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a b s t r a c t

Scaffolding is less intrusive for damaged urethral tissue regeneration compared to tissue grafting. The
study focuses on polyurethane-decellularized extracellular matrix (PU-dECM) scaffolds electrospun
produced from varying PU-dECM concentrations and electrospinning voltages for the production of
tunable biomimetic scaffolds as an alternative specialized urethral restoration method. Porcine urethra
dECM was produced through immersion-sonication at 0.5% sodium dodecyl sulfate (SDS), followed by
solubilization. PU and dECM were dissolved in 7:3 dimethyl sulfoxide: ethanol (DMSO:EtOH) solvent at
ratios of 90:10, 85:15, and 80:20 for a total polymer concentration of 9.5%. Following this, electro-
spinning was conducted at 29—35 kV, 3.75 ml·h− 1 flowrate for 90 min. Viscosity decreased while
conductivity increased with increasing dECM concentration. Increasing dECM concentration also
decreased the Young’s moduli, and the concentration-voltage interaction introduced a significant effect
on the Young’s moduli. The treatments of 80:20—29 kV, 90:10—29 kV, and 90:10—32 kV (PU:dECM ratio-
electrospinning voltage) were predicted to have Young’s moduli close to that of the human urethra at
(0.034 ± 0.01) MPa and were selected as candidate fibers for characterization. Fibers with random
orientation and diameters of 1.05—1.41, 1.34—1.51 and 1.30—1.45 μm respectively were produced.
Coating of dECM is observed from FTIR spectra. For urethral scaffold applications, the 90:10@29 kV
fibers reported the best hydrophilicity at 46.34 ◦± 24.07◦.

© 2026 The Author(s). This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Factors of genetic, environmental, or physical origins can cause
damage to tissue or organs in the human body. It can occur that the
natural regeneration rate of the body cannot match the extent of
such damage. When this happens, interventional reconstruction
measures are performed to promote tissue growth, commonly
through grafting tissue from autologous, homologous, or heterol-
ogous sources [1]. However, these methods face a challenge in the
treatment of urological organ damage as grafting of reconstructive
tissue can lead to damage on both the grafting source and appli-
cation sites. These sources also face issues in supply [1,2]. For the
urethra, while buccal mucosa grafts are quite successful in treating

urethral strictures, the occurrence of complications after the sur-
gery is still high which requires further surgical treatment [3].

Considering the need to mimic the native extracellular matrix
(ECM) to the nanoscale, fibers as biomimetic scaffolds have been of
interest as an alternative restorationmethod. Electrospinning is the
prevalent production method due to its simplicity, efficiency, and
versatility in producing micro to nanofibers with high surface area
tovolume ratioswhosemorphologyandmechanical properties can
be controlled. The process' customizability enables a high degree of
fine-tuning in making a scaffold that is morphologically analogous
to the native ECMwhich leads to high biocompatibility [4]. Among
the parameters of interest for the electrospinning process is the
applied voltage field, however the effects of varying this parameter
remain unclear especially on its effect to the fiber diameter with
conflicting reports in Refs. [5,6].

Material selection and blending is important to match the
chemical andbiological properties of the scaffold to thenative ECM.
The biodegradability and strength of the scaffold, as well as the
electrospinning compatibility are dictated by the base polymer/s
selected [7]. Decellularized extracellular matrices (dECM) are ECM
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components of an organwith cellular components removed. dECM
that are sourced from heterologous tissue with respect to the
damaged organ has higher biocompatibility due to similar
compositional makeup of relevant proteins and bioactive mole-
cules such as collagen, elastin, proteoglycans, and glycoproteins
[8,9]. This removes the risk of an immune response while also
greatly improving a scaffold’s biocompatibility through increased
cell adhesion, alignment, and proliferation [9—12]. However, pure
dECM-based scaffolds face difficulties in implementation due to its
low mechanical strength and fast biodegradation [13—17]. This
requires supplementation with other polymers that improve said
characteristics. Polyurethane (PU) is notable for its mechanical
properties, biodegradability, biocompatibility without sacrificing
processing ease [18] and rigidity during sterilization of the scaffold
[19]. Hence, an appropriatemix of PU to dECM can be performed to
tune the properties of the produced fiber for the desired
application.

