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A B S T R A C T

Hybrid materials and structures have been known as multifunctional polymers used for various commercial
productions. Recently, biomaterials have become an emerging research field for tissue engineering applications.
In this study, the hybrid fibrous scaffolds of two various types of aliphatic elastomeric polyurethane (EPU) and
silk fibroin (SF) were fabricated with different mass ratio by electrospinning. Physical and mechanical properties
of these scaffolds were evaluated using scanning electron microscopy, attenuated total reflectance Fourier
transform infrared spectroscopy, X-ray diffraction, contact angle measurement, atomic force microscopy and
tensile strength analysis. Viability and attachment of human foreskin fibroblasts on the scaffolds were also
assessed by MTT assay, hematoxylin-eosin and fluorescent staining and SEM. The results showed that in both
types of polyurethane, by increasing the percentage of fibroin to polyurethane, the fibers diameter decreased and
the uniformity of their diameter increased. Unexpected ultrafine fibers and nanowebs were seen throughout the
usual fibers of EPU/SF hybrid scaffolds. Thus, the efficiency of the homing and proliferation of the fibroblasts
cells onto the scaffolds was improved. Based on our results, the EPU/SF hybrid scaffolds characteristics, espe-
cially morphology, mechanical properties and biocompatibility were tunable by altering the ratio and the type of
EPU. These features make these adjustable hybrids as suitable scaffolds for reconstitution of a wide range of
organs such as skin, liver, uterus, esophagus, vasculature, tracheal cartilage, neurons and others.

1. Introduction

Nanostructures were found to be of a great significance because of
their inherent properties such as large surface area to volume ratio and
the engineered properties such as porosity, stability and permeability
[1]. Development of the unique nanostructures that have almost all
required properties for tissue engineering and regeneration such as (1)
mimicking the structure and biological function of native extracellular
matrix (ECM) that promote the adhesion of various cells, (2) good
mechanical properties, (3) good biocompatibility (in vitro and in vivo),
(4) adjustable biodegradability, bioabsorption and bioresorption, (5)
versatile processability and tunable properties, is essential. The

functionality and applicability of these nanostructures can be further
improved by incorporating secondary phases resulting in the hybrid
nanostructures. Hybrid biomaterials have recently been emerged as
effective structures for tissue engineering scaffolds and medical pros-
thetic devices and implants [2,3]. Different natural (chitosan, collagen,
gelatin and silk fibroin) and synthetic materials (poly L-lactic acid, poly
caprolactone (PCL), polyurethane and poly lactic-co-glycolic acid) are
incorporated through phase separation, self-assembly [4], gas foaming,
3D printing [5] and electrospinning [6] techniques for this purposes.
However, most of the reported hybrids are fabricated using either ex-
pensive reagents or multi-step processes. Furthermore, they cannot be
applied effectively for solving most of the aforementioned problems
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regarding tissue regeneration. Therefore, development of a unique na-
nostructure using facile and economic fabrication technology and its
widespread application can address all the aspects of tissue engineering
and regeneration.

Considerable efforts to develop scaffolds for tissue engineering have
been devoted using biodegradable and biocompatible polymers over
the last decade. Principally, scaffold should be designed by mimicking
the structure and biological function of native ECM proteins, which
provide mechanical support and regulates cell activities, incorporating
physical, chemical, and biological characteristics to guide cells into
functional tissues via cell migration, adhesion, and differentiation. The
native ECM is a molecular complex containing proteins and poly-
saccharides [7].

Recently, many studies have combined natural and synthetic poly-
mers to form hybrid scaffolds using different methods to take ad-
vantages of the positive aspects of the various materials [8]. In the
current study, among all of the potent polymers, natural silk fibroin
extracted from silkworm cocoons (Bombyx mori) and synthetic elasto-
meric polyurethane (EPU) were applied using the electrospinning
method to investigate scaffolds fabrication.

As a natural protein, silk fibroin (SF) is one of the earliest natural
proteins used in the past. SF derived from silkworm plays a crucial role
in biomedical applications and tissue engineering, because of its several
distinct biological properties including good biocompatibility [9], good
oxygen and water vapor permeability, biodegradability, and minimal
inflammatory reaction [10]. Silkworm cocoons are composed of over
95% of silk fibroin coated with sericin and a small amount of carbo-
hydrates and other impurities. SF structure is mainly composed of
glycine (46%), alanine (29%), serine (18%) and other kinds of amino
acids [11,12]. SF consists of a light (L) chain polypeptide and a heavy
(H) chain polypeptide linked together via a single disulfide bond at the
C-terminus of H-chain, forming an H–L complex [7]. The well-oriented
β-sheet structure of fibroin filaments with robust mechanical properties
and relatively slow proteolytic degradation makes it a preferable bio-
material compared to other natural polymers. Some researchers have
investigated the effects of the SF on the cell adhesion, viability and
proliferation using fibroblasts and osteoblasts in cultures which re-
vealed its positive effects [12,13]. However, from the mechanical point
of view, SF electrospun fibrous scaffolds have not sufficient character-
istics to meet the requirements of some applications [14].

