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ABSTRACT: The development of scaffolds that mimic the
aligned fibrous texture of the extracellular matrix has become an
important requirement in muscle tissue engineering. Electro-
spinning is a widely used technique to fabricate biomimetic
scaffolds. Therefore, a biopolymer blend composed of salmon
gelatin (SG), chitosan (Ch), and poly(vinyl alcohol) (PVA) was
developed by electrospinning onto a micropatterned (MP)
collector, resulting in a biomimetic scaffold for seeding muscle
cells. Rheology and surface tension studies were performed to
determine the optimum solution concentration and viscosity for
electrospinning. The scaffold microstructure was analyzed using
SEM to determine the nanofiber’s diameter and orientation. Blends
of SG/Ch/PVA exhibited better electrospinnability and handling properties than pure PVA. The resulting scaffolds consist of a
porous surface (∼46%), composed of a random fiber distribution, for a flat collector and scaffolds with regions of aligned nanofibers
for the MP collector. The nanofiber diameters are 141 ± 2 and 151 ± 2 nm for the flat and MP collector, respectively. In vitro
studies showed that myoblasts cultured on scaffold SG/Ch/PVA presented a high rate of cell growth. Furthermore, the aligned
nanofibers on the SG/Ch/PVA scaffold provide a suitable platform for myoblast alignment.

1. INTRODUCTION
A requirement in skeletal muscle tissue engineering (SMTE) is
the development of scaffolds that facilitate cell alignment in
aims of directing skeletal muscle regeneration and growth.1 To
achieve this, scaffolds should mimic the hierarchical structures
found in the extracellular matrix (ECM) of the native muscle
tissue.2 The ECM is a complex natural viscoelastic scaffold,3

composed of a dense and functional protein assembly that
includes nonfibrillar collagen type IV, laminin, fibrillar collagen
type I, proteoglycans, and sulfated glycosaminoglycans,4,5 with
a unique tissue-specific architecture.6 This matrix provides a
three-dimensional structure and a microenvironment for cells
to modulate different biological processes, such as cell
attachment, migration, proliferation, differentiation, cell−cell
signaling, and ECM deposition.7

Skeletal muscle tissue has a highly organized structure,
composed of parallel elements that can be divided into
fascicles, myofibers, and myofibrils.1,8 In this context, the
distinctive well-structured layout of the native ECM has been
described as one of the most critical factors in skeletal
regeneration, by facilitating the longitudinal migration and
proliferation of satellite cells.1,2,9

Several tissue engineering strategies have been used to
manufacture scaffolds that mimic the ECM and its topography.
Fernańdez-Costa et al.10 suggested that these approaches can

be classified into three main types: micropatterning, e.g.,
photolithography and soft lithography,11 electrospinning, and
bioprinting.

Micropatterning has been extensively used to create
unidirectional patterns over the surface of polymers to
promote the prealignment of muscle cells. In a previous
work, we reported an edible biopolymer film of alginate and
fish gelatin, shaped using a micropattern mold with parallel
microchannels (∼70 μm). The designed surface showed to be
biocompatible and suitable for laying muscle cells in a fiber-like
array.12 Recently, Denes et al. reported that growing C2C12
myotubes on micropatterned (MP) gelatin hydrogels accel-
erates sarcomere formation relative to myotubes cultured on
unpatterned gelatin and plastic.13 Additionally, Denes et al.
found an upregulation in genes related to sarcomere formation
and in vivo muscle maturation in the myotubes associated to
growth on MP gelatin hydrogels. Other authors have also
established that micropatterning technologies can be used to
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control skeletal muscle differentiation and tissue architec-
ture.14−16

However, considering the fibrous elements of the ECM, it is
relevant to develop aligned nanofiber scaffolds with anisotropic
structures that resemble the ECM of skeletal muscle. Among
various techniques found in the literature, e.g., electrospinning,
molecular self-assembly, and thermally induced phase separa-
tion, electrospinning has become a relevant and straightfor-
ward approach to produce nanofibers for scaffolds.11 Electro-
spinning has been widely used due to the similarity between
electrospun nanofibers and the collagen fibrils found in the
native ECM (10−500 nm in diameter).11,17 This similarity can
be used in biomedical and tissue engineering applications.18,19

Normally, electrospun fibers are collected on flat two-
dimensional plates. These flat collectors give way to randomly
arranged fibrous membranes,20 affecting the distribution,
morphology, and biological function of the seeded cells.21,22

Other experimental approaches have been made to produce
aligned fibrous-like elements within scaffolding materials. For
example, using a high-speed rotating drum collector or
modifying the geometry of the grounded target.23 MP
collector-based electrospinning24 combines the basic principle
of the electrospinning process using a custom-made patterned
conductive collector instead of a flat-grounded target.25

On the other hand, synthetic and natural biocompatible
polymers, or a combination of both, including poly(lactide-co-
glycolide) (PLGA),26 polyurethane (PU),27 polycaprolactone
(PCL),28 collagen,29,30 fibrin,31 silk fibroin,32 PCL−collagen,9

chitosan (Ch)−PCL,33 Ch−poly(vinyl alcohol) (PVA),34 and
polyhydroxyalkanoate,35 have been used to fabricate electro-
spun nanofiber scaffolds for SMTE. Recently, Ligouri et al.36

published the use and characterization of cross-linked
electrospun fish gelatin mats, although further studies are
necessary to probe if it is suitable for biomedical applications.
In previous studies, we have demonstrated the use of salmon
gelatin (SG) to fabricate scaffolds for biomedical applications
using different approaches, e.g., cold casting12 and freeze-
drying.37−39

Gelatin is a fibrillar protein produced by denaturation and
partial hydrolysis of collagen which is the main constituent of
the ECM.40 Among the advantages of using fish gelatin in
SMTE applications are its inherent biological recognition
properties [arginine, glycine, and aspartic acid (RGD) motif],
which promote cell adhesion and migration.41 Besides, fish
gelatin is biocompatible,37 readily available, and has little or no
possibility of zoonosis.42,43 Ch is a natural polymer derived
from the partial deacetylation of chitin from crustacean shells,
that has a structure analogous to glycosaminoglycans.44

Furthermore, it has been reported that Ch forms a
polyelectrolyte complex with gelatin, enhancing its physical,
mechanical, and biological properties.45

However, to produce nanofibers from SG and Ch blends, a
common approach is to incorporate these polymers within a
polymer matrix, such as PVA or poly(ethylene oxide)
(PEO).40,46,47 PVA is a semicrystalline, water-soluble polymer
produced on an industrial scale by partial hydrolysis of
poly(vinyl acetate) (PVAc).48 PVA has good mechanical
properties, is biocompatible, and nontoxic49 with various
biomedical applications, such as drug delivery systems, wound
dressing, artificial skin, and cardiovascular devices.50,51

In this research, MP nanofiber scaffolds were prepared using
different ratios of SG, Ch, and PVA. The SG/Ch/PVA
nanofiber scaffolds were fabricated using a custom-made MP

collector plate to control the spatial arrangement of electro-
spun fibers during the electrospinning process. The aligned
topographical features in the MP collector were designed and
manufactured with a computer numerical control (CNC)
milling machine. Finally, C2C12 cells were seeded on the MP
electrospun scaffolds, and viability, distribution, morphology,
and cell behavior were investigated over the scaffolds up to 72
h.

