal testing machine (LF PLUS, LLOYD, UK) at
an elongation rate of 5 mm min−1 and load range of
5000 N. Prior to testing, all scaffolds were soaked in a
phosphate-buffered saline (PBS) solution for 30 min.
The Nexygen Plus software in the testing device was
utilized to determine the Young’s modulus by analyz-
ing the slope of the first linear segment of the stress–
strain curve. Additionally, the software was used to
calculate the yield stress and extensibility.

2.5. Suture retention test
The suture retention strength of each scaffold was
quantified according to the VP20 standards of the
American National Standard Institute-Association
for the Advancement of Medical Instruments. Suture
retention was assessed using the LF PLUS uniaxial
force device using (35 × 10) mm test samples. One
end of the sample was fixed to the lower grip of the
device. A single 5–0 polydioxanone suture (Round
Body, RB#2) was passed through the other end of
the sample (3 mm below the cut edge). The two
free ends of the suture were attached to the upper
grip and pulled at a constant rate of 1 mm min−1.
The suture-retention strength was defined as the peak
force achieved during this procedure.

2.6. Scaffold swelling and in vitro degradation
The dry weight of the different scaffolds was meas-
ured with an electronic balance before they were
transferred to separate closed containers with PBS.
After specified time intervals (1, 2, 3, 4, 24, 48, 72,
and 96 h), the samples were removed from the PBS
and excess surface water was dried with tissue paper
before being reweighed to determine the wet weight.
Swelling was then calculated as a percentage of water
uptake:

Water uptake [%] =

(
Ws −Wd

Wd

)
× 100

3
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Figure 1. (a) Electrospinning set-up for preparing trilayer scaffolds. The schematic illustrates the electrospinning process used to
prepare the scaffolds. Scale bar denotes 500 µm. (b) SEM images of Alloderm (ALD), poly(lactic acid) scaffold (PLA), and top
layer of the trilayer chitosan/PLA/chitosan scaffold (CPC). Scale bar denotes 50 µm. (c) Histograms displaying the fiber diameter
of the different scaffolds.

whereW s is sample wet weight, andWd is dry weight
of the same sample. At least three specimens were
tested for each sample to obtain average values.

For the in vitro degradation tests, scaffolds were
cut into (15 × 15) mm samples. Four samples of
each scaffold type were immersed in PBS and incub-
ated at 37 ◦C. Samples were removed from PBS
at various intervals (1–24 d), carefully washed with
distilled water, and then dried at room temperat-
ure. Material dissolution was evaluated by weight
loss and morphological changes relative to immer-
sion time. Weight loss was determined by dividing
the dry weight of the samples at a given time by
the initial weight of the samples using the following
equation:

Weight loss (%) =

(
Wf

Wi
× 100

)

whereWi is the initial dryweight of the scaffold before
immersion in PBS, and Wf is the final dry weight of
the same specimen after being previously immersed
in PBS for a variable duration.

2.7. Contact angle measurement
The hydrophilicity of the scaffolds was assessed by
using a contact angle instrument device (OCA 35-
Dataphysics). Deionized water droplets of 0.5 µl
were deposited onto each scaffold, and contact angles
were measured four times from different positions to
obtain an average value.

2.8. Cell sources and culture conditions
Cytocompatibility experiments were performed with
NIH/3T3 fibroblasts obtained from the American
Type Culture Collection, USA. Cells were cultured
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in Dulbecco’s Modified Eagle’s Medium supplemen-
ted with 10% foetal bovine serum (FBS) and 0.1%
penicillin/streptomycin. All experiments were per-
formed with cells of passages 15–20. Cell growth
experiments on the scaffolds were performed with
SMCs fromhuman bladder purchased from ScienCell
Research Laboratories (Carlsbad, CA, USA). Cells
were cultured in growth medium (GM) contain-
ing smooth muscle cell basal medium (ScienCell
Research Laboratories) supplemented with 1%
smooth muscle cell growth supplement, ScienCell
Research Laboratories, 2% FBS, and 1% penicil-
lin/streptomycin. Cell culture was performed in a
humidified incubator (Thermo Fisher Scientific,
USA) at 5% CO2 and 37 ◦C. For all cell culture
experiments, the test scaffolds were sterilized with
UV irradiation for 20 min before addition to the cul-
ture wells.