Polyurethane (PU) is one of the synthetic candidate materials ap-
plied for implants targeting both soft and hard tissues and other med-
ical device components [15,16]. EPU is a flexible linear polymer con-
sisting of soft and hard segments that exhibits good strength, flexibility,
resistance to tear [17], and biocompatibility [18]. Conventional EPU is
non-biodegradable but a biodegradable EPU can be synthesized which
its electrospun samples achieve satisfying biomechanical behaviors
[19]. Also, the in vivo trials of the biodegradable EPU grafts show
promising results with long-term potency and remodeling [19].

Nowadays electrospinning is widely used in tissue engineering for
the development of various types of scaffolds due to its utilizable
properties [20–22]. Electrospinning has been recognized as one of the
most simple and versatile methods to produce nanofibers with dia-
meters in the range of 50~1000 nm [23]. Depending on the materials
and process settings, this method can provide the high interconnectivity
and surface areas needed for cell activity, as well as adjustable me-
chanical properties [24,25]. In electrospinning method, some para-
meters affecting fiber characteristics include: polymer solution viscosity
[26], solvent properties, applied voltage, collector speed, distance be-
tween nozzle and collector [27,28], flow rate of solution [29] and the
ambient conditions [30].

Researchers studied EPU and SF mixtures aiming for vascular re-
construction. It is presumed that EPU/SF hybrids had good bio-
compatibility, mechanical property, and potential clinical application
for vascular tissue engineering [20,21].

With the mixture of EPU and SF, the blended stent can not only

maintain excellent mechanical properties, but also improve the biolo-
gical properties of EPU. In this study, the hybrid fibrous scaffolds of SF
and two different EPU with different mass ratio were fabricated by
electrospinning. Then the morphology, wettability, surface roughness,
crystallinity and mechanical properties of the scaffolds were evaluated.
Further, the effect of ratio of EPU/SF and the type of EPU on nanofibers
biocompatibility, cell attachment and proliferation were investigated.

2. Materials and methods

All the chemicals were purchased from Sigma Aldrich/ Merk (UK)
and culture media with their supplements were purchased from
Invitrogen (UK), unless otherwise stated. Two medical grades aliphatic
EPUs (Tecoflex® SG-80A and Carbothane® PC-3575A) which have a
hardness of 72 and 70 Shore A, respectively, were kindly gifted by Mr.
Dehghanizadeh.

2.1. Preparation of silk fibroin

Silk fibroin (SF) was extracted from the natural silkworm cocoons
using a protocol described by Rockwood et al. [31]. In sum, the cocoons
were boiled for 1 h in an aqueous Na2CO3 solution (0.5% (w/v)) and
rinsed with water to remove the sericin, then dried at room temperature
to obtain pure fibroin fibers. To prepare the fibroin aqueous solution,
fibroin fibers were first dissolved in a 9.3 M LiBr solution at 60 °C for
5 h. The fibroin–LiBr solution was then dialyzed against distilled water
for 3 days at room temperature using a cellulose membrane (MWCO
14KDa Sigma-Aldrich®) to remove the LiBr. To completely remove re-
sidual salts water was exchanged every 6 h. Then solution was freeze-
dried and then dried fibroin was stored at till be used.

2.2. Fabrication of scaffolds

The EPU/SF blends were prepared from 12% (w/v) solution of the
two polymers in trifluoroacetic acid (TFA), at various ratios (100/0, 90/
10, 70/30, 50/50, 30/70 and 0/100). All of the mixtures were stirred at
room temperature for 2 h before electrospinning. The solution was then
infused through a 2.5ml syringe attached to a programmable syringe
pump into a 21-gauge metal needle. The feeding flow rate was 0.1ml/h,
the applied voltage was 18 kV using a high voltage power supply, and
the humidity was maintained at 35–40%. Located 13 cm downward
from the needle tip, a ground collector at speed of 300 rpm was used to
collect randomly oriented fiber mats. Electrospun scaffolds were
transferred to a vacuum desiccator for at least 48 h to ensure that there
was not any residual solvent on the scaffold surfaces. Then, the scaf-
folds treated with methanol to induce the conformational transition of
less ordered fibroin molecules to the β-sheet structure, which made
them water-insoluble.

2.3. Scaffold characterization

2.3.1. Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
ATR-FTIR spectroscopy was used to verify the compositions of the

electrospun scaffolds. The range of wavenumbers of FTIR (Equinox 55,
Bruker, Germany) was from 600 to 4000 cm−1.

2.3.2. Scanning electron microscopy (SEM)
To study the morphology of the electrospun EPU/SF fibers, samples

were sputter coated with gold and imaged with scanning electron mi-
croscopy (ZEISS® DSM 960A Oberkochen, Germany) with an accel-
erating voltage of 8 kV. SEM images were then analyzed using ImageJ
1.41o software to determine fiber diameter. The average diameter was
determined by randomly measuring at least 100 fibers from each SEM
image and is expressed as mean ± standard deviation (SD). Three
random SEM images were used for each sample.