To our knowledge, there is no other study published on MP
electrospun scaffolds using a mixture of SG/Ch/PVA for
SMTE applications. The cell behavior and growth of the
C2C12 cells were enhanced and orientated because of the
topographical features of the SG/Ch/PVA scaffolds.

2. MATERIALS AND METHODS
2.1. Materials. PVA (MW 89,000−98,000, 99+% hydro-

lyzed) to fabricate the electrospun polymer matrix was
purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA).
SG from Atlantic salmon skins (Salmo salar) was extracted and
provided by Enrione et al.39 and has been used in a previous
study by Acevedo et al.38 to fabricate bioactive scaffolds. Ch
(pharmaceutical grade, 95% deacetylated, 300 kDa, derived
from crab shells) was purchased from Quitoquimica
(Concepcioń, Chile).

EDC 1-ethyl-3-[3-(dimethylamino)propyl)] carbodiimide
hydrochloride, NHS (N-hydroxysuccinimide 98%), MES [2-
(N-morpholino) ethanesulfonic acid], ethanol (EtOH) (p.a.,
99.8%), acetic acid (CH3COOH), and other chemicals of
reagent grade were purchased from Sigma-Aldrich Inc. (St.
Louis, MO, USA).

CellTiter-Glo luminescent cell viability assays were
purchased from Promega (Madison, WI, USA). The
fluorescent probes Rhodamine Phalloidin R415 and SYTOX
Green nucleic acid stain; Dulbecco’s modified Eagle’s medium
(DMEM) high glucose, no glutamine; fetal bovine serum
(FBS), penicillin, streptomycin, L-Glutamine, phosphate-
buffered saline (PBS), 0.25% trypsin ethylenediaminetetra-
acetic acid (Trypsin-EDTA), and trypan blue dye were all
purchased from Thermo Fisher Scientific (Massachusetts,
USA).

To prepare the solutions and washing procedures, water
(>18.2 MΩ cm) from a PURELAB classic ELGA Milli-Q
system (Paris, France) was used.
2.2. MP Collector Plate Design and Fabrication. MP

collector plates were designed in Autodesk Fusion 360
software (version 2019, Autodesk, Inc. Mill Valley, CA,
USA) and manufactured with a CNC milling machine (Datron
M8, Datron AG, Germany), using Duralumin as a substrate; 10
cm × 10 cm squared structures with a thickness of 10 mm were
cut. The grooves were made by using a 90° angle tapered end
mill. The advance speed was 400 mm/min, and the rotation
speed was 10,000 rpm in conjunction with the use of cooling
liquid to avoid deformations in the termination of the grooves.
The morphology and microstructure of the MP collector plate
were characterized using a stereoscopic microscope (Nikon,
model SMZ800N, Tokyo, Japan).
2.3. Electrospinning Solution Preparation. Electro-

spinning solutions were prepared as follows. Commercially
available PVA (20% w/w) and SG (3% w/v) were dissolved
separately under gentle stirring in Milli-Q water at 90 °C for 5
h and 50 °C for 3 h, respectively. Ch (3% w/v) was dissolved
in Milli-Q water with acetic acid (0.5 M) at 60 °C for 3 h until
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a clear and homogeneous solution was obtained, followed by a
gentle centrifugation to remove air bubbles.

The PVA and SG/Ch/PVA blend solutions were prepared
according to the ratios shown in Table 1 and stirred for 1 h at
70 °C with constant stirring at 300 rpm. To facilitate the
electrospinning process, PVA was added to each solution,
except for sample M8.

2.4. Electrospinning. The electrospinning setup consists
of a homemade acrylic chamber and a Teflon rail (Figure S1).
The Teflon rail was used to align and control the distance
between the syringe needle and collector. The syringe needle
and collector plate were held onto the rail by homemade
Teflon holders. The collector is a homemade steel plate (flat
collector) which can be used to glue a MP collector. The
syringe needle (Rame-́hart Instrument Co., Washington, USA)
was connected to a 50 kV high-voltage power supply device
(Tong Li Tech, Shenzhen, China). The polymer solution was
placed within a syringe (Nipro, Osaka, Japan) outside of the
acrylic chamber and fed through the needle by a syringe pump
driver system (New Era Pump Systems, Inc., NY, USA).
Details of this setup are depicted in Supporting Information
Figure S1.

Spinning solutions of SG/Ch/PVA (Table 1) were loaded
into a 10 mL syringe with a 19 Gauge stainless steel needle. A
syringe pump was used to control the solution outflow at a
constant flow rate of 0.20 mL/h.

The electrospun nanofiber scaffolds were fabricated by
applying a 7 kV potential between the solution and the
grounded collector plate. The spinning distance was 10 cm,
and the exposure time (ET) was 4 h per solution. The
experiments were performed at room temperature, and relative
humidity was constantly monitored. The resulting electrospun
nanofiber scaffolds were peeled off from the collector plate
(MP or flat) and stored in Petri dishes that were then placed in
a plastic container with silica gel beads.
2.5. Rheological Properties. The shear viscosities were

measured by using a two-plate rheometer (Discovery Hybrid
HR-3; TA Instruments, New Castle, DE, USA). The DHR-3 is
equipped with an Advanced Peltier Plate 40 mm, a solvent trap
filled with distilled water, and an evaporation blocker. The gap
size between plates was 1 ± 0.2 mm. The amplitude sweeps
were carried out at 25 °C. The shear rate range (γ) was
between 0.01 and 1000 s−1.
2.6. Surface Tension. The surface tension (γ) of the SG/

Ch/PVA solutions was measured at room temperature by the
Du Noüy ring method using a DCAT 21 tensiometer
(DataPhysics Instruments). Fresh Milli-Q water was used as
the experimental reference.

