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Abstract: The development of new, viable, and functional engineered tissue is a complex and
challenging task. Skeletal muscle constructs have specific requirements as cells are sensitive to the
stiffness, geometry of the materials, and biological micro-environment. The aim of this study was
thus to design and characterize a multi-scale scaffold and to evaluate it regarding the differentiation
process of C2C12 skeletal myoblasts. The significance of the work lies in the microfabrication of lines
of polyethylene glycol, on poly(ε-caprolactone) nanofiber sheets obtained using the electrospinning
process, coated or not with gold nanoparticles to act as a potential substrate for electrical stimulation.
The differentiation of C2C12 cells was studied over a period of seven days and quantified through
both expression of specific genes, and analysis of the myotubes’ alignment and length using confocal
microscopy. We demonstrated that our multiscale bio-construct presented tunable mechanical
properties and supported the different stages skeletal muscle, as well as improving the parallel
orientation of the myotubes with a variation of less than 15°. These scaffolds showed the ability of
sustained myogenic differentiation by enhancing the organization of reconstructed skeletal muscle.
Moreover, they may be suitable for applications in mechanical and electrical stimulation to mimic the
muscle’s physiological functions.

Keywords: tissue engineering; scaffold; muscle; organoid; electrospinning; myotube

1. Introduction

Reconstructing lost function or mass of skeletal muscle, caused by chronic diseases
and traumatic injuries, is often difficult to achieve despite the highly regenerative nature
of this tissue [1,2]. Natural, synthetic, or biohybrid biomaterials have been developed to
replace or repair the structure of skeletal muscle. In addition, these constructs can represent
suitable “native-like” tissue models for in vitro investigations, for better understanding
of the muscle regeneration process, drug screening, the evaluation of physical protocols
for the treatment of muscular diseases or injuries. Yet, none of them has successfully
reinstated the structure/function of the native tissue. The highly organized structure
of skeletal muscle in long parallel conductive fibers is undoubtedly a challenge for its
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reconstruction [3,4]. Controlling tissue organization in vitro by aligning myoblasts in
preparation for the formation of myotubes is thus recognized as a crucial step [5]. An
effective scaffold for skeletal muscle tissue engineering needs to provide such fundamental
elements, i.e., an appropriate microenvironment that will allow muscle cells to grow,
differentiate, and align to support the transmission of muscular force [6,7]. In recent years,
several strategies have emerged to develop such biohybrid constructs, from the design of
complex architecture to the use of external stimuli to foster the formation of parallel-aligned
myofibrils. Some studies focused on the impact of the size (nano or micro) and topograhical
design on myoblast alignment, and of fusion on the biomaterial. [8,9].

Nano topography-guided approaches was achieved by patterning parallel nanogroove
on a polydimethylsiloxane (PDMS) substrates. It was shown to promote tissue differentia-
tion and activate specific function [10,11]. The electrospinning technique [11,12] has also
been widely used, as it provides fibers that mirror the structure of native collagen fibrils of
extracellular matrix [13,14]. Yet, fibers must be highly aligned to offer cells a parallel sup-
port to form myotubes, otherwise cells follow the random organization of the electrospun
fibers [15]. Photolithography, hot embossing, and soft lithography are helpful for creating
micro-topographical cues. A previous study has shown enhanced alignment of myotubes
using photolithography patterned micro-channels, spaced from 5 to 100 µm apart and with
varying depths [16]. Meanwhile, other studies have investigated the effect of geometrical
patterns, such as wavy, square, circle or plots, on myogenic differentiation [17,18]. They
established that myotubes formed on large patterns were able to follow geometric cues in
the microenvironment. Yet, the limitation of geometric guidance appeared on patterns with
sharp corners and small curve radii. Although substrates from nano- to micro-features are
acknowledged for favoring myotube formation, they have demonstrated some limitations
as guidance cues when cell–substrate interaction is overridden by cell–cell interactions [17].
Therefore, some composite materials were created by combining various techniques, such
as electrospinning and CoreShell, allowing the formation of nanofiber yarn embedded in
hydrogel [19,20]. Finally, other approaches involving electrically conductive materials or
polymers, such as carbon, gold, iron nanoparticles, polyaniline, and polypyrrole, have
been investigated to mimic the natural environment and have shown they can improve the
formation, maturation and guidance of myotubes [21–24].