While studies on the applications of PU-dECM scaffolds on
several tissue sites such as the heart and blood vessels [20—23],
nerve [24,25], and soft tissue [26,27] have been conducted, these
are currently limited, and no study has yet to characterize PU-
dECM scaffolds targeted for urethral applications. Similarly,
while there have been studies that conducted analysis on elec-
trospun PU scaffolds for soft tissue and urethral applications
[28,29], no attempt has been made in testing the variation of
electrospinning parameters, specifically the applied voltage, for
the production of PU-dECM composite scaffolds. Hence, this
research aims to develop and characterize the surfacemorphology,
mechanical strength, surface chemical composition, and hydro-
philicity of electrospun PU-dECM of varied proportional blends
and operating voltage parameters for its potential applications in
urethral scaffolding in addressing the need for a specialized
restorative method for urethral impairment.

2. Methodology

2.1. Decellularization of porcine urethra and solubilization of
porcine urethra dECM

Fresh porcine entrails were collected from white, female adult
Duroc pigs weighing 85—100 kg. The porcine urethras were
separated from the entrails, connective tissue, and fat. The tubes
were opened up, cut into thin slices, and cleaned in 250 ml of
distilled water under stirring at 600 r·min− 1 for 1 h. The liquid
was drained, and the vessel was filled with 300 ml of 0.5% so-
dium dodecyl sulfate (SDS) solution. This was sonicated at 60 W
power with occasional replacement of detergent solution until
the tissues turn translucent white. Once white, these were
washed with 250 ml of 1% (vol) Triton X-100 for 1 h with stirring
at 600 r·min− 1. Following this is a wash with distilled water, after
which washing with 250 ml of 1X PBS is performed for 1 h under
stirring at 600 r·min− 1. The decellularized pieces were trans-
ferred to a fresh 1X PBS batch for storage at 4 ◦C until lyophili-
zation for 24 h and grinding. Remaining DNA content through
DNA quantification assays (Qubit™ dsDNA Quantification Assay)
ranged from 2.30 to 38.4 ng double-strand DNA, indicating
83.42% to 98.08% removal of DNA. GAG quantification was not
performed in this study, however decellularization of porcine
urethra with 0.5% SDS has been reported to produce dECM with a
dry mass composition of 20.8% collagen, 5.4% GAGs, and 18.3%
elastin [30]. While sonication is introduced in the process to
speed up the decellularization process, it has also been reported
that the introduction of sonication does not have a significant
effect on the GAG and elastin content of the decellularized ECM
of other tissues [31,32].

For the solubilization process, 2.0 g ECM flakes were mixed
with 1.0 g pepsin and 100 ml of 0.01 mol·L− 1 HCl for 7 h, after
which filtration through a syringe pump was performed. This was
neutralized under an ice bath at 4 ◦C with 0.1 mol·L− 1 NaOH with
balancing of salts through 0.9 ml of 10X PBS and 0.3 ml of 1X PBS.
Once neutralized, the pre-hydrogel was lyophilized for 24 h and
powdered.

2.2. Polymer blend preparation

PU pellets (poly[4,4′-methylenebis(phenyl isocyanate)-alt-1,4-
butanediol/di(propylene glycol)/polycaprolactone], Sigma Aldrich
CAS 68084-39-9) and the dECM powder were mixed in the cor-
responding trials to produce 100 ml solutions with 9.5% total
polymer mass per volume in 7:3 dimethyl sulfoxide: ethanol
(DMSO:EtOH) solvent. These solutions were stirred at 600 r·min− 1

at room temperature until the disappearance of undissolved ag-
gregates. The solution compositions are presented in Table 1.

2.3. Electrospinning process

Electrospinning environmental conditions were monitored
through the equipment system (Inovenso NE300 Multinozzle
Electrospinning Equipment) for humidity and temperature.
Recorded temperatures for the production process ranged from
24.4 ◦C to 27.7 ◦C, while recorded humidities ranged from 48% to
65%. The polymer solutionwas put in a 10 ml syringe pump with a
22-gauge needle, after which the electrospinning voltage was
applied with a solution flow rate of 3.75 ml·h− 1, a fiber collection
time of 90 min, and a tip-to-collector distance of 7.5 cm. The
different blends are electrospun at three different voltage levels:
29, 32 and 35 kV. Fibers collected at a rotating mandrel with a
30 cm diameter that is spinning at 130 r·min− 1. After electro-
spinning, the fibers were stored in a humidity-controlled envi-
ronment at 25% to 35% relative humidity until it was to be used.
Before characterization tests, the scaffolds were freeze-dried for
24 h.