2.7. Fourier Transform Infrared Spectroscopy Char-
acterization. Attenuated total reflectance Fourier transform
infrared spectrophotometry (ATR-FTIR, Bruker Tensor II
with Platinum ATR-Unit, Germany) was used to characterize
the absorption peaks of the SG/Ch/PVA electrospun nano-
fibrous scaffolds. SG/Ch/PVA electrospun scaffolds were cut
into small pieces (10 × 10 mm) and FTIR spectra were
obtained in the mid-infrared region of 4000−500 cm−1, by
averaging 32 scans with a resolution of 4 cm−1 at room
temperature. The obtained spectra were baseline-corrected,
and then the major vibration bands were associated with the
main chemical groups of SG, Ch, and PVA on the polymer
blends.
2.8. SEM Nanofiber Scaffold Characterization. The

morphology of the SG/Ch/PVA nanofiber scaffolds was
analyzed by scanning electron microscopy (SEM, Zeiss, LEO
1530 Gemini, Jena, Germany) using a voltage of 3 kV, coupled
to an aperture of 30 μm and a working distance of 4.9 mm.
Prior to the analysis, the scaffolds were cut (5 × 5 mm2) and
sputter coated with a thin layer of platinum (7 nm).

To determine the diameter distribution and fiber orienta-
tions of the SG/Ch/PVA nanofiber scaffolds, the SEM images
were analyzed with ImageJ Software (NIH, version 1.50i,
Bethesda, MD, USA) with the DiameterJ and OrientationJ
plugins, as described in previous studies.52,53 The average fiber
diameters are shown as histogram distributions. The relative
mean fiber orientations were presented as polar plots over a
+90/−90° range.
2.9. Cross-Linking of SG/Ch/PVA Nanofibrous Scaf-

folds. Prior to in vitro analysis, the SG/Ch/PVA electrospun
scaffolds were cut into small pieces (10 × 10 mm), sterilized
(EtOH 70% v/v for 2 h), and soaked in a cross-linking bath
with a solution of EDC (30 mM) and NHS (8 mM), using
MES (50 mM) as buffer and EtOH (90% v/v) as solvent at
room temperature for 2 h. The resultant cross-linked scaffolds
were washed three times with EtOH (70% v/v) and Milli-Q
water to remove residual solvents introduced during the
electrospinning and cross-linking process.
2.10. Cell Culture. The mouse (Mus musculus) myoblast

cell line C2C12 (ACC 565) was purchased from the German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany). C2C12 cells were cultured based on
standard protocols for cell culture.12 Myoblasts were used
between passages 5−14 and maintained in DMEM high
glucose supplemented with 10% of FBS, 1% of L-glutamine (2
mM), and 1% of antibiotics (100 U/ml penicillin and 100 μg/
mL streptomycin) at 37 °C in a humidified atmosphere with
5% CO2 and 95% air. The medium was changed twice a week,
and the cells were subcultured before reaching confluence
every 3−4 days.
2.11. Cell Culture over SG/Ch/PVA Nanofibrous

Scaffolds. The cross-linked SG/Ch/PVA nanofiber scaffolds
were transferred into a 96-well Flat Bottom Polystyrene plates
(Greiner Bio-One, Kremsmünster, Austria) and conditioned
with 200 μL of DMEM high glucose supplemented (10% of
FBS, 1% of L-glutamine, and 1% of antibiotics) at 37 °C and
5% CO2 for 24 h. After conditioning, the medium was removed
from the wells. Then, the C2C12 cells were trypsinized (0.25%
Trypsin-EDTA) and counted with an automated cell-counter
TC10 (BioRad; California, USA) using trypan blue dye.
Subsequently, myoblasts were cultured over the conditioned
SG/Ch/PVA nanofiber scaffolds at a seeding density of 3 ×
103 cells/well in 100 μL of DMEM high glucose supplemented

Table 1. Spinning Solutions of SG/Ch/PVA

sample
ID

SG/Ch/PVA
ratio

SG
concentration

(w/v %)

Ch
concentration

(w/v %)

PVA
concentration

(w/w %)

M1 0:0:100 0 0 10
M2 50:0:50 1.5 0 10
M3 40:10:50 1.2 0.3 10
M4 30:20:50 0.9 0.6 10
M5 20:30:50 0.6 0.9 10
M6 10:40:50 0.3 1.2 10
M7 0:50:50 0 1.5 10
M8 50:50:0 1.5 1.5 0
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with 10% of FBS, 1% of L-glutamine, and 1% of antibiotics.
Cells cultured over the flat white polystyrene wells (FPW)
without the nanofiber scaffolds, with DMEM high glucose
supplemented with 10% of FBS, 1% of L-glutamine, and 1% of
antibiotics and with or without DMSO 20% (w/w), were used
as positive and negative controls, respectively. The C2C12 cells
were incubated in a humidified atmosphere of 5% CO2 at 37
°C for 4, 24, 48, and 72 h before performing the cell viability
assay.
2.12. Cell Viability Assay. In vitro studies were used to

determine the viability and cellular behavior of C2C12 cells
when cultured and exposed to SG/Ch/PVA nanofiber scaffolds
during 4, 24, 48, and 72 h. The viability and cellular behavior
of C2C12 cells were evaluated by the CellTiter-Glo
luminescent cell viability assay. This method is based on the
quantitation of the ATP present, which indicates the
metabolically active cells in culture. CellTiter-Glo reagent
was prepared and used according to the manufacturer’s
instructions.

At the end of each incubation period (4, 24, 48, and 72 h),
100 μL of CellTiter-Glo was added to each well followed by a
mixing step with an orbital shaking for 2 min to induce cell
lysis and an incubation step at room temperature in the dark
for 10 min. Luminescence was recorded by using an Infinite
M1000 plate reader (Tecan, Man̈nedorf, Switzerland). All the
viability experiments were carried out in triplicate and
compared to the appropriate controls (positive control,
C2C12 cells in DMEM with DMSO 20% and negative control,
only C2C12 cells in DMEM). The data from the experiments
were expressed as percentage for the viability and as
luminescence in relative light units (RLU) for the cellular
behavior assays, both termed control conditions. Results are
expressed as mean of the triplicate ± standard deviation.
2.13. Immunocytochemistry by Laser Scanning

Confocal Microscopy. The morphology and distribution of
C2C12 cells on the SG/Ch/PVA nanofiber scaffolds were
determined by fluorescent staining techniques with SYTOX
Green nucleic acid stain and Rhodamine Phalloidin R415,
applied according to the manufacturer’s instructions. MP and
Flat nanofiber scaffolds were cut (10 × 10 mm), cross-linked,

and conditioned as previously described. Myoblasts were
seeded at a density of 2.6 × 105 cells/cm2 on Ibidi plates μ-
Slide 8 Well (Ibidi, Martinsried, Germany) and incubated for
72 h in a humidified atmosphere of 5% CO2 at 37 °C.