Thus, it can also be hypothesized that coupling microtopography and electrospun
nanofibers may closely mimic the topographical aspect of natural muscle bundles and
efficiently enable the formation of aligned myotubes over large areas. Very recently, melt
electrospinning writing (MEW) was used to fabricate 3D patterned microgrooves spaced by
100 to 300 µm on top of aligned poly(ε-caprolactone) (PCL) meshes both with/without gold
coating. Spacing of 200 µm was found optimal for promoting myotubes formation [25].
The aim of the present study is thus to associate the effect of multiscale scaffolds and con-
ductive nanoparticles on the preparation of nano-to-macro hierarchically organized tissue
engineered skeletal muscle. One of the challenges is to work with a wider micropattern
spacing than what is commonly used, in order to allow the formation of myofibrils or
myofibers of physiological size. The easy-to-handle construct was integrated into this
design phase to obtain in fine a biohybrid construct capable of sustaining external stimuli
such as stretching cycles or electric pulse. We first manufactured a double-scaled scaffold,
based on poly(ε-caprolactone) (PCL) electrospun nanofibers coated with gold nanoparticles
(Au NPs) and then micropatterned it with polyethylene glycol (PEG) hydrogel lines. The
PCL nanoscale fibers were expected to promote cell adhesion and guidance, while the
gold particles were selected because of their nanostructure, easy surface functionalization
process, and conductive properties. Finally, the PEG linear patterns were used to con-
tribute to enhanced cell guidance. C2C12 myoblasts were then cultured on the scaffolds
designed to evaluate their growth and differentiation into a new type of tissue engineered
skeletal muscle.
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2. Results

The surface area of the constructs (manufacturing process illustrated in Figure 9) was
6 cm2, for an average thickness of 91 µm ± 13 µm (n = 9). This manufacturing process
led to four different types of scaffold: (I) electrospun poly-ε-caprolactone (PCL), (II) the
same coated with gold nanoparticles (PCL-Au), (III) electrospun PCL with patterning of
PEG hydrogel lines (PCL-PEG), and finally (IV) an electrospun PCL coated with gold
nanoparticles and patterned with PEG hydrogel lines (PCL-Au-PEG).

2.1. Fabrication and Characterization of the Basic PCL Scaffold

Our first objective was to produce a flat mat of partially aligned PCL fibers. A medium-
range drum rotation speed of approximately 1000 rpm was thus applied during the electro-
spinning process. SEM images (Figure 1a) of the resulting PCL matrices showed smooth
fibers with an average diameter of 776 ± 250 nm (Figure 1b), and a preferred orientation
between −20° and 20° for 70% of them (Figure 1c,d). The wettability of the materials was
assessed by the contact angle at each stage in the preparation for cell culture. First, the
dry PCL electrospun sheet showed a contact angle (θ) of 130 ± 2.5°, corresponding to hy-
drophobic properties. After 45 min of ethanol treatment, the angle was about 115 ± 2.72°,
the drop on the dry PCL scaffold retaining its shape with no change over time (data not
shown). Finally, on PCL incubated for 30 min in culture medium and dried, the contact
angle decrease to 72 ± 7° indicates hydrophilic interaction (Figure S1).

Figure 1. Characterization of electrospun fibers. (a) SEM images showing the electrospun fibers,
(b) fiber size distribution (n = 100 fibers), (c) analysis of fiber orientations according to the principal
directions using Fourier transform, and (d) half-polar smoothed curve of the orientation of the fibers
from SEM image analysis (n = 3).

2.1.1. Coating with Gold Nanoparticles (PCL-Au)

To functionalize our synthetic fibers with AuNPs, we used an in situ chemical reduc-
tion method. The gold precursor solution was reduced with the help of sodium citrate,
a reducing agent, and ascorbic acid, a stabilizer, in the presence of fibers to produce the
Au-PCL nanocomposites [26,27]. During the reduction process of HAuCl4, we noticed
that the white color of PCL nanofiber mats changed to purple, suggesting the formation
of gold nanoparticles (Au NPs) (Figure S2). Scaffolds were then washed several times
to remove any unbound nanoparticles and keep strong binding only. Nanoparticles of
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similar size and the detailed structures of single particles were observed in high TEM
resolution images. Their mean diameter was estimated at 15.65 ± 6.41 nm (Figure 2b).
In addition, EDS spectrometer analysis of the Au NP solution showed a peak at 520 nm
(Figure 2c), confirming that the nanoparticles’ size was in the range of 15 to 20 nm. SEM
and EDS were then used to assess the presence of the Au NPs on the electrospun fibers.
SEM observation of the morphology showed that the Au NP coating did not obstruct the
porous surface structure of the material. In the magnified SEM images of PCL-Au, white
spots, relatively homogeneously dispersed along the nanofibers, were clearly observed
(Figure 2d). The EDS profile of these spots presented strong gold atom signals around
2.10, 2.30 and 9.70 keV (Figure 2e). Polycaprolactone electrospun fibers covered with Au
exhibited 3.5-fold lower resistance. However, the range of conductive values (2.10−2 S/cm)
was not enough to be considered conductive (Figure S3).