2.9. Cytocompatibility assays
For the cytotoxicity assay, fibroblasts were seeded at
a density of 5 × 103 cells cm2 in 6-well plates and
cultured until confluency. Scaffolds were cut into
(10× 10)mmsamples, placed in thewells, and incub-
ated for 24 h. A live/dead cell viability and cytotox-
icity kit (Molecular Probes, USA) was used to assess
the effects of components released from the scaffolds
on fibroblast viability. Live/dead stain was prepared
by adding 1 µM ethidium homodimer-1 and 2 µM
calcein-AM to serum-free medium. After discarding
the supernatants and the scaffolds, cells were rinsed
in PBS twice and treated with the live/dead stains for
1 h. The stained cells were observed under an inver-
ted fluorescence microscope at 40× magnification
(OLYMPUS IX −71, UK), and images were acquired
using imaging software ZEN and anAxioCam camera
(Carl Zeiss, Germany). Cell viability was calculated
using the following equation:

Viability (%) =

(
L

L+D

)
× 100

where L and D represent the total number of live and
dead cells per field, respectively. Experiments were
performed in triplicate for each scaffold type.

To evaluate the effects of degradation compon-
ents on fibroblast migration, a time-dependent ana-
lysis was performed. Fibroblasts were seeded in 12-
well plates at a density of 5 × 105 cells/well. When
fibroblasts reached confluence, a scratch was made
in the chambers using a 100 µl pipette tip. The
chambers were then rinsed with PBS to remove all
free-floating cells and debris. Scaffold samples of
(10 × 10) mm were added to each well along with
serum-free medium, and the plates were incubated
for various time intervals. Images of the scratched
areas were taken before scaffolds were placed and after
3, 6, and 24 h using an invertedmicroscope (Olympus

IX−71, UK). Experiments were performed in triplic-
ate for each scaffold. Relative wound closure was cal-
culated using the following formula:

Relative wound closure (%) = 100−
[(

Ai −Af
Af

)
× 100

]

where Ai and Af define the area between scratch edges
before and after time of incubationwith each scaffold,
respectively.

2.10. Assessment of growth of SMCs on the
scaffolds
Scaffold samples of (10 × 10) mm were placed on
12-well plates and soaked in GM at 37 ◦C for 1 h.
SMCs were trypsinized and 130 µl of cell suspen-
sion containing 2 × 105 cells was added to the cen-
ter of each scaffold. After incubation at 37 ◦C for
30 min, the scaffolds were flipped, and the seed-
ing operation was repeated on the other side of the
scaffolds. Subsequently, the culture wells were filled
with GM and the plates were placed back in the
incubator. The mediumwas replaced every other day.
Five replicates of each scaffold type were used for
testing. Cell viability was determined on days 1, 3,
and 7 after seeding using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma Aldrich, USA). Scaffolds were rinsed twice in
PBS before a 5 mg ml−1 solution of MTT in PBS was
added to eachwell and incubated for 4 h. The reaction
was stopped by discarding the reaction solution and
dissolving the converted dye in dimethyl sulfoxide for
15 min. A total volume of 100 µl of purple solution
was taken from each sample and transferred to a 96-
well plate. Optical density (OD) was then measured
at a wavelength of 570 nm using an EPOCH2 micro-
plate reader (BioTek) according to themanufacturer’s
instructions. To quantify cell proliferation, the nor-
malized OD was calculated by dividing the measured
OD by the control OD. The average OD of the ALD
scaffold at day 1was used as a control. All experiments
were repeated three times, and the OD values were
measured in triplicate.