After incubation, myoblasts cultured onto the nanofiber
scaffolds were gently washed twice with PBS and fixed with 4%
of p-formaldehyde in PBS at room temperature for 10 min,
followed by three washing steps with TBS. Then, C2C12 cells
were permeabilized with 0.1% of Triton X-100 in TBS for 5
min, then washed two times with TBS. Actin filaments and
nuclei were simultaneously stained for 30 min at room
temperature with Rhodamine Phalloidin R415 (1×) and
SYTOX Green (1×), respectively. Images were acquired
using a laser scanning confocal microscope LSM SP5 STED
(Leica Microsystems, Wetzlar, Germany) with an HC PL APO
CS2 20x/0.75 IMM water immersion objective lens. The
maximum excitation and emission wavelengths were chosen
according to the dyes used. To monitor SYTOX, a 488 nm
excitation argon laser was used and detected at 500−547 nm.
Rhodamine Phalloidin was excited by a 488 nm argon laser and
detected at 597−737 nm. The laser scanning confocal
microscopy (LSCM) images were analyzed by using ImageJ
software and Leica Application Suite X (Version 4.1.1, Leica
Microsystems, Wetzlar, Germany).
2.14. Statistical Analysis. All statistical analyses were

performed using Excel (version 16.62 Microsoft) and Origin-
Pro (Version 2022b OriginLab Corporation). All variables
were tested in three independent cultures for each experiment,
which was repeated twice (n = 6). All results were expressed as
the mean ± standard deviation. Statistical comparisons were
carried out by a two-way analysis of variance (ANOVA), and a
Tukey’s post hoc test was performed for multiple comparisons
in the viability assays. When indicated, a value of p < 0.05 was
considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Collector Plate Manufacture. To obtain SG/Ch/

PVA scaffolds with uniaxially aligned nanofibers, we designed
the MP collector plate with parallel microchannels, as shown in

Figure 1. Schematic representation of the collector plates, design, and manufacture. (a,b) Representative figure of the MP collector plate; (c)
sideview micrograph of the aligned collector, x: channel width ≈440 μm; y: channel height ≈160 μm; z: ridge width ≈90 μm; (d,e) representative
figure of the flat (control) collector plate used in the electrospinning process; and (f) sideview micrograph of the flat collector plate.
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Figure 1. The depth of the grooves (y) was around 160 μm,
and their width (x) was 440 μm. The repetition length of the
micropattern was approximately 530 μm. The ridge width (z)
was 10% smaller than the original CAD design.

Considering that muscle fibers size range between 20 and
100 μm1, the size and shape of the designed channels in the
collector plate are within the diameter range to produce MP
nanofiber scaffolds of SG/Ch/PVA.
3.2. Solution Properties. Physical and chemical param-

eters such as solution viscosity, surface tension, electric
conductivity, and polymer concentration are critical factors
during the electrospinning process, that are known to affect the
spinnability, morphology, and size of electrospun nanofibers.17

Ch is a polymer that has poor solubility and a high viscosity in
aqueous solution.54 Conversely, fish gelatin is a water-soluble
polymer with low rheological properties.55 Since gelatin and
Ch can interact and form a polyelectrolyte complex, various
ratios of SG/Ch blends might exhibit different rheological
characteristics. PVA was added to increase the spinnability of
the solution and influence the morphology of the nanofibers.

Therefore, to analyze the flow behavior of SG/Ch/PVA
blend solutions and how the variation of Ch content in the
solution affects the viscosity and, consequently, the spinnability
of the solutions (Table 1), shear viscosity as a function of shear
rate was measured for all solutions. Results of this analysis are
shown in Figure 2. As expected, the viscosity of the solutions
was found to increase with increasing Ch content in the SG/
Ch/PVA blends (Figure 2a). This change in viscosity is not
related to the SG content in the mixture due to its low
rheological properties when compared to mammalian gelatin.
However, it has been reported that Ch alters the helical
structure of collagen by forming ionic bonds and a hydrogen-
bonding network, which increased the viscosity of the blend,56

as shown in Figure 2b. Similar results have been reviewed with
fish gelatin by Goḿez-Guilleń et al.57

The viscosity of polymer solutions can exhibit three main
mechanical responses as a function of the shear rate:
Newtonian, shear thinning, and shear thickening. We observe
that once Ch is added, blends M3 to M7 underwent a shear-
thinning process with increasing shear rates (Figure 2a). Shear
thinning in samples M3−M7 decreases with Ch content and is
lowest for the solution with the lower amount of Ch (M3).
The dependence on the shear rate is close to Newtonian for
solutions without Ch (M1 and M2 blends).

Adding Ch improved the rheological properties of the blend
and considerably increased the viscosity of the solutions, as
illustrated in Figure 2a. The blends with PVA and increasing
Ch content (M2 to M7) have a much higher viscosity
(0.25223 ± 0.00595 to 1.93943 ± 0.43017 Pa·s) in
comparison with the M8 blend (0.07013 ± 0.00352 Pa·s).
Moreover, both SG and Ch can interact with PVA through
hydrogen bonding between the polar groups of the fish gelatin
and hydroxyl moieties of Ch and PVA in the blends, thus
facilitating the electrospinning process.58

3.3. Surface Tension. During the electrospinning process,
when sufficient voltage is applied, the polymer solution forms a
cone at the end of the tip, known as the Taylor cone. Once the
electrostatic forces overcome the surface tension of the
polymer solution, the formation of fibers toward the collector
plate is initiated.59,60 To search for polymer solutions suitable
for electrospinning, the viscosity and surface tension of SG/
Ch/PVA blend solutions were determined, as shown in Table
2.

Table 2 shows the differences between the viscosity (P <
0.01) and the surface tensions (P < 0.01) of the samples.
Surface tension values were all lower than Milli-Q water
(71.698 mN/m)61 and pure PVA 10% w/w (66.142 mN/m).
The values reported for the surface tension of PVA at different
molecular weights and concentrations can range from 38.4662

to 72 mN/m63 for PVA88000 and PVA125000, respectively.62

According to Rosǐc et al.,63 with an increasing concentration of
PVA, the surface tension will also increase and reach similar
values as the surface tension of pure water (72 mN/m) at
concentrations higher than 10% w/w. Similar values (66.142

Figure 2. Flow curve. (a) Shear viscosity as a function of shear rate for PVA and SG/Ch/PVA polymer solutions; (b) shear viscosity as a function
of Ch concentration. Solutions were prepared as shown in Table 1.