Figure 2. Characterization of the gold nanoparticles coated on the PCL scaffold. (a) TEM images of
Au nanoparticles formed on the fibers, (presenting a s ize of 15 ± 6 nm ). (b) Particle size distribution
from TEM image analysis (n = 30 particles) and (c) absorption spectrum of gold nanoparticle solutions
using a spectrometer, with a peak of absorbance at a wavelength of 520 nm (n = 3). (d) SEM images
of electrospun fibers coated with Au NPs, (e) EDS spectrum showing the 3 peaks for Au elements at
2.10, 2.20, and 9.7 keV.

The contact angle of the dry PCL-Au sheets was of 127 ± 6°, exhibiting similar
properties as dry PCL sheets. After ethanol treatment, the measurement fell to 100 ± 9°.
We observed that the drop was totally absorbed by the substrate before fifteen minutes
after the deposit. Finally, the drops on dry PCL-Au incubated for 30 min in culture medium
presented a contact angle of 38 ± 3.7° before being absorbed in less than a minute by the
scaffold (Figure S1). Cell adhesion strength has been proven to vary logarithmically with
increased surface roughness for polymeric and non-polymeric materials. Analysis with a
non-contact 3D surface profilometer (Sensofar®) showed that the addition of nanoparticles
to the fibers had an impact on the fiber’s roughness, with an increase in Sa (roughness
average, arithmetical mean height) from 1.16 ± 0.30 µm to 4.89 ± 0.65 µm (Figure 3a,b).
Although this parameter is often used to evaluate surface roughness, it is not enough
to describe the complexity of a surface texture. The Sku (Kurtosis) characterizes the
measurement of the sharpness of the roughness profile. Here, Sku was slightly higher
for the scaffold without coating (Sku>3). Ssk (skewness) centered around zero for both
samples, suggesting that there is a similar proportion of peaks and valleys in the samples.
Although surface topography with lower skewness (Ssk) and higher kurtosis (Sku) is
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known to exhibit better wettability, the variations in Sku and Ssk after the coating were not
enough to significantly modify it.

Figure 3. Topography of the PCL scaffolds coated or not with gold nanoparticles. Sensofar Confocal
profiler measurement of the surface of (a) PCL and (b) PCL coated with gold nanoparticles. The
features used to evaluate the surface roughness of the material were height parameters (Sv), valleys
and peaks (Sp), including arithmetical mean height (Sa), and root mean square height (Sq). Skewness
(Ssk) represents the degree of symmetry of the surface heights about the mean plane, while kurtosis
(Sku) indicates the randomness of height and the sharpness of the structures on the surface (n = 3 for
each condition).

2.1.2. Micropatterning of Multiscale Scaffolds (PCL-PEG and PCL-Au-PEG)

Two masks with linear patterns were selected to create PEG hydrogel lines (Figure 4a,d)
on the previously produced scaffolds. They were spaced either 500 µm or 1000 µm apart,
with a width of 50 or 100 µm, respectively (named 500:50 and 1000:100). Photolithography
made correct PEG hydrogel line deposits possible and attached well to the electrospun
fibers. SEM images (Figure 4b,e) demonstrated that the hydrogel microstructure, where
deposited, fully covered the PCL structure, leaving no fibers exposed at the top surfaces
of the micropatterns. No damage to the morphology of the fibers located in between the
hydrogels was observed (Figure 4e). We noticed a difference by comparing the masked
data with the corresponding polymeric replica obtained from the electrospun fibers. Pro-
filometry measurements (Figure 4c,f) confirmed the SEM observations. The PEG lines
in both patterns had a height of about 40 µm, but their widths showed an average of
108 µm and 124 µm instead of the expected 50 µm and 100 µm, respectively. This resulted
in reduced mean spacing between two lines, of 377 µm and 921 µm for the 500:50 and
1000:100 patterns, respectively. However, this difference was significant enough to evaluate
the effect of spacing on cell behavior. The Sensofar confocal analysis demonstrated that
the sheet tends to bend between the PEG lines and this effect was more significant on
the 1000:100 pattern, with a variation in height of 110.40 ± 9.9 µm, whereas it was only
44.46 ± 16.17 µm for the 500:50 pattern.
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Figure 4. Characterization of the micropatterning of the scaffolds. (a,d) Images of the mask used
for the photolithography of 50 µm and 100 µm PEG lines. (b,e) SEM images of line micropatterns
with a spacing of 500 µm and 1000 µm respectively, on an electrospun mat. (c,f) Sensofar optical
profiler measurements of the surface topography, height and thickness of the hydrogel line. Scale bar
of panels (a,d) represents 1 mm and that of panels (b,e) 500 µm.