2.4. Blend and fiber characterization

The polymer blend viscosity wasmeasured through the use of a
digital viscometer (Brookfield Ametek DV2T Viscometer) to obtain
values in poise units. An electric conductivity meter (Jenway 4510
Conductivity Meter) was used to measure the solution conduc-
tivity. The polymer blends were characterized in duplicate.

Fiber characterization was performed in triplicates. For fiber
characterization, a universal testing machine (Zwick Roell Z0.5)
with a 0.5 kN load at 500 mm·min− 1 speed start position and a
grip separation of 30 mm was used for the analysis of the me-
chanical properties of the scaffolds. 6 cm rectangular cuts of the
scaffold were used for the mechanical tests. Selection of the
scaffolds for the succeeding characterization steps were per-
formed based on the reported Young’s Moduli for human urethra
at (0.034 ± 0.010) MPa [33].

Table 1
Polymer blend composition.

PU:dECM
ratio

Volume of
solvent/ml

Total polymer
mass/g

PU mass/g dECM
mass/g

80:20 100 9.5 7.60 1.90
85:15 100 9.5 8.08 1.42
90:10 100 9.5 8.55 0.95
100:0 100 9.5 9.50 0.00
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Scanning electron microscopy (JSM IT500HR/LA Sschottky Tip
Field Emission SEM) of the fibers was performed in which images
of the fibers were analyzed through ImageJ-DiameterJ for fiber
diameter measurement. FTIR spectroscopy (PerkinElmer Frontier
FT-IR Spectrometer) was performed in comparison to the pure PU
and dECM.Water contact angle goniometry (Biolin Scientific Theta
Lite Optical Tensiometer) was performed at intervals within 10 s
after the placement of the distilled water droplet of 2 μl onto the
scaffold samples that are placed horizontally. Three droplet posi-
tions were noted per scaffold replicate, from which the average
water contact angle was calculated.

3. Results and Discussion

3.1. Polymer blend characterization

The dynamic viscosity of the polymer blends over time are
provided in Fig. 1. Hydrolysis of dECM through pepsin digestion
allowed it to be dissolved in the DMSO:EtOH system for a ho-
mogenous system with polyurethane. DMSO:EtOH are capable of
dipole-dipole and hydrogen bonding interactions with functional
groups of PU and dECM for its solvation. The PU:dECM solutions
exhibited rheopectic behavior. This is ideal for electrospinning
because the lower initial apparent viscosity of the solution would
require lower electric field strength to overcome surface tension
for Taylor cone formation at the nozzle. This decreased initial
resistance also promotes Taylor cone elongation towards the col-
lector, aiding smaller diameter fiber production. During jetting, the
jet is less likely to break due to the increasing viscosity over time
that leads to continuity of fiber streams [34]. As the dECM con-
centration is increased, the viscosity of the solution decreases due
to the shorter chain length of dECM compared to PU. The PU-PU
interaction forces are more dominant compared to the PU-dECM
and dECM-dECM interaction forces due to their higher concen-
tration. Hence, the van der Waals and dipole-dipole forces be-
tween PU chains decrease when dECM concentration is increased
as it cannot compensate for the lost PU-PU interactions, leading to
lowered viscosity.

The addition of PU to the 7:3 DMSO:EtOH solvent caused a
slight increase in the average conductivity of the solution from
0.03 to 0.14 μS·cm− 1. The addition of dECM causes a substantial
jump in the values of the solution conductivity as seen in Fig. 2.
The jump can be attributed to the dECM itself and the salt im-
purity which is 4.53% (mass) after neutralization and PBS salt
addition. dECM can increase the conductivity of the polymer

solution due to the presence of polar groups and quasi-ring
structures for π bonds which enable electrophilic interactions
[35]. Conductive solutions are preferred as they facilitate a
higher degree of interaction between the electric field and the
solution in the jetting process. The recorded conductivities are
within the range of 10− 11—10− 1 S·m− 1 as an indicator for con-
ductivity on electrospraying processes [36]. As electrospinning
and electrospraying processes are congruent processes that deal
with electrohydrodynamic interactions, the factor that primarily
dictates the regime to produce particulates, jet as fibers, or
produce an intermediate for beaded fibers is dictated by the
chain length of the components [36]. Hence, the range provided
can be seen as applicable also to electrospinning processes.