N. Dehghan-Manshadi, et al. European Polymer Journal 121 (2019) 109294

2



2.3.3. Wettability contact angle
To determine the wettability (or hydrophilicity) of electrospun

scaffolds, the contact angle was measured by a contact angle mea-
surement system (KRUSS® GmbH, Hamburg, Germany). The droplet
size was set at 5 μL and immediately after dropping, the changes of the
droplet shape was recorded using a video camera and analyzed. To
confirm the uniformity of electrospun membranes, the contact angle
was measured three times for different points, and an average value was
calculated by statistical method.

2.3.4. X-ray diffraction (XRD)
X-ray diffraction (XRD) Spectroscopy (D/MAX-250, Rigaku, Kyoto,

Japan) was used for evaluating crystal phase in the electrospun EPU/SF
fibers. The sample was scanned in the range from 5° to 50°. X'Pert
HighScore Plus software (PANalytical) was used for crystalline phase
identification.

2.3.5. Atomic force microscopy (AFM)
The surface morphology was investigated by atomic force micro-

scopy (AFM) on a Scanning Probe Microscope XE 70 (Multimode-8,
Bruker, Billerica MA, USA).

2.3.6. Mechanical property test
Mechanical properties were tested on an Instron SANTAM-STM-20

Testing Machine, at a gauge length of 20mm and strain rate of 3mm/
min at room temperature, and the width of the samples was 1 cm. An
average value of at least three replicates for each sample was taken.

2.4. In vitro cell culture and seeding

Fibroblast cells from human neonatal foreskin (YhFF#8; passage 23,
kindly were gifted from Stem Cell Biology Research Center, Yazd
Reproduction Sciences Institute) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), and 100mg/mL streptomycin in a 25 cm2 cell culture flask. Cells
were incubated in a 5% CO2 at 37 °C for 6 days. Electrospun scaffolds,
which were 20 μm thick on average, collected on glass cover slips and
placed in a 24 well plates were sterilized under ultraviolet (UV) ra-
diation for 30min and washed once with PBS. Confluent fibroblast cells
were detached with 0.25% trypsin containing 0.1% EDTA. Detached
cells were centrifuged at 1000 rpm for 5min, counted by dye exclusion
assay using trypan blue on a hemocytometer and seeded on electrospun
scaffolds at a density of 10,000 cells per well.

2.5. Cell viability assay

The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay is a colorimetric method that detects metabolic activity.
When viable cells are exposed to yellow MTT dye for a fixed time the
cells reduce the dye to a blue product that is insoluble in PBS. The cells
can then be lysed, the dye liberated, and dissolved in a known quantity
of solvent, and the mixture’s optical absorbance read. The number of
viable cells can be determined by how much of the dye is reduced in a
given time.

After 1, 3 and 7 days of cell seeding in a 24-well plate, the culture
medium was replaced by 400 μL of new medium, then 40 μL of MTT
solution (5mg/mL in PBS) was added to each well. After 4 h incubation
at 37 °C and 5% CO2, MTT solution from each well was carefully re-
moved and replaced by 440 μL acid-isopropanol (100 μL of 0.04 N hy-
drochloric acid in isopropanol) to dissolve the dark blue crystals. After a
few minutes at room temperature to ensure that all crystals were dis-
solved, then aliquots were pipetted into a 96-well plate. Then the op-
tical density read (560 nm, Stat Fax-2100).

2.6. Cell attachment and morphology

2.6.1. SEM
The cell–scaffold constructs were washed with PBS and fixed with

2.5% glutaraldehyde for 2 h on the day 5. The constructs were then
subjected to serial dilutions of ethanol wash (50%, 70%, 90% and
100%), with each step 5min exposure for dehydration. The scaffolds
were then coated with gold and were observed under SEM.

2.6.2. Hematoxylin-eosin (H&E) staining
H&E staining was performed to stain cell nuclei and cytoplasm re-

spectively. YhFF#8 cultured on scaffolds for 3 and 7 days and then were
fixed with 2.5% glutaraldehyde for 2 h and rinsed trice with PBS for
5min each time. The samples were first stained with Hematoxylin and
rinsed once with PBS for 5min. Then samples were treated with acid
alcohol for 3 s. After rinsing with PBS, the samples were stained with
eosin. The constructs were then subjected to serial dilutions of ethanol
wash (5min exposure to 50%, 70%, 90% and 100% ethanol) for de-
hydration. H&E staining pictures displayed cell nucleus in blue and
cytoplasm in red.