2.1.3. Mechanical Properties of the Different Scaffolds

These investigations were conducted at two scale levels with different purposes.
At the global scale, the issue is producing a scaffold that is easy to handle and capable

of sustaining mechanical stretching cycles. Figure 5a shows the elastic moduli of the
electrospun fibrous scaffolds before and after Au NP coating or hydrogel patterning. Based
on the stress–strain curves, electrospun sheets coated or not with Au NPs display similar
elastic moduli of 16 ± 2.5 MPa and 19.5 ± 3.0 MPa, respectively. After the addition of PEG
hydrogel lines with a spacing of (500:50) on scaffolds, the mechanical properties slightly
decreased to 14.8 ± 3.1 MPa for PCL-PEG and 12.2 ± 2.1 MPa for PCL-Au-PEG.

At the local scale, the properties of the electrospun fibers may affect cells’ response.
Micro indentation was thus performed to access the local mechanical properties of the
fibrous part of the different scaffolds (Figure 5b). The probe was followed by microscopy
to ensure its localization on the fibers, and not on the PEG patterns. Surprisingly, the local
moduli indicated a rather stiff material compared to the elastic moduli. Regarding the
influence of PEG, the results were the opposite of those obtained for tensile strength. The
local elastic modulus increased from 190.4 ± 96.9 kPa for PCL-Au to 764.3 ± 88.7 kPa when
PEG micropatterning was added. The same trend was observed for the PCL scaffold: the
local modulus increased from 124.6 ± 32.4 kPa to 495.7 ± 71.8 kPa with the PEG.
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Figure 5. Mechanical characterization at the macro- and microscale levels. (a) Global elastic modulus
obtained from the stress–strain curve in the tensile strength test on the four types of scaffold (n = 5)
(b) Local Young modulus from nano-indentation. These data were compared with Dunn’s Multiple
Comparisons Test: * p < 0.05 and *** p < 0.001. * indicates significant difference.

2.1.4. Influence of Material Composition on Adhesion, Proliferation, and Cell Viability

Cell adhesion was investigated on (500:50) PCL-PEG and PCL-Au-PEG. SEM images
(Figure 6a) show C2C12 cells attached and distributed on the scaffolds at 24 h, which
confirmed that both scaffolds could support the attachment and proliferation of myoblasts.
Cell proliferation assay revealed that the cells displayed the same growth characteristics on
the different materials, with threefold growth (Figure 6b). A difference appeared on D5,
with greater proliferation of cells on the material with gold nanoparticles. A Far Red assay
was performed to investigate the viability of the C2C12 cells on the composite materials
(Figure 6c). After 5 days it was evaluated that 13.2 ± 3% and 20.8 ± 5.5% of the C2C12 cells
were dead (red staining) on PCL-PEG and PCL-Au-PEG scaffolds, respectively. These tests
indicate that neither substrate induced any cytotoxicity. On these confocal observations,
cell proliferation and changes in shape could also be followed from day 2 to day 5.

2.1.5. Cell Differentiation

Finally, we evaluated the effects of spacing micropatterns on PCL scaffold (500:50
vs. 1000:100) on the differentiation of C2C12 myoblasts into myotubes, as well as on
their spatial orientation. On day 7, cells were immunostained with myosin heavy chain
(MHC), an indicator of myotube formation. Confocal microscopy images confirmed that
under partial serum deprivation (2% of horse serum) for 5 days, myoblasts fused into
myotubes on the scaffolds (Figure 7a,b). Moreover, confocal images of fluorescent stained
F-actin on cells demonstrated that the actin assembly appeared perfectly oriented along the
fibers and pattern structure for the PEG samples (500:50). In contrast, in some parts of the
PEG sample (1000:100), on the apparent strata of cells, the actin could appear disordered.
Yet, it was interesting to observe that those cells were not in direct contact with the PCL
fibers, but lay on other cells and tended to assemble and arrange into spiral-like patterns
(Figure 7a). In comparison, the cells in direct contact with PCL nanofibers formed elongated
myotubes assembled into parallel patterns. Muscle-like cells were found to be arranged
mostly in parallel with the patterned hydrogel. For the PCL-PEG (500:50), i.e., the narrow
configuration, all angles formed by the myotubes with the direction of the PEG lines



Int. J. Mol. Sci. 2022, 23, 260 8 of 20

were found in the range −15°/ + 15°, with a mean value of −0.9°± 5. When the space
between two PEG lines increased (PCL-PEG 1000:100), only 72% of the angles were in this
range, with a mean value of 7.35°± 21.95°(Figure 7c). Analysis of the confocal images in
(Figure 7d) showed that the length of the myotubes was not significantly higher with the
wider spacing patterns. Very interestingly, some myotubes presented lengths in the range
of 800 µm. Finally, myotubes that formed on PCL-PEG (500:50) covered 8% more surface
area than on the PCL-PEG (1000:100) (Figure 7e). In both cases, surface coverage was very
high. One limitation of electrospun scaffold regarding direct cell observation comes from
its opacity: it was not possible to evaluate if C2C12 were able to spontaneously contract, as
is commonly observed in plastic culture dishes.