Table 2. Viscosity and Surface Tension of GS/Ch/PVA
Solutions

sample
ID viscosity η (Pa·s)

surface tension
(mN/m)

Milli-Q water M0 71.698 ± 0.061
PVA M1 0.2396 ± 0.05128 66.142 ± 0.152
SG/PVA M2 0.25223 ± 0.00595 62.312 ± 0.096
SG/Ch/PVA M3 0.56937 ± 0.05935 61.345 ± 0.285

M4 0.84761 ± 0.18878 64.531 ± 0.332
M5 1.20493 ± 0.23162 60.454 ± 0.442
M6 1.39798 ± 0.28912 63.772 ± 0.447

Ch/PVA M7 1.93943 ± 0.43017 64.446 ± 0.351
SG/Ch M8 0.07013 ± 0.00352 57.007 ± 0.070
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mN/m) were obtained during our measurements for PVA98000
10% w/w.

Furthermore, as expected, the addition of PVA to the SG/
Ch blends increased the surface tension of the solutions (M2
to M7), since the surface tension of PVA (66.142 ± 0.152
mN/m) is lower than the pure water (71.698 ± 0.061 mN/m)
but higher than the M8 solution. Furthermore, the presence of
−OH groups in PVA has been reported to increase H bonding
with Ch molecules and other organic polymers, improving the
electrospinnability of the solutions.58 This was further verified
by FTIR analyses. Additionally, for the samples with increasing
concentrations of Ch (M3, M4, M5, and M6), the mean values
of surface tension varied between 60−64 mN/m, which can be
also attributed to the low surface tension of pure acetic acid
(27.08 mN/m).64 At the Ch concentrations shown in Table 2,
the electrical and rheological properties of the polymer
solution are more stable. According to the SEM micrographs,
M4 solutions exhibit better spinnability, which significantly
affects the production of nanofibers. This will be further
discussed in the SEM analysis (Section 3.5).
3.4. FTIR Analysis. FTIR spectroscopy was done on 10 ×

10 mm2 pieces of the SG/Ch/PVA electrospun scaffolds. FTIR
analyses were performed prior to cross-linking for biological
assays, to assess the presence of the blended components (CH
and SG) within the PVA matrix. Not all solutions were
successfully electrospun (M6−M8). The M7 and M8 solutions
were especially difficult to electrospin, with a nonstable
formation of the Taylor cone and an uneven deposition (for
M7 solution) or nonpolymer deposition on the collector plate
(for M8 solution). This decrease in the electrospinning
efficiency is probably due to the increased Ch concentration
of the blend, evidenced by the high viscosity of the solution
M7 (1.93943 ± 0.43017 Pa·s) vs M8 (0.07013 ± 0.00352 Pa·
s), or the absence of the PVA in the blend (M8 solution).
Furthermore, some of the obtained scaffolds (M2, M3, M5,
M6, and M7) were too brittle to handle, or did not produce a
scaffold, i.e., there was not enough available material for
biological cell behavior assays (Figure S2). However, there is
still enough material for FTIR measurements.

FTIR spectra of PVA (M1) and SG/Ch/PVA scaffold
blends (M2, M3, M4, and M5) are summarized in Figure 3.
M1 spectra show the characteristic functional groups of pure
PVA. The large peak at 3296.4 cm−1 corresponds to the
nonbonded OH stretching vibration band (hydroxyl groups for
free alcohol).65 The following duplet absorption peaks at about
2940.3 and 2911.7 cm−1 are linked to the C−H alkyl stretching
band related to aldehydes.66 The remaining large band at
1422.9 cm−1 corresponds to acetate groups (C−O), due to the
saponification reaction of polyvinyl acetate.67 The band
intensity at 1089.7 cm−1, according to Mansur et al.,66 is
related to the crystalline portion from the PVA degree of
hydrolysis (DH), which in this case is 99%.

The overall spectra of the blended samples come mostly
from the PVA. The characteristic frequencies of amide groups
from SG and Ch tend to overlap those of hydroxyl and acetate
groups of PVA. As reported in the Supporting Information
(Table S1), all the scaffold blends except for the pure PVA
electrospun scaffold showed the typical amide I, II, and III
bands, which are characteristic of fish gelatin and Ch.68−71

The FTIR spectrum presented broadbands in the frequency
at around 3300−2911 cm−1 in all the SG/Ch/PVA blends,
attributed to water-mediated hydrogen bonding from both
hydroxyls (−OH, Ch and PVA) and amino (N−H, SG/Ch)

symmetrical vibration interactions.70,71 However, the absorp-
tion bands at 3300 cm−1, decrease in intensity and shift slightly
toward lower numbers by 7.15, 21.45, and 4.29 cm−1, for M3,
M4, and M5, respectively. Furthermore, comparing the spectra
of M1 with the blends M2 to M5, we observe changes in the
main absorption band intensities related to SG (amide I, amide
II, and amide III bands between 1653 and 1330 cm−1) and Ch
blends (saccharide bands 1100−840 cm−1). The characteristic
absorption peak of fish gelatin, C�O and N−H bending
vibrations in amide I region,71 shifts to lower wavenumbers,
from 1653.2 to 1648.9 cm−1 (from M2 to M5), with
decreasing SG blending ratio. Staroszczyk et al.71 reported
that the reduction in the amide I region is due to the
interaction of fish gelatin and Ch by the formation of a helical
structure (single α-helix). In Figure 3 (M3, M4, and M5),
between 1540 and 1330 cm−1, the other amide bands of SG
(amide II and III) decreased in intensity. Amide II bands
appeared in the spectrum between 1545 and 1372 cm−1 once
SG is present in the blend. This peak can be attributed to the
formation of hydrogen bonds in which N−H bending
vibrations are coupled to C−N stretching vibrations of this
protein.69−71 The FTIR spectra for samples M2−M5 showed a
slight shift (2.8 cm−1) and a change in the intensity between
1422.9−1420.1 cm−1, relative to the ratio of SG and Ch in the
blend, corresponding to the symmetric −COO−, −CH2 and −
CH3 groups of gelatin and Ch.68 The shift to lower
wavenumbers, considering SG content, was attributed to
−COO− vibrations.71 Meanwhile, the decrease in the amide II
band with Ch blending ratio indicates the presence of
carboxylic acid in the polymer blend. This was attributed to
the acetic acid used for dissolving the Ch in this study.70,72,73

We also noticed that the characteristic peak at around 1700
cm−1, corresponding to carboxylic acid, was not identified,
which suggests that there was no free acetic acid in all the
blends tested. This confirms that the amino groups of Ch
became protonated, allowing the formation of electrostatic
interactions involving the NH3

+ groups of Ch and the
−COO− groups of the aspartic and glutamic residues in
collagen.70 Amide III peaks at about 1330 cm−1 were assigned
to the C−N and N−H vibrations characteristic of SG and
Ch.71

Figure 3. FTIR spectra from SG/Ch/PVA electrospun nanofiber
scaffold blends.
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In Figure 3, the samples blended with Ch (M3, M4, and
M5) presented the characteristic absorption bands of Ch
between 1088.3 and 836.6 cm−1, corresponding to the
saccharide structure.70,73 The shift by 4.2 cm−1 toward higher
wavenumbers and the change in the band intensity at around
840 cm−1 for M3, M4, and M5 are due to the influence of the
hydroxyl and ether oxide bands of Ch71,73 and the decreasing
intensity of amide bands of SG, respectively. Similar findings

were reported by Staroszczyk et al. for fish gelatin from Baltic
cod (Gadus morhua) skins.71

The tested blends of SG/Ch/PVA had significant differences
among samples, suggesting that FTIR analysis is highly
sensitive to small ratio changes in SG and Ch. All the previous
observations, accompanied by the appearance of new peaks,
clearly indicate the existence of good miscibility between SG,
Ch, and PVA and the formation of a three-component scaffold.