After 7 d of culture, the scaffolds were fixed in
formalin 10% for histological analysis. Scaffolds were
embedded in optimal cutting temperature (OCT)
compound and frozen in liquid nitrogen. Cross
sections (5 µm thickness) were cut using a cryostat
(Leica CM300) and placed on frosted glass slides.
The slides were then soaked in deionized water to
remove the OCT, stained with haematoxylin, washed
with running tap water, and stained with eosin. After
another wash with tap water, samples were dehyd-
rated in 70% alcohol and then placed in 100% alco-
hol. Finally, the slides were cleaned twice in xylene
and mounted on a coverslip with DPX mounting
medium. The sections were observed with a light
microscope (Olympus IX−71, UK).

5
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2.11. Assessment of the angiogenic capacity of the
scaffolds
The chorioallantoic membrane (CAM) assay is a use-
ful biological model for assessing angiogenic capacity
of materials and compounds. Chick embryo experi-
mentswere conducted atQatarUniversity Biomedical
Research Center under Qatar University IACUC
Approval QU-IACUC 005/2021. Fertilized chicken
(Gallus gallus domesticus) eggs were purchased from
Arab Qatari Poltry Farm (Al-Khor, Qatar), stored at
12 ◦C–18◦C to prevent chick development during
transport, and gradually brought to room temper-
ature to prevent condensation in the egg. Eggs were
incubated until day four at 37 ◦C from the day of fer-
tilization in a 60% humidified egg incubator (1502-
Digital Sportsman, GQF Manufacturing Company
Inc.) with adjustable horizontal rotation (1 h sched-
ule). Eggs were collected and cleaned at the planned
surgical site with 70% ethanol. The amnion (4–5 ml)
was aspirated through a small puncture with a needle,
taking care not to injure the embryo, which was loc-
ated by candling. Curved scissors were used to cre-
ate a (15 × 20) mm window on the eggshell to allow
access to the CAM. Sterile (10 × 10) mm samples
of each scaffold type were placed on the exposed
CAM surface (n = 6). The exposed window was
then covered with transparent adhesive tape and the
egg was placed back into a 40% humidified portable
incubator at 37 ◦C (Hovabator, GQF Manufacturing
Company Inc.). After 24 h, vessel development was
observed using a stereomicroscope (Stemi 508), and
the number of branch points and vessel diameters
were quantified using Angioquant software. Images
were acquired at 10×magnification.

2.12. Statistical analysis
Results are presented as means± standard deviation.
Data were analyzed in IBM SPSS 23 software using
independent-samples T tests and analysis of variance
to identify differences between groups. Differences in
mechanical properties were assessed with Friedman
tests in GraphPad Prism 8withDunn test formultiple
comparisons between groups. P values < 0.05 were
considered statistically significant.

3. Results

3.1. Morphological characterization of the
scaffolds
An initial evaluation of chitosan scaffolds by SEM
revealed that not all formulations tested yielded suit-
able nanofibers (data not shown). Optimal fiber
formation was achieved with a chitosan:PEO ratio of
60:40, which was used to prepare the CPC scaffolds
in the remainder of this work. The cross-sectional
SEM of the CPC scaffolds confirmed a cohesive tri-
layer nanofibrous structure (figure 1(a)). The average
thickness of the CPC scaffolds was 1.10 ± 0.19 mm.

On the other hand, the PLA scaffolds had an aver-
age thickness of 0.60± 0.12 mm, while the ALD scaf-
folds had a thickness of 2.30 ± 0.29 mm. Figure 1(b)
shows the SEM images of the different scaffold types.
The electrospun CPC scaffolds show smooth nan-
ofibers comparable in diameter and size distribution
to the PLA scaffolds. Quantitative analysis revealed
a normal distribution of fiber diameter. In con-
trast, the ALD samples showed a much more com-
pact structure, with a narrow fiber size distribution
(figure 1(c)).