Figure 6. Cell adhesion and proliferation on the scaffolds. (a) MEB images of C2C12 myoblasts
adherent to the scaffolds with micropatterned (500:50) coated or not with gold nanoparticles, 24 h
after cell seeding. Scale bar 20 µm. (b) MTS assay illustrating cell proliferation was followed
on PCL-PEG (500:50) and PCL-Au-PEG (500:50) at D1, D3, and D5 (n = 6); (c) the viability was
observed on those scaffolds by confocal images with dead cells emitting in red fluorescence (Far
Red), nuclei in blue fluorescence (Hoechst-33258) and F-actin in green fluorescence at 2, 3, and 5 days.
Scale bar represents 100 µm. (The data obtained for MTS were compared with the Mann–Whitney
nonparametric statistical test: there was no statistical difference between the conditions PCL-PEG
(500:50) and PCL-Au-PEG (500:50).
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Figure 7. Myotube morphology on the scaffolds. Confocal images of C2C12 cells after 7 days of
culture on scaffolds coated or not with gold nanoparticles with a space of (a) 1000 µm or (b) 500 µm
between the hydrogel lines. Nuclei in blue fluorescence (Hoechst 33258), F-actin in green fluorescence
and myotubes by anti-MHC antibodies in red fluorescence. Scale bar: 100 µm. Quantification of the
(c) orientation (significance analyzed by Mann–Whitney nonparametric two-tailed test), (d) length
and (e) total area occupied by the myotubes as a function of the space patterning (n = 50 myotubes).
There was no statistical difference between the conditions of the length and area of the myotubes.
p < 0.001. *** indicates significant difference.
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Finally, to assess the terminal differentiation of the C2C12 myoblasts on the PCL
constructs we analyzed nine genes that regulate myoblast differentiation and myotube
maturation. These corresponded, from the least to the most matured status, to myostatin
(MSTN), myf4, IGF-I/II, myoD, URB5, myogenin (MYOG), myosin heavy chain 3 embry-
onic (MYH3 EMB), and desmin. The basal Ct values suggest that eight out of 10 genes
(including the reference gene: RP2b) were between 20 and 25, indicating a high to moder-
ate gene expression profile (Figure S4). Myostatin, a negative regulator of muscle mass,
displayed the lowest expression levels for all treatments, and desmin expression was the
highest (Figure 8a). Interestingly, the highest tertile of expression comprised myogenic
regulatory factors and embryonic myosin, which also increased during regeneration. Next,
the ∆∆Ct expression values were quantified, following normalization with the basal Ct
values of the housekeeper gene (RP2b) and the experimental control (PCL statical) at
7 days (Figure 8b). There was no difference in myostatin expression between PCL-PEG and
PCL-Au-PEG constructs vs. control. Myf4 expression increased non-significantly by 2.9
and 3.6 in PCL-PEG vs control and PCL-Au-PEG, respectively. There was no difference
in IGF-II expression across experimental conditions. However, there was a significant,
2.5-fold increase and a small, but non-significant 1.9-fold increase in IGF-I expression in
PCL-Au-PEG vs. control and PCL-PEG respectively. Strikingly, there was a non-significant
2.8-fold and a significant 5.1-fold increase in URB5 expression vs. control. Further, there
was 1.8 times greater URB5 expression in PCL-Au-PEG vs. PCL-PEG, although significance
was not achieved. Despite small 1.5 and 1.8-fold increases in MYH3 EMB expression
in PCL-PEG and PCL-Au-PEG vs. control, significance was also not achieved. Lastly,
there was no impact of treatment on the myogenic regulatory factors Myogenin, MyoD, or
desmin. However, these genes were among those with highest expression basally (basal
Ct values).

Figure 8. RT-PCR analysis on bio-constructs. A one-week-old construct made of C2C12 cells on
electrospun PCL with PEG hydrogel (500:50) and electrospun PCL coated with gold nanoparticles
and PEG hydrogel (500:50) were cultured. The constructs were analyzed for 9 genes that regulate
myoblast differentiation and myotube maturation: myostatin, myf4, IGF-I/II, URB5, myogenin,
myosin heavy chain 3 embryonic (MYH3 EMB), myoD, and desmin by means of RT-PCR analysis.
(a) The basal Ct values were between 20 and 25 for 8 out of 10 genes, indicating a high to moderate
gene expression profile. (b) The ∆∆Ct expression values were compared with the Mann–Whitney
nonparametric statistical test: p < 0.05 * indicates significant difference.