3.2. Mechanical properties of PU-dECM fibers and selection of
candidate fibers

Presented in Fig. 3 are the stress-strain plots for representative
trials of the produced fibers. The summary of the Young’s moduli
for the fibers is presented in Table 2.

For statistical analysis, natural log transformation was used for
the Young’s moduli response to provide a better fit of the model
and reduce the impact of outliers. The model for Young’s moduli
response is seen as significant, such that only a 0.01% chance of an
F-value of 9.84 can be obtained due to noise attribution. For the

Fig. 1. Dynamic viscosity vs. time plots of the polymer blends.

Fig. 2. Average conductivity vs. dECM ratio of the polymer blends.
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Young’s Moduli, dECM concentration and the interaction between
dECM concentration and voltage have significant effects, but
voltage alone does not present significant effects. The dECM con-
centration and its interaction with the voltage are generally the
main predictors of the mechanical properties of the scaffold.
Natural polymers have weak mechanical strengths [37]. At the
same total polymer concentrations, increasing the dECM ratio
would lead to a lower mechanical strength response. Increasing
the dECM ratio also leads to a decrease in the overall viscosity of
the polymer blend. Decreased viscosities can lead to higher jet
instability and breakage during the electrospinning process, which
can further weaken the resulting fibers [34]. As discussed previ-
ously in Section 3.1, increasing the dECM ratio also led to increased
solution conductivities. This in turn allows the solution to be
attracted more to the collector theoretically until the critical
conductivity is reached. At the critical conductivity, the balance

between the surface charge density and the tangential electric
field is disrupted, and higher conductivities promote the reduction
of the tangential electric field which is harmful in the formation of
the Taylor cone and only leads to a sharp cone extrusion [38].
Because the solutions tested are assumed to be at the border of the
critical conductivity, it is harder to electrospun, thus leading to the
formation of spurts of fiber jets and compromise of the continuity
and strength of the fibers.

It is desired for tissue engineering applications that the me-
chanical strength of the fiber is similar to that of the native tissue
site. Cell differentiation in scaffolds is promoted when the scaffold
mechanical properties are in close agreement with the target site
tissue [39]. The Young’s modulus of the human urethra tissue was
determined from literature to be at (0.034 ± 0.01) MPa [33].
Optimization based on this range was performed, and the candi-
date treatments are presented in Table 3. These scaffolds are then

Fig. 3. Stress-strain plots of representatives of the produced PU (a) and PU:dECM fibers (b—d).

Table 2
Summary of Young’s Modulus (MPa) of the produced scaffolds.

PU:dECM
Concentration

Electrospinning Voltage/kV

29 32 35

100:0 0.0020 ± 0.00036 0.0019 ± 0.00015 0.0016 ± 0.00055
90:10 0.0469 ± 0.0293 0.0765 ± 0.0979 0.1429 ± 0.1027
85:15 0.0193 ± 0.0039 0.0200 ± 0.0077 0.0125 ± 0.0104
80:20 0.0472 ± 0.0329 0.0109 ± 0.0044 0.0066 ± 0.0091

Table 3
Predicted and actual Young’s modulus response (MPa) of the candidate treatments.

Treatment Name PU:dECM
ratio

Voltage
level/kV

Predicted
Young’s
modulus
response/MPa

Actual Young’s
modulus
response/MPa

80:20 PU:dECM @ 29 kV 80:20 29 0.040 0.047 ± 0.033
90:10 PU:dECM @ 29 kV 90:10 29 0.041 0.047 ± 0.029
90:10 PU:dECM @ 32 kV 90:10 32 0.042 0.076 ± 0.098
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selected to proceed for the tests for morphology, surface chemical
composition, and hydrophilicity.