Figure 4. SEM micrographs of the PVA and SG/Ch/PVA nanofiber scaffolds. Each micrograph with respective fiber diameter and orientation
distribution. (a) M1-MP; (b) M1-Flat; (c) M4-MP; and (d) M4-Flat.
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This has been extensively reported for two-component blends:
collagen/Ch;73 PVA/Ch;74 and PVA/collagen.49 There have
been fewer reports on ternary blends of gelatin, Ch, and PVA
found in the literature.75

3.5. Nanofiber Scaffold Morphology. Many parameters,
such as viscosity, surface tension, and electrospinning
parameters (applied voltage, flow rate, and working distance),
influence the morphology and diameter of electrospun
nanofibers. PVA and SG/Ch/PVA nanofiber scaffolds were
produced by electrospinning and characterized by SEM. Figure
4a−d, shows the nanofiber morphology, diameter, and
orientation distribution for PVA and SG/Ch/PVA nanofiber
scaffolds. Samples (M1 and M4) were selected according to
the handling properties and manipulation of the fabricated
scaffolds (Figure S2). SEM images of samples M1 and M4
(Figure 4a−d) show that the nanofiber scaffolds were porous,
as seen for all of the analyzed samples. Scaffolds were grouped
according to the employed collector plate, i.e., flat or MP. The
presence of beading was dependent on the formulation used
during the electrospinning process.

Figure 4a,b presents the resulting nanofiber scaffolds of
formulation M1 (PVA 10 w/w %) MP and Flat, with a mean
fiber diameter of 124 ± 37 and 147 ± 80 nm. Park et al.76

previously reported fiber diameters for PVA 8−12 wt % (190,
200, 220, and 470 nm, with a DH of 88, 92, 96, and 99.9%,
respectively) and suggested that the fiber diameter increased
exponentially with respect to the DH of the PVA. However,
the MW of the PVA or the porosity of the fabricated scaffolds
were not reported.

SEM images show that the nanofiber scaffold M1 had a
porous structure (Figure 4a,b) and interconnected pores. The
SEM obtained porosity of the scaffold’s surface ranges between
40 and 43% porosity (Table 3). However, the percentage

surface porosity values of pure PVA nanofiber scaffolds were
slightly smaller than those of SG/Ch/PVA nanofiber scaffolds,
which can be attributed to the viscosity of the pure PVA and
the presence of bead-like defects on M1 nanofiber scaffolds
(further discussed in this section), so the pore % became small
(around 6% just for the MP scaffolds).

The micrograph in Figure 4a,b shows a mat formation
composed of a complex web of fibers and a few bead-like
defects on the surface and in between the layers of the scaffold.
High MW PVA was used to produce nanofiber scaffolds from
10% (w/w) solutions. According to Rwei and Huang,62 this
concentration is in the range that yields an acceptable
electrospinning process. Furthermore, Zhang et al.,77 reported
that the DH value of PVA should not be less than 88% to

achieve a good electrospinning process.77 Nevertheless, the
surface tension is still the main driver when it comes to bead
formation during the electrospinning process, regardless of
whether the failure is associated with an excessively diluted or
concentrated spinning solution.62

On the other hand, the polar plot in Figure 4a demonstrated
that the fibers of the sample M1-MP were more aligned in
comparison to the flat collector, with a relative mean fiber
orientation ranging between 9 and 49°. Although there is a
spread in the orientation of the aligned fibers, a preferred fiber
direction was observed at 22°. The nanofiber scaffold
presented in Figure 4b has a random distribution with no
dominant fiber orientation, expressed with a relative mean fiber
orientation ranging between 46 and −46°. This complete
randomness is due to an unstable and whipping motion of the
electrospinning jet, generally termed as “whipping/bending
instability”, and also due to the use of a planar collector
plate.78,79

Fong et al.80 reported that beaded fibers are related to the
instability of the polymer jet solution, which strongly depends
on the balance between the viscosity and surface tension. The
morphology and the effect of the blend ratio on the topological
structure of the nanofiber scaffolds can be seen in Figures S3−
S5. Once SG/Ch are present in the blend (formulation M2
and M3), there is an increase in bead formation. While with
solution M4, a uniform nanofiber morphology was observed,
which could be attributed to the viscosity of the solutions.
Furthermore, similarly to our rheological results (see Solution
Properties section), Gonzalez et al.81 noticed as the PVA
amount decreased beads started to appear in the fibers. This
suggests that a decrease in viscosity favors polymer chain
disentanglement, which in turn suppresses the spinning
process.62 Furthermore, Figure 4d shows differences in fiber
orientation and diameter depending on collector micro-
structure and viscosity, respectively.

Figure 4c,d shows a smooth and fibrous shape without any
bead-like defects. According to Gupta et al.,82 a reduction in
the bead formation can be attributed to an increase in the MW
(higher viscosity) because larger polymer chains tend to resist
the contraction of the jet radius, which favors the formation of
nonbeaded fibers. M4-MP and M4-Flat nanofiber scaffolds
have mean fiber diameters of 151 ± 46 and 141 ± 29 nm and
surface porosity % of 47 and 46, respectively (see Table 3).
Similar to our findings, Tsai et al.83 reported fiber diameter
values of around 150 nm for electrospun Ch−gelatin−PVA
hybrid nanofibrous mats, but they did not report the %
porosity of the fabricated scaffolds.