3. Discussion

To date, many attempts have been made in tissue engineering to reconstruct skeletal
muscle tissue in vitro. Current consensus states that controlling myoblast orientation is
essential for achieving successful regulation and differentiation of skeletal muscle cells
in vitro [5,25,28]. Most studies have thus focused on designing appropriate scaffolds
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that mimic the structure of native tissue to support the formation of highly oriented and
functional myofibers. Bioinspiration could be found at the nanoscale level (mimicking the
size and orientation of the matrix fibers) or at the microscale level (guiding the direction of
cell proliferation). However, other key aspects of bioengineering cannot be neglected, such
as the handling of the biohybrid construct, and the ability to perform dynamic stretching
to promote cell differentiation. This required the production of scaffolds with adequate
mechanical resistance. Here, we investigated a multicale approach to meet all of these
requirements. The scaffold contains three elements: the electrospun nanofiber sheet where
the cells are seeded, gold nanoparticles for conductivity, and hydrogel micropatterning to
confine the cells in a defined area on the nanofiber sheet and thus lead to optimized muscle
fiber formation. The PCL electrospinning process was tuned to produce matrices with fiber
diameters of around 700 nm, to be similar to individual myofibrils (1 µm) [29,30]. Using a
drum collector rotating with a tangential speed of 3.9 ms−1 resulted in 70% parallel-aligned
fibers, which made it possible to guide most of the cells towards one direction.

PCL is also known to be highly hydrophobic and can present poor cell attachment
in vitro [31]. Therefore, the fibers were coated with gold nanoparticles to increase the
wettability of the scaffold, to implement electrical conductivity properties and the possibil-
ity to functionalize with biological peptides or proteins such as collagen to improve the
adhesion and proliferation of the cells on the polymeric electrospun mats [32]. PCL-Au
sheets showed higher hydrophilic properties than the PCL alone after all treatment applied
(Supplementary Data) [33]. However, the quantity of gold nanoparticles on the surface of
the electrospun fibers did not make it possible to bring conductive properties to the scaffold.
These nanoparticles were found in too small quantities and thus scattered on the whole
fibrous sheet. Au vaporization could be considered as another method for maximizing
deposits of gold particles on the fibers [34]. An alternative approach is co-electrospinning
PCL with electronic conductor polymers such as polyaniline [35].

Regarding the mechanical properties of the substrates, most electrospun matrices
described in the literature show elastic moduli in the range of tens or hundreds of MPa [36].
In this study, the elastic modulus of the electrospun scaffold was reduced to a range of
10 to 20 MPa, values that remain very high compared to the elasticity of native tissues
(10–50 kPa) [37–39]. Interestingly, the presence of PEG lines modified the mechanical
properties of the scaffold, mostly at the microscale level, where a 4-fold increase in the
surface’s elastic modulus was measured. It was hypothesized that some PEG residues were
still present and cross-linked within the electrospun mat when exposed to surrounding
UV light, thus trapping the fibers deep inside and modifying the properties of the material.
PCL biodegradability could ultimately contribute to decreasing the mechanical properties
of the scaffold to a physiological range and promote neotissue formation [40,41]. However,
this raises the question of the different rate of biodegradability of the PCL and PEG [42–44].
In addition, the degradation of biomaterial polymers substrates, and thus the release of
low doses of nanoparticles in vivo, could trigger a classical foreign body reaction pattern
and induce the nonspecific immune response [45–49].

As already stated, in the present study nanoscale and microscale levels were investi-
gated simultaneously to facilitate the alignment of the cytoskeleton and the formation of
myotubes. As myofibers can reach a few hundred microns in diameter, a linear pattern
with PEG hydrogel (40 µm height, 50 or 100 µm wide) spaced 500 to 1000 µm apart was
developed. The multiscale scaffolds designed were successful for myoblast adhesion,
proliferation, and most importantly fusion and differentiation into myotubes. The pat-
terns with 500 µm to 1000 µm spacing positively affected cell organization and alignment,
when coupled with a nanofibrous structure. Furthermore, the use of pattern spacing up
to 500 µm promotes the development of myofibrils in the physiological range which can
subsequently bundle together to form muscle fibers. Very interestingly, the surface cover-
age was also much larger than in most previous studies with micro-structured hydrogel
implemented patterns that created interspaces from 5 to a few hundred micron [25,50,51].
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A decrease in cell alignment for interspaces of more than 200 µm has been reported in the
literature [26,52].