3.3. Morphology of candidate PU-dECM fibers

Presented in Fig. 4 are representative SEM images of the selected
fiber treatments in Table 3 and its distributions. Shown in Table 4
are the average fiber diameters per replicate for the sample size of
105 fibers per image. It can be observed from Fig. 4 that the fibers
obtained generally present uniformity in the fiber diameter size
and surface roughness, however knotting of the fibers along with

random fiber alignment can be observed. Sudden increases in the
fiber diameter are also noted for areas wherein knotting is present.
This can be seen as a manifestation of the critical conductivity

Fig. 4. Representative SEM images of fibers: (a) 80:20 PU:dECM at 29 kV, (b) 90:10 PU:dECM at 29 kV, and (c) 90:10 PU:dECM at 32 kV.

Table 4
Average fiber diameters (μm) of the candidate treatments.

Treatment Replicate 1 Replicate 2 Replicate 3

80:20 PU:dECM @ 29 kV 1.41 ± 0.41 1.18 ± 0.54 1.05 ± 0.30
90:10 PU:dECM @ 29 kV 1.51 ± 0.42 1.40 ± 0.33 1.34 ± 0.42
90:10 PU:dECM @ 32 kV 1.30 ± 0.34 1.45 ± 0.42 1.40 ± 0.40
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thresholdwherein a conical spurting orwebbing is observed rather
than the production of a singular fine jet. This conical spurting for
PU:dECMblends suggests that the regimeof the process is between
the electrospraying and electrospinning regime for beaded fiber
morphology, which can be attributed to the short chain length of
the dECM. In this case, there is not enough stretching action as a
largervolumeof the solution is ejectedper spurt,which contributes
to the larger fiber diameters in that area.

The produced fibers had average fiber diameters within a
micron, with nano and microfibers being noted. Statistically, there
is no significant difference between the obtained average fiber
diameters for the three candidate treatments. An F-value of 2.23
was obtained. This suggests that regardless of the added amount of
ECM within 10% to 20% or the change of voltage from 29 kV to
32 kV, the fiber diameter would not have a significant increase.
One of the primary goals of tissue engineering scaffolds is the
mimicking of the structural make-up of the native extracellular
matrix, in which the structural proteins of the ECM range around
50—500 nm in diameter that serves as a good backbone for cell
attachment later [40]. In the makeup of the native ECM, collagen
fibrils bundle up to become fibers with diameters ranging from
500 to 3000 nm [41]. While the produced PU:dECM fibers did not
have average diameters within the 50 to 500 nm range that is
usually desirable for tissue scaffolds, they are still within the size
range for ECM fibers. As the main function of the native ECM
collagen fibers is the structural integrity support of the tissue and
the produced scaffolds have similar tensile strengths as that of the
human urethra, these shows promise in the potential use of the
scaffolds for urethral tissue engineering applications.

3.4. Surface chemical composition of candidate PU-dECM fibers

Fig. 5 presents the representative spectra of each blend to
contrast with the pure PU and dECM.

For PU fibers, the following are the characteristic peaks:
3332 cm− 1 for the N―H stretching of secondary amides as is the
case with urethanes, 2941 cm− 1 for the C―H stretching of alkanes,
1728 cm− 1 and 1702 cm− 1 for the strong C]O stretching of esters
and ketones, 1530 cm− 1 for the N―H bending of amines,
1413 cm− 1 for the O―H bending of alcohols, 1218 cm− 1 for the
C―N stretching of amines, and 1070 cm− 1 for the stretching of
primary alcohols [42]. The alkane presence can be attributed to the
polycaprolactone segment, while the ester presence is character-
istic to that of the urethane bond. On the other hand, the following

peaks are the characteristic peaks for dECM: 3300 cm− 1 for the
N―H stretching of the amide A band, 1641 cm− 1 for the N―H
stretching and bending of the amide I C]O, 1543 cm− 1 for the
amide II N―H bending vibration coupled to C―N stretching, and
1234 cm− 1 for the amide III band C―H stretching. These obser-
vations fall in line with the literature for the FTIR spectra of dECM
[43,44]. The lack of a peak at 1041—1052 cm− 1 denotes that no
residual DMSO solvent is left, indicating its removal during the
electrospinning and freeze-drying processes.