2.6.3. Immunofluorescence (IF) staining
IF was done as explained elsewhere [32]. In sum, YhFF#8 cells were

cultured onto the scaffolds for 7 days and then were fixed in 4% par-
aformaldehyde. The samples were treated with 0.1% Triton X-100 for
30min, rinsed trice with PBS for 5min each time, and subsequently
blocked in blocking solution of 0.25 bovine serum for 30min at RT to
minimize nonspecific binding. The samples were incubated with pri-
mary antibody (FIBRONECTIN; ab6328; diluted 1:100 in PBS) over-
night at 4 °C. After rinsing with PBS, it was subsequently incubated with
secondary antibody (antimouse IgG conjugated with FITC; ab6785;
diluted 1:100 in PBS) for 1 h at 37 °C in dark. Then 4,6-diamidino-2-
phenylindole (DAPI) was used to stain the cell nuclei (blue) for 3min in
dark. After rinsing trice with PBS, preparations were covered with
mounting medium (Vectashield; Vector laboratories, USA) or PBS, and
examined by microscopy with phase contrast or fluorescence with ap-
propriate excitation optics on an inverted microscope (Olympus IX-71).
Experiments were performed in triplicate.

2.7. Statistical analysis

Origin 8.0 (Origin Lab Inc., USA) was applied for statistical analysis.
Data are expressed as mean ± standard deviation (SD). Statistical
comparisons were made by one-way ANOVA. Tukey test was used for
evaluations of differences between groups. P-values less than 0.05 were
considered to be significant.

3. Results and discussion

3.1. Fourier transform infrared spectroscopy (FTIR)

The purpose of using FTIR was to confirm the existence of both
types of EPUs (SG-80A & PC-3575A) and fibroin in the electrospun
hybrid scaffolds. FTIR spectra of EPU, SF and EPU/SF at 90/10, 70/30,
50/50 and 30/70 ratios after methanol treatment are shown in Fig. 1.
The peak shifts and the variation of intensities indicate a change in the
material composition. The characteristic absorption bands of fibroin
appeared at 1650 cm−1 (amide I C]O stretching), 1528 cm−1 (amide II
CeN stretching and NeH distortion vibration), 1237 cm−1 (amide III
CeN stretching and NeH deformation vibration), and 3296 cm−1

(amine NeH stretching). The bands in the range 800–1200 cm−1 are
characteristics of a specific polypeptide with respect to peptide bands
[33,34].

The pure EPU (SG-80A) has been extensively studied using FTIR
[35]. The band near 3315 cm−1 is due to the stretching vibration of OH
groups; The bands near 2926, 2850, and 2797 cm−1 were assigned to
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the asymmetric, symmetric, and CH2 stretch vibration, respectively; the
band near 1713 cm−1 was explained by the stretching mode of (C]O)
of the urethane amide I; the band near 1528 cm−1 was due to the
stretching mode in (CeN) and (NeH) of the amide II band; the band
near 1234 cm−1 is attributed to the stretching vibration of CO and the
distorted vibration of urethane in EPU; and the band at
(1110–950 cm−1) is explained by the asymmetric CeOeC stretching
(fatty ether). In the samples combined with SG-80A, shifts are observed
at amide I and NeH groups toward 1692 cm−1 and 3314 cm−1, re-
spectively, indicating a change in their compositions (Fig. 1a). With the
increase in the SF content, the band near 3315 cm−1 assigned to the
stretching vibration of OH groups was shifted to 3314, 3293 and
3280 cm−1 in the hybrid scaffolds. Also, the presence of CH2 symmetric
stretching vibrations at 2925 and 2852 cm−1, and the stretching of
ether groups CeOeC at 1100 cm−1, demonstrates the incorporation of
SG-80A with fibroin [35]. When the content ratio of the EPU increased,
the intensities of these three peaks increased obviously.

It can be observed in Fig. 1b that peaks in PC-3575A scaffold ap-
peared at (2928 cm−1 and 2859 cm−1), which are due to asymmetric or
symmetric stretching in (CeH) in CH2. In the fingerprint region of the
polymer (i.e., 1745–957 cm−1), we can see the peak at 1734 cm−1,
which is due to the stretching mode of (C]O) of the urethane amide I.
The peak at 1519 cm−1 appears due to the stretching mode in (CeN)
and (NeH) of the amide II band. The peaks at 1462 cm−1 and
1404 cm−1 are due to bending vibrations in CH2 groups. Also, the peak
positioned at 953 cm−1 is attributed to the in-plane CH2 bending vi-
bration in CH2 groups [36].

All the peaks in the FTIR spectrum of SF were also observed in the
FTIR spectra of EPU/SF nanofibers. This means that the characteristic
peaks of EPU and SF appear in the EPU/SF nanofibers. With the in-
crease of SF content, the characteristic peak intensity of EPU decreased,
and the peak intensity of SF increased. The same absorption peaks of
EPU/SF scaffolds indicate that EPU and SF will not change their mo-
lecular structure in blends.