Here, by coupling the nanopatterning from the fibers and the hydrogel micropattern-
ing, the myoblasts jointly “sensed” the topographical barrier imposed by the micropattern
and the nanofiber direction and developed highly organized stress fibers along the pattern
axis. In fact, studies have already demonstrated the complementarity and advantages
of combining these different scales. Previous work has established a method for pattern-
ing multiple desired topographic surfaces on electrospun nanofibers via solvent-loaded
agarose hydrogel stamps [53].

In addition, through a hierarchical patterned topography of microgroove and nanopore
structures hNSCs was successfully directing into neuronal differentiation [54]. In the same
way, skeletal muscle cell behaviors on nano- and micro-alignment scaffolds combined with
different angular combinations were monitored [55].

To go further than these morphological observations, we monitored the behavior of
cells through the expression of specific genomics markers. The expression of the myosin
heavy chain, a mature muscle marker, demonstrated that the multiscale scaffold allowed
the C2C12 myoblasts to differentiate into myotubes. Maximizing the formation of dense
and cohesive myotubes promoted their fusion to form larger myofibers. The cell behavior
observed in these experiments was corroborated by the increase in expression of various
genes selected because they are known to play a part in myogenesis. To support the
morphological and structural data, 9 genes that regulate myoblast differentiation, myotube
maturation and regeneration were analyzed. Only myostatin, which is a negative regulator
of myoblast differentiation following downregulation of MyoD expression [56] displayed
very low expression, whereas the remaining eight genes that positively regulate myoge-
nesis and muscle growth were all expressed at moderate to high levels, based on raw Ct
values. After normalization, both the PCL-PEG and PCL-Au-PEG constructs displayed
similar myostatin expression vs. control PCL. The myogenic regulatory factors myogenin,
myf4 and myoD are essential for early and late myoblast differentiation [57]. Interestingly,
it appears that the PCL-PEG construct increased myf4 expression compared to control PCL
and PCL-Au-PEG, suggesting increased differentiation at the final stages for myogenesis.
MyoD is critical for cell cycle exit and commitment to differentiation [58] and myogenin
throughout differentiation. There was no effect of either PCL-PEG or PCL-Au-PEG con-
struct at 7 days on myogenin or myoD expression, suggesting that the process of myotube
formation had occurred in all constructs, supporting the morphological data. The growth
factors IGF-I/II also regulate late differentiation [59–61]. Although highly expressed, there
was no effect of PCL-PEG or PCL-Au-PEG construct compared to control on IGF-II ex-
pression. Whereas IGF-I gene expression was increased with the nanoparticles construct
compared to control and also PEG. High expression of IGF-I also improves muscle hy-
pertrophy by supressing the atrophy-related ubiquitin ligases, atrogin-1 and MuRF1 [62].
This suggests that following the formation of myotubes in all constructs, the subsequent
elevation of IGF-I expression in the NPS construct could drive hypertrophy compared to
control PCL and PCL-PEG at 7 days. MYH3 EMB is also essential in development and
regeneration. Overexpression results in increased myofiber size knockdown reduces fusion
capability [63].

Both PCL-PEG and to a greater extent PCL-Au-PEG constructs increased MYH3
embryonic expression, suggesting increased myotube growth or potential for regeneration.
Finally, URB5, an E3 ligase gene, helps control myogenin stability which is necessary for
terminal differentiation in skeletal muscle progenitors. However, it also has a primary
role in regulating muscle hypertrophy, recovery from atrophy and remodeling [64]. There
were significant increases in URB5 expression with both PEG and to a greater extent with
nanoparticle constructs compared to control at 7 days. Together with IGF-I data, this
suggests that the C2C12 myotubes demonstrated greater hypertrophyin the PCL-Au-PEG
construct, which is rather positive in a tissue engineering process. Overall, these gene
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expression data demonstrate that the constructs allow effective and efficientmyogenesis
and also increasedmyotube size, particularly with the PCL-Au-PEG construct at 7 days.

In our bioinspired approach, the next step towards the improvement of cell differenti-
ation on the scaffold will consist in implementing physical stimuli (either mechanical or
electrical). It would be then interesting to evaluate if such stimuli will be synergetic or
antagonist, according to the different topography. We believe that such constructs will defi-
nitely be useful for in vitro investigations, regarding the effects of drugs for instance, or for
developmental studies. For in vivo application, 3D constructs should be preferred, using
human cells, and would request to be treated as advanced therapy medicinal products.

4. Materials and Methods
4.1. Scaffold Preparation and Characterization

Three steps were necessary to obtain the multiscale scaffold (Figure 9).