3.2. Assessment of mechanical properties
The stress–strain curve in figure 2(a) illustrates the
relationship between the magnitude of applied stress
and the resulting strain of the scaffold. CPC scaf-
folds showed a linear stress-strain characteristic until
failure at high load. In contrast, the PLA scaffolds
exhibited a less stiff behavior, while the ALD scaf-
folds exhibited the largest deformation at low stress.
As shown in figure 2(b), the CPC scaffolds exhib-
ited the highest Young’s modulus as compared to
the other two scaffold types. In addition, the CPC
scaffolds exhibited the highest tensile strength while
showing relatively low ductility with a strain toler-
ance of 44% before failure (figures 2(c) and (d)). The
PLA scaffold, on the other hand, exhibited higher
ductility with a strain tolerance of 62%, which can
be attributed to the high plastic content of the scaf-
fold. (figure 2(c)). To assess the ability of a scaffold
to accept and retain suture material, the suture reten-
tion capacity was evaluated. CPC scaffolds exhibited
higher retention than PLA, but lower retention than
ALD scaffolds (figures 2(e) and (f)).

3.3. Scaffold wettability
The wettability of the scaffold surface has a major
impact on the attachment, proliferation, and viabil-
ity of many different adherent cell types. As shown
in figure 3(b), contact angle measurements indicated
that CPC was significantly more hydrophilic com-
pared to the other scaffold types. There were no signi-
ficant differences when comparing the wettability of
the upper and lower chitosan layers comprising the
CPC scaffolds.

3.4. Swelling and degradation
Scaffolds are exposed to aqueous solutions in vivo,
which can cause swelling of the primary structure
and alter their dimensions and mechanical proper-
ties. Figure 3(a) shows the morphological charac-
teristics of the scaffolds before and after immersion
in PBS for 48 h. Qualitative inspection of the SEM
images revealed that the overall fibermorphology was
not significantly altered. When assessing the swelling
behavior, most of the swelling of the electrospun scaf-
folds occurred within 48 h of immersion and did not
increase significantly with further immersion time.
The CPC had a greater capacity to adsorb water than
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Figure 2.Mechanical properties and suture test of the studied scaffolds. (a) Tensile stress-strain curves for the ALD, PLA, and
CPC scaffolds. (b) Values of Young’s modulus, yield’s stress (c) and extensibility (d) as measured for the various scaffolds for
assessing their mechanical performance and suitability for urethral tissue engineering applications. (e) Suture retention
stress–strain curves showcasing the behavior of the ALD, PLA, and CPC scaffolds under applied suture forces to assess the
scaffold’s ability to securely hold sutures in place. (f) Load values of the ALD, PLA, and CPC scaffolds obtained during the suture
retention test. Asterisk indicates a statistically significant difference.

the PLA scaffolds (figure 3(c)). On the other hand,
degradation of the scaffold after implantation is a
determining factor for clinical success. The evaluation
of the weight loss of the scaffolds over time revealed a
relatively smaller decrease in themass of theCPC scaf-
folds compared to the PLA samples at the end of the
observation period (figure 3(d)). Notably, the CPC
and PLA scaffolds showed a similar rate of degrad-
ation in the first two weeks.

3.5. Assessment of cell compatibility
To determine whether the fabricated scaffolds
released toxic components that affected cell viabil-
ity, cultured fibroblasts were exposed to the scaffolds
to assess cell viability and migration. As shown in
figure 4(a), the number of viable cells was maintained
upon exposure to CPC.