3.2. Microstructure and morphology of fibers

SEM images indicated that the composition ratio of EPU to SF and
the type of EPU play an important role in determining the nanofibrous
structure and morphology (Fig. 2). In pure SG-80A and SG-80A/SF 90/
10, distinct nanofibers weren’t formed maybe because of insufficient
solvent evaporation. While, pure PC-3575A and PC-3575A/SF 90/10
shaped obvious discrete nanofibers.

Unexpected ultrafine fibers and nanowebs were also widely dis-
tributed throughout the usual fibers of EUP/SF hybrid scaffolds. These
nanowebs were web shaped ultrafine fibers with diameters under
100 nm, appeared after addition of 30% and 10% silk fibroin to SG-80A

and PC-7535A respectively. Fig. 3a and b show two examples of these
newfound nanowebs in SG-80A/SF and PC-3575A/SF scaffolds with
30/70 composition. A similar nanoweb structure was seen in previous
research by Ding et al. on electrospun poly(-acrylic acid) (PAA) and
polyamide-6 mats [37]. It is assumed that the fast phase separation of
the blended polymer and solvent is the main reason for the formation of
the nanowebs. The evaporation of TFA and the rapid solidification of
EPU/fibroin during the electrospinning process may induce the for-
mation of the fine porous structures. These nanowebs effectively in-
crease the surface area and may be favorable for cell attachment and
spreading.

The average diameter of SG-80A, PC-3575A and SF fibers alone
were 727 ± 416, 326 ± 172 and 216 ± 190 nm respectively. By
adding SF to the mentioned EPUs, the fibers had lower diameters and
higher uniformity especially about SG-80A (P < 0.05) (Fig. 3c and d).
SF is a typical amphoteric polymer electrolyte, consisting of highly
repeating amino acids such as glycine and alanine and a large side chain
containing a charged amino acid. When SF was added to the spinning
solution, the charge density of the solution increases, which enhances
the electrostatic force on the electrodes and the elongational force ap-
plied to the electrospinning jet, leading to the generation of fine fibers
[25,38]. The formation of the fine nanofibers is considered to be due to
increased conductivity of the final solution. Followed by a methanol
treatment, the fibroin in the hybrid scaffold became water-insoluble.
After methanol treatment, the fibers swelled and changed to a crimped
structure, which was regarded as the effects of retraction of the elon-
gated polymer chains in each fiber [39]. Furthermore, the shrinkage
effect caused the fibers to develop a crimped structure that mimicked
the wavy structure of natural collagen fibers.

3.3. Hydrophilicity

The surface wettability is mandatory for cell attachment to scaffolds
for most of the body cells that led to cell migration, proliferation and
survival [40], and can be measured with water droplet contact angle. In
order to increase hydrophilicity, adding naturally derived hydrophilic
polymers into synthetic polymers would be an efficient approach [41].

SF has many hydrophilic groups, such as amine and carboxyl moi-
eties, and the less hydrophilicity of EPUs (SG-80A and PC-3575A) can
be attributed to their aliphatic polyether structures. Fig. 4 shows the
water droplet contact angles for electrospun EPU, SF and EPU/SF
scaffolds. The contact angle values for pure SG-80A, PC-3575A and SF
were 90° ± 0°, 88.6° ± 5° and 56° ± 6°, respectively (P < 0.05).
However, it is noteworthy that the decline was not as remarkable as we
expected. The possible reason is that ethanol treatment resulted in the
increase of parallel folding crystalline structure of SF in the scaffolds,
which weakened the hydrophilicity. After combination of SF with both

Fig. 1. ATR-FTIR spectra of EPU/SF nanofibers scaffolds with different ratios (a) SG-80A/SF, (b) PC-3575A/SF. FTIR confirmed the existence of both types of EPUs
(SG-80A & PC-3575A) and SF in the electrospun hybrid scaffolds.
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of the EPUs, water droplets were absorbed more quickly onto the
scaffolds than they were with the EPU alone. At EPU/SF ratio of 90/10
for both EPUs, contact angle had a fast decline to 76.5° and 75.6° re-
spectively. The more SF percent increased, the more hydrophilicity
raised, but by a slower slope. The hydrophilicity of the EPU/SF elec-
trospun scaffold ensured that they could be used successfully for cell
seeding. The contact angle results showed that the hydrophilicity of PC-
3575A/SF scaffolds was more than SG-80A/SF scaffolds. The increase
in contact angle was not conducive to the rapid wetting of the material
on the surface and the rapid cell adhesion [42]. However, if extend the
infiltration time, when the scaffold was completely wetted by the li-
quid, the larger surface area of the hydrophobic material surface would
provide more sites for cell adhesion. Totally, surface wettability of the
most hybrid nanofibrous scaffolds tend to be hydrophilic, and would be
suitable for cells adhesion and proliferation.