SEM micrograph of M4-MP (Figure 4c) shows a nanofiber
scaffold with a higher degree of fiber alignment and a relative
mean fiber orientation at −48°. Supporting Information
(Figure S6) shows M4-MP nanofiber scaffold with different
magnifications, which strongly correlates with the designed
microstructure topography of the collector plate. On the other
hand, Figure 4d shows that M4-Flat does not have a dominant
fiber orientation and the polar plot indicates complete
randomness with a relative mean fiber orientation ranging
between −90 and 90°. It has been proved that aligned scaffolds
provide better contact guidance for myoblasts, facilitate cell−
cell interactions and cell alignment when compared to random
fibers.26,84,85

Other authors have published results regarding three-
component scaffolds with gelatin, Ch, and PVA as their main
components.83,86 Nevertheless, studies of gelatin/Ch/PVA

Table 3. Mean Fiber Diameter and Surface Porosity of PVA
and SG/Ch/PVA Nanofiber Scaffolds

sample ID mean fiber diameter [nm] surface porosity [%]

M1-MP 124 ± 37 40
M1-Flat 147 ± 80 43
M2-MP 105 ± 32 44
M2-Flat 116 ± 35 57
M3-MP 125 ± 62 50
M3-Flat 116 ± 50 52
M4-MP 151 ± 46 47
M4-Flat 141 ± 29 46
M5-MP 405 ± 67 47
M5-Flat 450 ± 120 42
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continue to be scarce, and furthermore, nanofibers with gelatin
from a nonmammalian origin (salmon) have not been used.
Therefore, as evidenced by SEM analysis, the resultant SG/
Ch/PVA (M4) nanofiber scaffold exhibited better spinnability
than just PVA at 10% (w/w) solution (M1), and an aligned
fiber orientation, when a MP collector plate is used during
electrospinning. We assume the electrospinning process of this
blend was possible due to the interaction between PVA with
gelatin and Ch molecules through hydrogen bonds, which
could weaken the strong interaction of Ch with itself and
facilitate the formation of SG/Ch/PVA nanofibers. Finally, it is
yet difficult to obtain a perfect nanofiber alignment with this
method, given that when the fibers travel from the tip of the
needle toward the collector plate, driven by electrostatic forces,
the residual charge accumulation on the deposited fibers
interferes with the incoming ones, causing an alteration in the
alignment and deposition of the nanofibers.87

Summarizing, considering the importance of nanofibers as
they mimic the aspect of ECM proteins, i.e., ratio and size-
scale,11,88 a MP scaffold with aligned and uniform nanofibers
was successfully produced by electrospinning using a SG/Ch/
PVA polymer blend.
3.6. Cell Viability Analysis. Biocompatibility of a scaffold

is one of the most important prerequisites for biomaterials to
satisfy SMTE applications. To evaluate cell viability and
behavior of C2C12 cells on SG/Ch/PVA nanofiber scaffolds, a
bioluminescence-based assay CellTiter-Glo was assessed, with
incubation times of 4, 24, 48, and 72 h. An FPW with DMEM
and DMSO 20% were used as positive and negative controls,
respectively. The nanofiber scaffolds M1 (Flat and MP) and
M4 (Flat and MP) were selected due to their handling and
manipulation properties in comparison to the other scaffolds
that were fragile and too brittle for this assay (Figure S2).
According to the general in vitro cytotoxicity standard ISO
10993-5, to define whether a material is biocompatible, it is
important that the value of cell viability be above 70%. In
Figure 5, the viability results show that none of the nanofiber
scaffolds tested caused cytotoxicity, with cell viability values
over 85% compared to the control even after 72 h of
incubation.

After 4 h of incubation with the polymers, a slightly higher
viability for the nanofiber scaffold M4-MP compared to M1-
MP and the control was observed. Among M4-MP and M1-
MP nanofiber scaffolds, the sample M4-MP showed the
highest cell viability at 24 h (106%) and equal to the control at
48 h (100%), but slightly lower than M1-MP, 102 and 100% at
72 h of incubation, respectively. PVA has been approved by
FDA (U.S. Food and Drug Administration) for clinical uses in
humans,89 thus it was expected that the PVA (M1 Flat and
MP) samples were noncytotoxic. Furthermore, the high cell
viability values (%) of the SG/Ch/PVA (M4 Flat and MP)
nanofiber scaffolds can be associated with the polymer
composition and the well-known biocompatibility of each
individual component in the blend (SG,12 Ch,39 and PVA49).
Overall, the results shown in Figure 5 demonstrate that all the
nanofiber scaffolds produced were noncytotoxic and are
suitable for seeding muscle cells. Additionally, this can be
correlated with the increase in the luminescence over time, as
shown in the cellular behavior assay (Figure 6).

Considering the CellTiter-Glo results, there is a linear
relationship between the luminescent signal and the number of
viable cells per well in culture. As shown in Figure 6, the cell
behavior of C2C12 cells over the nanofiber scaffolds M1 (Flat
and MP) and M4 (Flat and MP) was assessed up to 72 h.
There were no statistical differences between the polymers
tested and the FPW with DMEM, indicating that C2C12 cells
were able to grow in time over the SG/Ch/PVA nanofiber
scaffolds compared to the controls. Therefore, we observe that
both composition and microstructure can influence the
behavior of the cells.2,24

Other authors have reported three-component blends of
gelatin, or collagen, Ch and PVA. Most of these studies aim to
characterize the blend physically and chemically,90 its clotting
activity for use as wound dressing,75 the cytocompatibility with
mesenchymal stem cells,83,91 or with human-induced pluri-
potent stem cells for tissue engineering applications.86 To the
best of our knowledge, there is no other study published over a
ternary blend with SG, Ch, and PVA in the form of nanofibers
and its biocompatibility with C2C12 cells. Hence, considering
our results, the SG/Ch/PVA nanofiber scaffolds produced are
biocompatible and could be used for SMTE applications.
Nevertheless, future work should be focused on determining

Figure 5. C2C12 viability was determined by the CellTiter-Glo
bioluminescent assay. Cell viability of C2C12 cells cultured over SG/
Ch/PVA nanofiber scaffolds M1 (Flat and MP) and M4 (Flat and
MP) after 4, 24, 48, and 72 h. The bars represent the average of a
triplicate and error bars represent the standard deviation (±SD) (n =
4).

Figure 6. Cellular behavior assay. Luminescence (RLU) was obtained
with CellTiter-Glo assay after 4, 24, 48, and 72 h of C2C12 culture
over M1 (Flat and MP) and M4 (Flat and MP) nanofiber scaffolds.
Results are expressed as the mean luminescence (n = 3) and error bars
represent the standard deviation (±SD). No significant differences
were found.
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whether the MP topography influences cell differentiation on
myoblastic cell lines, and many challenges must be overcome
in this field to create a suitable SG/Ch/PVA device that meets
the requirements to replace a tissue as complex as the skeletal
muscle tissue.
3.7. Immunofluorescent Staining. To study cell

morphology and investigate the effect of the SG/Ch/PVA
nanofiber scaffold microchannels on cell alignment, we imaged
the samples using LSCM. C2C12 cells were cultured over SG/
Ch/PVA nanofiber scaffolds M1 (Flat and MP) and M4 (Flat
and MP). After 72 h of culture, cells were fixed and stained
with SYTOX Green for nucleic acid staining (blue) and
Rhodamine Phalloidin R415 for actin filament staining
(green). As seen from the LSCM images (Figure 7a−d), M4
scaffolds, both Flat and MP, can support growth, adhesion, and
spreading of C2C12 cells over the scaffolds. Complementary
bright field microscopy images are shown in Figure 7a′−d′.