Interestingly, exposure to ALD appeared to
increase the number of dead cells. This qualitative
observation was confirmed by quantitative analysis,
which showed that CPC scaffolds, like PLA, had no
significant effect on cell viability, whereas exposure to
ALD caused a significant decrease in the percentage
of viable cells (figure 4(b)). Cell migration is a key
determinant of wound closure and healing processes,
so fibroblast migration was examined in scratch
assays after exposure to the scaffolds. As shown in
figure 4(e), the presence of CPC scaffolds increased
the rate of wound closure 24 h aftermonolayer injury.
Quantitative analysis shown in figure 4(d) revealed
that CPC scaffolds supported 90.7 ± 2.1% healing of
the fibroblast scratch zone, which was significantly
greater compared with the control and PLA groups
(p< 0.01).
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Figure 3. Swelling and degradation behavior and contact angles of ALD, PLA, and CPC scaffolds. (a) SEM of PLA and CPC before
and after 48 h of the swelling test (Scale bar denotes 50 µm). (b) Contact angles of the ALD, PLA, and CPC (CPCU upper surface
and CPCL lower surface) scaffolds showing the wettability and hydrophilicity of the scaffolds, influencing cellular adhesion and
proliferation. (c) Percent mass weight increase during swelling test period indicating the scaffold’s ability to absorb water. (d)
Percent mass loss increase during over the 24 d test period. Asterisk indicates a statistically significant difference.

Figure 4. Cytotoxicity, migration, and wound healing assessments. (a) Live/dead assay to determine the potential cytotoxic effects
of the various scaffolds. Viability of fibroblasts was assessed after 24 h in contact with the scaffolds. The green channel indicates
live cells, while the red channel indicates dead cells. (b) Quantification of overall cell survival on the different scaffolds. (c) Scratch
test to assess fibroblast migration in presence of different scaffold types. The microscope images show the wound area after 24 h of
incubation, indicating the ability of cells to migrate and close the scratch. (d) Percent wound healing was quantified using ImageJ
software and plotted on a bar graph. The measurement allows comparison of the efficiency of cell migration and wound closure
in presence of the different scaffolds. Asterisk indicates a statistically significant difference vs. control group.
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Figure 5. Growth of smooth muscle cells (SMCs) on the scaffolds. (a) Evaluation of cell viability of SMCs using the MTT assay
after seeding and incubation on the different scaffolds for different time periods (1, 4 or 7 d), providing information on the ability
of the scaffolds to support proliferation and viability of SMCs over time. (b) Haematoxylin and eosin (H&E) staining of
cross-sections of ALD (acellular dermis), PLA, and CPC scaffolds after seven days revealing the presence and organization of
SMCs on the scaffolds. Scale bar denotes 500 µm.

3.6. Growth of SMCs on the scaffolds
To assess whether the CPC scaffolds could allow the
growth of cells relevant to urethral reconstruction,
the ability to support the growth of SMCs was evalu-
ated by cell proliferation assay and histologic analysis
(figure 5). SMCs displayed a steady proliferation on
CPC scaffolds over the seven-day period (figure 5(a)).
CPC scaffolds were able to effectively support SMC
growth on both sides of the scaffolds, in contrast to
PLA scaffoldswhere cells appeared to detach fromone
of the sides (figure 5(b)). This inability to retain cells
on the PLA scaffolds was reflected in a decrease in cell
proliferation at day 7.

3.7. Angiogenesis assay
To assess whether CPC scaffolds can support effi-
cient angiogenesis after transplantation, a chicken
embryo-based CAM assay was performed. As shown
by the microscope images, the CPC scaffolds formed
an adjacent zone of increased vascular density after
24 h (figure 6(a)). Quantitative analysis showed that
the CPC scaffolds elicited a significant increase in
blood vessel size and number of vessel branches com-
pared with the control (figure 6(b)). The increase in
vessel diameter was comparable to that induced by
the ALD scaffolds. In contrast, PLA scaffolds had a
significantly lower number of vessel branches and no
significant effect on vessel diameter.