3.4. X-ray diffraction

Crystal structure of polymers plays an important role in hydro-
philicity and cellular behavior on the surface of scaffolds. For this
reason, XRD analysis was performed to measure the degree of crystal-
linity. The XRD patterns of EPU/SF hybrid scaffolds exhibited the
characteristic peaks related to EPUs and SF (Fig. 5). The crystallinity of
hybrid polymers with the weight ratio from 100/0 to 0/100 was 45%,
39%, 40%, 38%, 37% and 40% for SG-80A/SF and 57%, 58%, 47%,
41%, 36% and 40% for PC-3575A/SF scaffolds, showing a decreasing
manner with the increase of SF content. SF can hinder the formation of
EPU crystalline structure. In the XRD patterns of EPU/SF blend scaf-
folds, diffraction peaks at near 17°, 22° and 23° were observed for all
samples, but the area under the diffraction peaks was different (Fig. 5).
The pure SG-80A scaffold had a lower peak area than pure PC-3575A
scaffold. This increase in the diffraction peak area, means the higher

Fig. 2. SEM images of the methanol-treated electrospun fibers. Scale bar 2 μm.

Fig. 3. Ultrafine nanofibers and nanowebs distributed within the electrospun samples (a) SG-80A/SF 30/70, (b) PC-3575A/SF 30/70. Arrows represent nanowebs
distribution throughout the usual nanofibers of EUP/SF hybrid scaffolds. Scale bar 2 μm. (c, d) nanofibers and nanowebs diameter graphs of the methanol-treated
electrospun fibers. By adding SF to the mentioned EPUs, the fibers had lower diameters and higher uniformity.
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crystallinity degree and the higher molecular orientation of pure PC-
3575A.

The beaded fibers of SG-80A polymer may be correspond to low
crystallinity degree and molecular orientation, and the PC-3575A fibers
even diameter possibly correlated to its high crystallinity degree. The
intensity of the peak at 17.2° corresponding to SF became strong with
the increase of SF content in EPU/SF blends, while the intensity of peak
at near 22° and 23° related to EPU became weak. Therefore, SF can
change the crystallinity and wettability of hybrid scaffolds. The crys-
talline region of EPUs and SF is compatible with each other, which
reduces the possibility of phase separation. Previous studies demon-
strated that amorphous surfaces were suitable for cell attachment and
proliferation than highly crystalline surfaces [43]. This might be the
reason for showing good cellular attachment and proliferation in EPU/
SF electrospun scaffolds.

3.5. Surface morphology and roughness

The surface properties of the EPU/SF scaffolds were studied by
three-dimensional (3D) AFM images. The surface roughness of pure
EPUs, shown as Ra, was lower than for the blended EPU/SF scaffolds,
suggesting that blending SF with EPUs resulted in an increase in surface

roughness (Fig. 6). The Ra of the SF scaffold was 143 nm, which was the
highest among all scaffolds. Therefore, the roughness of pure SF na-
nofibers was significantly high (P < 0.05). The pure SG-80A compared
to the pure PC-3575A, had a smoother surface (Fig. 6). The roughness of
the SG-80A/SF blended scaffolds was lower than the PC-3575A/SF
scaffolds too. The roughness measured by the AFM depends on the size
of the area selected. In this work, the area was kept constant,
10× 10 μm2, for all measurements. The roughness value reported here
is the arithmetic average of the deviations of height from the central
horizontal plane, given in terms of millivolts of the measured current
and is calculated using the Nanoscope Image Processing software
(VECCO). It is reported that a rough surface provides greater cell at-
tachment and a greater proliferation environment [44].

3.6. Mechanical properties

Fig. 7 shows ultimate tensile strength, elongation-at-break and
Young’s modulus of electrospun fibers of SF, SG-80A, PC-3575A and
their blends.

SG-80A is a soft EPU possessing an intrinsically lower tensile
strength and Young’s modulus than PC-3575A. In contrast, the PC-
3575A had the lowest strain strength. Compared to the two EPUs, SF

Fig. 4. Evaluation of wettability of EPU, SF and EPU/SF electrospun scaffolds
by contact angle measurement. By increases in SF ratio, a decreasing pattern in
contact angle (increase in hydrophilicity) has been shown. Results are ex-
pressed as mean ± SD (*P < 0.05).

Fig. 5. X-ray diffraction patterns of ethanol-treated electrospun EPU, SF and EPU/SF nanofibers scaffolds with various weight ratio: (a) SG-80A/SF, (b) PC-3575A/SF.
Due to the XRD patterns of scaffolds, a with the increase of SF content decreased the area under the peaks (crystallinity).

Fig. 6. Quantitative AFM analysis: mean roughness Ra and 3D images of the
surfaces of EPU, SF and EPU/SF electrospun scaffolds. Analyzed area equals to
10×10 μm2. An increasing trend in average roughness by increases in SF
concentration was noted. Results are expressed as mean ± SD (*P < 0.05).
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had higher Young’s modulus. Our results exhibited these differences
distinctly. These findings show that SF has suitable mechanical strength
while SG-80A has poor strength but good elasticity. When SF and SG-
80A were mixed and electrospun together, it can be seen that adding
fibroin, effectively reinforced the strength and Young’s modulus of the
hybrid up to 50/50 ratio. Raising SF proportion over 50%, reduced the
ductility of SF/SG-80A mixture. The lower strain of the SG-80A/SF (30/
70) sample could be contributed to fibroin brittleness; namely, the
lower extensibility that hindered it from being stretched farther.
Consequently, the SG-80A/SF (70/30) sample displayed both favorable
strength and strain properties.