The distinct PU markers are the peaks at the wavenumber of
1728 cm− 1 and 1702 cm− 1 while the dECM marker is the peak at
1641 cm− 1 (highlighted red in Fig. 5). These are the expected
markers that should appear on the PU:dECM blend fibers to indi-
cate proper mixing of components. It can be observed from Fig. 5
that the fibers fall in close agreement with each other in the
markers for the surface chemical composition. When comparing
the PU:dECM fibers to the pure substances, it can be observed that
the PU:dECM blends follow the peaks of PU. However, it can be
observed that the distinct characteristic peak of dECM was not
present in the PU:dECM fibers as highlighted in red in Fig. 5. What
could have occurred is the coating of dECM by the PU. Despite the
solubilization of the dECM, there are still preferential intermo-
lecular and intramolecular interactions between its polar groups
compared to PU which is primarily non-polar. This can lead to
aggregations of dECM that can be coated. PU, on the other hand, is
a larger molecule in comparison and is present at higher concen-
trations which can interfere with the signal the dECM can provide.

3.5. Hydrophilicity of candidate PU-dECM fibers

Representative images of the replicates are presented in Fig. 6
while a summary of the obtained values is shown in Table 5.

All produced blends are hydrophilic in nature, with water con-
tact angles of less than 90◦ being obtained. An F-value of 4.68 was
observed and a significant difference was observed in post-hoc
comparison between the 80:20 PU:dECM treatment at 29 kV and
the 90:10 PU:dECM treatment at 29 kV. From the baseline of 90:10
PU:dECMproduced at 29 kV, increasing the dECM concentration to
20% or the voltage to 32 kV also increased the hydrophilicity.

An increase in the dECM concentration corresponded to an
increase in hydrophilicity as the functional groups of dECM pro-
mote polar intermolecular interactions with water. While PU has
polar functional groups, these are diluted by the non-polar aro-
matic rings in the isocyanate hard segment and the alkane chain of

Fig. 5. FTIR spectra for contrasting of fibers with pure substances.
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the polycaprolactone soft segment. By introducing dECM, the hy-
drophilicity is therefore increased. For the voltage effect, with the
same resistive load that is the polymer solution, an increase in
current accompanies an increase in voltage. As more charge is
induced, there is increased repulsion in between PU chains which
are filled by dECM. Due to this, an increased voltage can lead to a
more even and accessible distribution of dECM across the PU,
which increases its hydrophilic effect despite the coating of dECM
with PU.

It has been reported that being too hydrophilic can be detri-
mental to the growth of the cells along a tissue site as it prevents
proper cellular attachment and interactions with protein bodies. A
contact angle between 40◦ and 60◦ provided better proliferation
compared to more hydrophilic scaffolds in different cell types
ranging from ovarian cells, fibroblasts and endothelial cells [45],
osseous tissue [46], and urothelium cells [28]. Considering this, the
hydrophilicity of the 90:10 PU:dECM scaffold electrospun at 29 kV
is within this range.

4. Conclusions

Fibers close to a micron in diameter with random alignment
were produced, and three electrospinning voltage-concentration
conditions produced fibers that matched the mechanical
strength of the human urethra. The fiber diameter is seen as a
result of the reduced stretching time during the electrospinning
process, and as a result, the desired 50—500 nm diameter
threshold was not met. Despite this, the fibers were still able to
mimic the diameters of the native collagen fibers at 500—3000 nm
in the ECM which can be beneficial in the production of bilayer
scaffolds with other nanofibers. The random alignment of the
scaffolds can be a point of improvement as aligned scaffolds are
preferred. Coating of dECM in PU was observed. Hydrophilicity
was enhanced with an accompanying increase in voltage or con-
centration. However, moderate hydrophilicity is more desirable for
tissue scaffold applications. Hence, the 90:10 PU:dECM produced
at 29 kV was deemed to be the best parameter setting for urethral
applications. Therefore, a polyurethane-decellularized extracel-
lular matrix (PU-dECM) based composite fiber has been success-
fully fabricated for urethral scaffold applications.
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Fig. 6. Representative water contact angle imagery for (a) 80:20 PU:dECM @ 29 kV,
(b) 90:10 PU:dECM @ 29 kV, and (c) 90:10 PU:dECM @ 32 kV.

Table 5
Average water contact angle after 10 seconds.

Treatment Average water contact angle/(◦)

80:20 PU:dECM at 29 kV 16.56 ± 14.05
90:10 PU:dECM at 29 kV 46.34 ± 24.07
90:10 PU:dECM at 32 kV 25.64 ± 23.80
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