4. Discussion

Autologous tissue reconstruction is the current stand-
ard for surgical repair of hypospadias and complex
long-segment urethral strictures [4, 41, 42]. However,
the use of autologous grafts is limited due to donor
site morbidity and high complication rates [43–45].
To overcome these limitations, a nanofiber composite
scaffold with suitable mechanical and surface proper-
ties is proposed to promote efficient cell attachment
and growth. The properties of these composite scaf-
folds (CPC) were compared with Alloderm, a natural

scaffold material composed mainly of type I collagen
from human skin [46], and PLA, a synthetic polyester
approved for the fabrication of implantable scaffolds.
AlloDerm is well established andwidely recognized in
the field of reconstructive surgery. It was selected as a
control material in this study because it is clinically
relevant and its value for urethral reconstruction is
well documented [47–49].Morphological assessment
of the CPC scaffolds revealed a nano/microfibrous
structure, which was supportive of cell growth. It
is expected that the favorable growth properties of
SMC may also provide good support for other cell
types, such as fibroblasts and urethral epithelial cells
[50]. The mechanical properties of tissue-engineered
scaffolds depend mainly on pore size [51] and fiber
structure/interaction [52]. Although the mechanical
properties of the implanted scaffolds do not neces-
sarily have to match those of the native tissue, they
should be sufficient to maintain an open urethra in
the long term. The results of this work show that
the addition of chitosan nanofiber layers to the scaf-
fold increased their stiffness, resulting in scaffolds that
are easier to manipulate, shape, and handle without
undesirable tangles or adhesions. Although the CPC
scaffolds failed at high strains (⩾0.5), this value is
well above the strains likely to occur after implanta-
tion. The higher stiffness of the CPC scaffold would
also potentially allow stable implantation of the graft
after urethroplasty, with greater tolerance to manip-
ulations associated with transurethral catheterization
and voiding pressures.

Suture retention is important for successful graft
implantation at critical sites with a high risk of fis-
tula formation, such as the ventral surface of the
neourethra and at the junction of the neourethra
and meatus [53]. Previous data suggest that scaf-
fold suture retention strength should be >0.8 N for
implantation into the urethra [54, 55], and the CPC
scaffolds tested here far exceeded this value.

The wettability of a scaffold surface is determ-
ined by the balance between hydrophilicity and
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Figure 6. Assessment of the angiogenic properties of the different scaffolds. (a) Representative images of scaffolds placed over the
chorioallantoic membrane (CAM) at day 10 of embryonic development, at time zero and after 24 h of incubation. Control
(without scaffold) and Alloderm (ALD) conditions are shown for reference. Scale bar represents 3 mm. (b) Quantification of
vessel junctions after 24 h of incubation. The number of vessel junctions was assessed as a measure of the angiogenic potential. (c)
Quantification of vessel diameters associated with each scaffold type after 24 h of incubation. Asterisk indicates a statistically
significant difference vs. control group.

hydrophobicity and has a significant impact on cell
attachment, proliferation, and viability over time
[56]. The presence of chitosan layers significantly
increased the wettability of the CPC scaffold, which
was reflected by their increased swelling capacity. This
is a favorable property which enables efficient cel-
lular infiltration and growth. On the other hand, as
expected, the PLA nanofiber scaffolds were highly
hydrophobic. SEM images showed that the scaffolds
retained their nanofiber structure after immersion in
an aqueous medium, suggesting that the increased
water-absorption capacity of the CPC scaffolds was
due to the increased wettability of the chitosan nan-
ofibers rather than fiber swelling. The rate of degrad-
ation of the CPC scaffolds was similar to that repor-
ted in the literature, which is approximately 6% over
the course of two weeks [57]. However, despite the
increased wettability due to the chitosan layers, the
CPC scaffolds showed a relatively lower degradation
rate than their PLA counterparts. The difference in
mass loss between CPC and PLA scaffolds in the later
stages can be attributed to the methanol stabiliza-
tion of theCPC scaffolds. This treatment increases the
crystallinity of the polymer, making it less suscept-
ible to degradation in aqueous solutions [38]. The

untreated PLA, which retains an amorphous state, is
inherently more susceptible to water penetration and
hydrolysis [58]. The degradation of PLA in aqueous
solutions is a process that is influenced by several
factors, including scaffold shape, molecular weight,
crystallinity, and wettability [59]. In our study, the
electrospun PLA scaffolds have a high specific sur-
face area and a relatively highmolecular weight. Based
on this assumption, it can be assumed that PLA is
degraded by a hydrolytic process that starts at the
surface and within the open-pore nanofiber scaffold
[60].