PC-3575A scaffold exhibited the highest ultimate tensile strength.
There was an obvious increase in the strain to maximum with the raise
of SF content in PC-3575/SF (90/10) blend. Thus, PC-3575A/SF (90/10
& 70/30) displayed the highest strain and had favorable strength
(Fig. 7a and b).

When the mass ratio of PC-3575A to SF decreased from 70/30 to
30/70, Young’s modulus obviously increased while tensile strain clearly
declined.

Above results confirmed that the SF electrospun fibers could not
meet the required fracture resistance needed for tissue engineering
applications [16]. But, blended EPU/SF electrospun fiber scaffolds by
taking the advantage of good mechanical properties of the EPU syn-
thetic polymers brought good biocompatibility and mechanical prop-
erties from both polymers [20].

As shown in Table 1, with respect to reported mechanical properties
of some human normal tissues and organs, it is possible to use the SG-
80A/SF 70/30 for engineering the soft tissues such as liver [45,46]. SG-
80A/SF 90/10, 30/70 and PC-3575A/SF 50/50 have sufficient tensile
strength, elongation-at-break and Young’s modulus for tissue en-
gineering and regeneration of human skin tissue [47–49] which needs
more resistance and elasticity. While, SG-80A/SF 70/30, PC-3575A/SF
90/10, 70/30 and SG-80A/SF 50/50, 30/70 have acceptable simila-
rities to the human uterus, vagina and bladder tissues [50–52,59].

Surprisingly, some blends of our selected polymers have the adequate
mechanical properties for engineering of vascular, esophageal and
tracheal cartilage (SG-80A/SF 90/10, SG-80A/SF 50/50, 30/70 and PC-
3575A/SF 90/10, 70/30) [53–57]. In addition to the various mentioned
possible applications, the PC-3575A/SF 90/10 and 70/30 blends may
be used as promising scaffolds for reconstruction of peripheral nerves
[58].

3.7. Viability and proliferation of YhFF#8 cells on the hybrid scaffolds

In order to determine cell response to prepared nanofibrous scaf-
folds, YhFF#8 were seeded onto the scaffolds and then cell proliferation
was evaluated by MTT assay at days 1, 5 and 7. Glass coverslips without
any electrospun scaffold were used as control. As shown in Fig. 8,
proliferation increased along with the culture time, indicating cell
proliferation proceeded normally.

At day 1, absorbance at 570 nm did not have significant difference
in all scaffold groups, indicating that the cells had adapted to the cul-
ture bed. However, at days 5 and 7, cell proliferation in the pure EPU
scaffolds was evidently lower than other groups. These results demon-
strated that the scaffolds containing SF could promote cell adhesion and
proliferation in agreement with previous studies [20,60]. Consequently,
by increasing SF proportion, YhFF#8 displayed an exponential increase
in cell population density on EPU/SF scaffolds after 7 days culture, with
the highest rate of proliferation for EPU/SF 30/70 scaffolds
(P < 0.05). PC-3575A had better supporting behavior in cell spreading
and proliferation at all ratios than SG-80A, maybe due to lower dia-
meter and architecture of its hybrid nanofibers.

3.8. Cell attachment, morphology and growth on nanohybrid scaffolds

To assess the biocompatibility and the capability of the scaffolds for
tissue engineering applications, YhFF#8 cells were plated onto the
scaffolds. The in vitro cytocompatibility study showed that the

Fig. 7. Mechanical properties of various EPU/fibroin blends including representative (a) Tensile strengths values, (b) Elongation-at-break values and (c) Young's
modules values. Results are expressed as mean ± SD (*P < 0.05). Composition ratio of EPU to SF and the type of EPU were important factors in determining the
nanofibers mechanical properties.
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nanohybrid scaffolds fabricated in this study were not toxic to YhFF#8
cells. Cell attachment and proliferation among the EPU, EPU/SF and SF
scaffolds visualized using SEM, H&E and immunofluorescence staining.
Microscopic data showed that fibroblasts attached and spread over the
entire scaffolds surface (Figs. 9–11). It was revealed that cell attach-
ment and growth within the scaffolds is depended to the fibers diameter
and mechanical properties. Integration of EPUs with SF not only
changed the mean fiber diameter of the scaffolds [20,60], but also
improved their mechanical properties. The more fibroin added the
higher attachment and proliferation rates was observed after seven days
in H&E micrographs (Fig. 9).

As indicated in SEM micrographs (Fig. 10), fibroblasts attached and
generated an extensive network of cells after 5 days on the hybrid
scaffolds especially in the case of PC-3575A. Morphologically, the cells
on these contexts looked bigger, flatter, and attached more firmly to the
scaffolds.