Pure PVA nanofiber scaffolds (M1 Flat and MP) were easy
to handle, biocompatible (see Section 3.6), and had good
mechanical stability.92 Figure 7a,c shows that C2C12 cells have
not spread over pure PVA scaffolds (M1) after 72 h and that
the cells appear packed, forming round clusters over the
nanofiber scaffolds. This could be due to the lack of biological
recognition proteins such as RGD motifs, Aα-chain and the
heparin binding domain within the Bβ-chain which mediates
cell−matrix interactions,92 and biochemical signals that are
inherent to collagen and gelatin polymers. Moreover, PVA by
itself does not have a chemical structural similarity to the
natural ECM, such as Ch, which is similar to glycosaminogly-
cans, a class of polysaccharides naturally present in the ECM.93

Glycosaminoglycans play a key role in cell signaling and are
responsible for modulating several biochemical processes, such

as regulation of cell growth and proliferation, promotion of cell
adhesion, anticoagulation, and wound repair, among others.94

Similar results have been previously described regarding the
morphology after cells were seeded over PVA scaffolds. Huang
and Hu92 reported how 3T3 fibroblasts appear rounded as
grown on PVA fibers. Furthermore, Qi et al.95 observed that
osteoblast cultured on pure PVA scaffolds had a round shape,
besides a weak adhesion force with the substrate scaffold.
Considering the viability results and LSCM images (Figure
7a,a′ and c,c′) of C2C12 cells over PVA nanofiber scaffolds,
cells can grow and proliferate on PVA fibers, but due to the
lack of binding proteins and poor cell adhesion properties of
the polymer, cell morphology and behavior become compro-
mised.

On the other hand, C2C12 cells over M4 nanofiber scaffolds
appear confluent, adhered, spread out, and stretched after 72 h
of culture (see Figure 7b,d). These results suggest that the
addition of SG on the blend of Ch/PVA has a significant effect
on the C2C12 morphology over the nanofiber scaffold.
Compared to M1, these results suggest that the presence of
biological signals provided by the addition of natural
biopolymers (SG and Ch), even at low proportions in a
blend, provides physicochemical properties to the matrix, in a
way similar to that of the natural ECM, which has a significant
effect on C2C12 cell behavior. Cells adhered on the SG/Ch/
PVA nanofiber scaffold M4 Flat (Figure 7d) exhibit a random
orientation in comparison to M4-MP (Figure 7d′), where cells
are oriented alongside the axis of the designed microchannel.
Cell orientation is also provided by uniaxially aligned
nanofibers that have been shown to increase cell guidance
and migration more than randomly organized fibers.

Figure 7. LSCM images of C2C12 cells (green actin filament staining with Rhodamine Phalloidin R415 dye and blue nuclear staining with SYTOX
Green dye) cultured for 72 h over the PVA nanofiber scaffolds M1-Flat (a); M1-MP (c); and over SG/Ch/PVA nanofiber scaffolds M4-Flat (b);
M4-MP (d). (a′−d′) Bright field microscopy images over the same region of figures (a−d). Scale bar = 100 μm.
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At 72 h of cell culture, cells grow, spread, and exhibit a
change in the morphology on both flat and MP M4 scaffolds
(Figure 7b,b′−d,d′). Myoblast culture over M4-MP scaffold
seemed to be fused and presented an oval and elongated
myotube-like morphology oriented in the direction of the
microchannel (Figures 7d,d′ and S6a,b). Moreover, the
microchannels also allowed the cells to diffuse into the
scaffold, as seen in Figure S7c. C2C12 cells were found fused
between parallel layers (top, middle, and lower layers) allowing
the migration and colonization of cells throughout the
nanofiber scaffold. Normally, mouse myoblasts begin to fuse
into multinucleated myotubes within 48 h of culture with
serum deprivation conditions,96 but this study was performed
without an induced differentiation. Further differentiation
experiments need to be performed to determine the expression
levels of late myogenic markers, such as myogenin, MyHC, and
dystrophin, on muscle cells cultured over SG/Ch/PVA
nanofiber scaffolds. Therefore, these results suggest that SG/
Ch/PVA nanofiber scaffolds can provide a suitable micro-
environment for C2C12 cell growth. Furthermore, the
combination of SG/Ch/PVA and the nanofiber organization
on the microchannels has proven its synergistic effects for
SMTE applications. Future experiments could explore ways of
embedding these biopolymers within nanofibers that have
additional layers of porosity, which can be generated by
thermal sintering techniques.97,98

4. CONCLUSIONS
SG/Ch/PVA nanofiber scaffolds were successfully produced
by electrospinning using a MP collector. The addition of PVA
improved the mechanical and rheological properties of SG and
Ch scaffolds. The effect of PVA addition on the handling
properties, microstructure, and biocompatibility of M4 SG/
Ch/PVA nanofiber scaffolds was studied in detail. Smooth and
uniform nanofibers were obtained at an applied voltage of 7 kV
and a flow rate of 0.20 mL/h with mean fiber diameters of 151
± 46 and 141 ± 29 nm for M4 (SG/Ch/PVA MP and flat)
and an estimated surface porosity of around 46%.

The viability and cellular behavior assays indicated that SG/
Ch/PVA nanofiber scaffolds were suitable for seeding C2C12
cells, allowing the cells to grow over the polymer, possibly due
to the similarity between the scaffold topography, nanofiber
size, and orientation to those of the natural ECM. On the other
hand, C2C12 cells can grow on pure PVA nanofibers (M1),
but due to the lack of binding proteins in the polymer, cell
morphology and behavior become compromised. MP blended
scaffolds (M4-MP) showed enhanced alignment of C2C12
cells and myotube-like formation without an induced differ-
entiation, as compared to randomly oriented fibers. Therefore,
C2C12 survival was not dependent on the electrospun fiber
diameter, orientation, or scaffold composition.

Blended nanofiber scaffolds from SG, Ch, and PVA are a
promising biomaterial for STME-related applications because
of its nonzoonotic implications, good biological properties,
cytocompatibility, and high availability. This study demon-
strates the potential of SG/Ch/PVA MP nanofiber scaffolds.
The use of MP collectors for electrospinning is a simple and
viable approach to better model skeletal muscle biology in
vitro, but further studies need to be performed to probe their
suitability in SMTE.
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