Cell ingrowth into the scaffolds is critical
for integration into the surrounding tissue after
implantation [61]. Previous studies have shown that
scaffold hydrophobicity, physical structure, and bio-
chemical signals can promote cell ingrowth into the
scaffold [62]. Electrospun scaffolds with fiber dia-
meters larger than 1 µm and large pore sizes (tens of
microns) appear to be well suited to allow cell infilt-
ration, whereas diameters smaller than 1 µm signi-
ficantly limit infiltration of most cell types [63, 64].
In the current study, SMC cell growth on the CPC
scaffold was superior to that of PLA alone. This effect
is likely due to the presence of reactive functional
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groups in chitosan, which are known to have a posit-
ive effect on cell adhesion [65], in contrast to the lack
of cell-binding domains in PLA [61].

The degradation components released from the
chitosan scaffolds were not cytotoxic and appeared
to have a beneficial effect on fibroblast migration.
Migration of cells from the wound margin is crit-
ical for effective tissue healing [66]. Enhanced migra-
tion of fibroblasts into the wound space also leads
to rapid deposition of collagen, which may also limit
infiltration by proinflammatory cells [67]. CPC scaf-
folds also showed a beneficial effect on angiogenesis
in theCAMassay. This agrees well with previous stud-
ies showing that chitosan promotes efficient growth
of vascular endothelial cells [68]. Chito-oligomers
are known to be released, phosphorylated, and
interact with keratan sulphate, chondroitin sulph-
ate, and hyaluronan, all of which influence fibro-
blast cytokine production andmacrophage activation
[69]. In vivo, fibroblasts can be activated by con-
tact with endothelial cells, either directly or indirectly
through the secretion of growth factors, resulting in
the production of angiogenic growth factors, includ-
ing fibroblast growth factor, vascular endothelial
growth factor (VEGF), and platelet-derived growth
factor [70]. VEGF is an important factor in angiogen-
esis, promoting tubulogenesis and the formation of
3D networks [71]. It has also been reported that
fibroblasts stimulated by chitosan molecules secrete
interleukin-8 [72], which is angiogenic and chemo-
attractive to both endothelial and epidermal cells
[73].

It is important to recognize certain limitations
in our study. First, our research relied predomin-
antly on in vitro evaluations, which, while provid-
ing valuable insight into the biocompatibility and
mechanical properties of the CPC scaffold, do not
capture the complex interactions that may occur in
a living organism. Secondly, we focused on human
bladder SMCs, which, although relevant for evalu-
ating certain aspects, do not include all cell types
involved in urethral reconstruction (e.g. urothelial or
endothelial cells) [74]. Future research should there-
fore aim to address these limitations through in vivo
experiments and the inclusion of a broader range of
relevant cell types to ultimately allow amore compre-
hensive assessment of the suitability of the CPC scaf-
fold for urethral reconstruction.

5. Conclusions

It can be concluded that CPC scaffolds have prop-
erties that make them a suitable candidate for the
surgical repair of hypospadias and long-segment
urethral strictures. The nano/microfiber structure of
the chitosan layers increases the stiffness of the scaf-
fold,making it easier to handle and process andmight
provide sufficient mechanical properties to maintain

an open urethra in the long term. The CPC scaf-
fold has high suture retention, which is important
for successful graft implantation, and its increased
wettability due to the chitosan layers allows for effi-
cient cellular infiltration and growth. CPC scaffolds
also have a positive effect on fibroblast migration
and angiogenesis, which are critical for effective tissue
healing. Overall, the CPC scaffolds represent a prom-
ising alternative to autologous tissue reconstruction
for the repair of hypospadias and complex long-
segment urethral strictures. Future research should
include in vivo testing in a suitable animal model
to determine if these trilayered scaffolds can support
host cell ingrowth while functioning as an efficient
graft for urethral repair.
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