IF staining for EPU/SF 30/70 scaffold as our optimal cell growth
bed, with DAPI and FIBRONECTIN antibodies, also confirmed the
mentioned data from SEM and H&E staining (Fig. 11). These results
were completely consistent with the results observed in viability studies
(Fig. 8).

3.9. Conclusion

In this study, a novel hybrid scaffold composing two different types
of aliphatic elastomeric polyurethane (EPU) and silk fibroin (SF) with
different mass ratios were fabricated by electrospinning. The

nanofibrous scaffolds were evaluated via morphology, wettability,
surface roughness, crystallinity and mechanical analysis. These prop-
erties could be adjusted by changing the ratio of EPU/SF and the type of
EPU. It has been already, demonstrated that both of the mechanical
properties and the structural features of electrospun scaffolds are key
factors in cell proliferation. By adding SF to the both types of EPUs, the
fibers had lower diameters and higher uniformity with increased pro-
portion of ultrafine nanowebs. Surface wettability and roughness were
also increased.

Two EPUs exhibited very distinct manners after fusion with SF. EPU
(PC-3575A) had high tensile strength against low strain strength. There
was an obvious increase in the strain to maximum with the raise of SF
content in PC-3575/SF (90/10) blend. When the mass ratio of PC-
3575A to SF decreased from 70/30 to 30/70, Young’s modulus ob-
viously increased while tensile strain clearly declined. EPU (SG-80A)
has poor strength but good elasticity. Adding fibroin effectively re-
inforced the strength and Young’s modulus of the hybrid.

The biocompatibility of all hybrid scaffolds in contact with YhFF#8
for 1, 5 and 7 days was confirmed. The more fibroin added the higher
attachment and proliferation rates was observed compared to pure
EPUs or SF. Cell spreading and proliferation on all concentrations of PC-
3575A/SF was superior to SG-80A/SF perhaps due to more nanowebs
formation, hydrophilicity, roughness and proper mechanical char-
acteristics that make it more supportive environment for cell growth.
Our results indicated that, incorporation of EPU and SF, not only pos-
sessed superior mechanical properties, moderate surface wettability
and good roughness, but also promoted the proliferation, adhesion,

Table 1
Mechanical properties of some normal tissues with their proposed mimicry scaffolds.

Tissue type Stress at failure (MPa) Strain at failure (%) Modulus (MPa) Suggested scaffold Study

Liver 0.047 ± 0.025 27–37 0.35–0.79 *SG-80A/**SF 70/30 Chen et al. [45]
Kemper et al. [46]

Human abdomen, skin 1.0–24.0 100–300 0.1 SG-80A/SF 90/10 Jansen and Rottier [47]
Dunn and Silver [48]

Human leg, skin – – 6–22 *PC-3575A/SF 50/50, SG-80A/SF 30/70 Manschot [49]
Uterus 0.17–1.14 21–43 – SG-80A/SF 70/30 Manoogian et al. [50]
Vagina 0.82–2.62 20–46 2.5–9.5 SG-80A/SF 50/50

PC-3575A/SF, 90/10, 70/30
Rubod et al. [51]

Bladder 0.5–2.6 – 1–4.1 SG-80A/SF
50/50, 30/70

Martins et al. [52]

Vascular: saphenous vein 1.02–1.28 – 0.85–0.91 SG-80A/SF 90/10 Centola et al. [53]
L'Heureux et al. [54]

Vascular: carotid arteries 1.76–2.64 110–200 – SG-80A/SF 90/10 Kurane et al. [55]
Esophagus 1.16–2.84 – – SG-80A/SF 50/50, 30/70 Yu et al. [56]
Tracheal cartilage 3.5–4 Up to 50 12.17–20.54 PC-3575A/SF 90/10, 70/30 Safshekan et al. [57]
Peripheral nerve 3.51–5.93 50–100 8.45–16.67 PC-3575A/SF 90/10, 70/30 Ju et al. [58]

* Elastomeric polyurethane.
** Silk fibroin

Fig. 8. Viability and proliferation of EPU, SF and EPU/SF scaffolds. In both of EPU (a) SG-80A/SF, (b) PC-3575A/SF, the more SF percent increased cells viability and
proliferation. Glass coverslips without any electrospun scaffold were used as control. Results are expressed as mean ± SD (*P < 0.05).
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spreading.
Surprisingly, versatile mechanical properties of some blends of our

selected polymers suited them for engineering of variety of tissues from
vascular, esophageal and tracheal cartilage to peripheral nerves. These
data introduce the electrospun EPU/SF hybrid nanofibrous scaffolds as
promising potential tools for a wide range of tissue engineering appli-
cations.
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Fig. 9. H&E staining micrographs of YhFF#8 cultured on scaffold for 3 and 7 days. In both of EPU, the highest cells proliferation were in EPU/SF 30/70 scaffolds
especially in the case of PC-3575A. Scale bar 50 μm.
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