Step 1: Preparation of electrospun PCL A solution of 10 wt% poly(ε-caprolactone) (PCL,
MW = 80.000 Da, Sigma-Aldrich, St. Louis, MO, USA) in dichloromethane (DCM,
Sigma-Aldrich)/N,N-dimethylformamide (DMF, Reagent Plus ≥99%, Sigma-Aldrich)
(80:20 v/v) was prepared under stirring for 24 h before electrospinning. Polymer
solutions were loaded into a 5 mL syringe equipped with a (18 G) stainless steel gauge
needle. Grounded aluminum foil was used as the collector electrode. The distance
between needle and aluminum collector was 15 cm and the collector had a diameter
of 75 mm. Solution was fed in constantly using a syringe pump at 1.02 mL/h. The
voltage applied was optimized to obtain good spinnability, with a typical value of
15 kV.

Step 2: Preparation of Au NP-doped PCL nanofibrous scaffolds Gold nanoparticles were
prepared in surfactant solutions by reduction of HAuCl4. The electrospun scaffolds
were immersed in 2 mL of distilled water, successively in a solution of chloroauric acid
HAuCl4 (20 mM Sigma-Aldrich). Citrate (70 mM) and ascorbic acid (17.6 mg/mL) were
added as reducing agent and stabilizer. The reaction was allowed under stirring for 1 h,
during which the color of the scaffolds changed to purple (Supplementary Data S1).
Subsequently, the Au NP-doped nanofibrous scaffolds formed were rinsed three
times with deionized water and vacuum dried at room temperature for 24 h.

Step 3: Preparation of (PEG) hydrogel micropatterns on PCL nanofibrous scaffolds The
resulting electrospun fibers (with and without Au NPs) were micropatterned with
PEG hydrogel using photolithography. PEG-diacrylate (MW 575) was purchased
from Sigma-Aldrich. For the UV photo-crosslinking process, the liquid PEG was
mixed with 1% w/v of photo-initiator (2-hydroxy-2-methylpropiophenone, Darocur
1173, Sigma Aldrich). Then the mixture was dropped on electrospun scaffolds by
spin coating (SPINCOATER model P6700) and exposed to a UV light source for
20 s (Kloé UV-KUB 2, 365 nm, 40 mW/cm2) through a photomask. The patterned
scaffold was washed carefully in the dark with distilled water to remove the PEG
precursor solution.

The topography of the electrospun scaffolds was observed using environmental scan-
ning electron microscopy (Philips XL30 ESEM-FEG). Fiber diameter was measured after
setting up the scale bar. Average fiber diameters (n = 100 fibers) were analyzed with
ImageJ software (NIH, Bethesda, Maryland). The isotropy value of the scaffold (n = 6) was
analyzed using Mountain™ version 8.0 software (with smoothing and maintaining the
default frequency thresholds at 5% and 80% Str ISO 25178) and the main orientations of the
fibers were analyzed using the Fourier Transformation method (n = 6). Gold deposits over
the electrospun scaffold were investigated using Energy Dispersive X-ray Spectroscopy
(EDS) analysis with the detector present in the microscope. The measurement is based
on the energy and intensity distribution of X-ray signals produced by the electron beam
striking the surface of the target scaffold. Samples for transmission electron microscope
(TEM) analysis were prepared by dropping a dilute suspension of gold nanoparticles on
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to copper grids covered by a carbon film. Grids were observed with a Philips Tecnai 12
transmission electron microscope.

Figure 9. Schematic illustration showing the three steps in the manufacturing process: (1) electrospin-
ning of PCL on drums at high velocity; (2) the nanoparticle coating process, including the successive
addition of gold [HAuCl4], citrate, and ascorbic acid solutions to the scaffold immersed in milliQ
water; and (3) soft photolithography of polyethylene glycol (PEG) hydrogel, with 50 µm or 100 µm
width line patterning and spaced 500 µm or 1000 µm.

4.2. Scaffold Conductivity

Electrical conductivity was measured by a source meter (model 2602-A, Keithley
Instruments, Inc., Cleveland, OH, USA) using a two-point probe method at room tempera-
ture. The electrical conductivity (σ) of AuNPs scaffolds and AuNPs-PEG scaffolds were
obtained using the resistance (R) obtained between the 2 plates the surface area (S) and the
distance (l). the conductivity σ is found using the following equations: σ = 1/R.

4.3. Contact Angle Measurement

A standard static sessile drop method (VCA Optima XE, VCA Optima XE, AST Prod-
ucts Inc., Billerica, MA, USA) was used to characterize the wettability of the electrospun
scaffolds. A 10 µL water droplet was dropped on to the surface of the scaffold (n = 3) and a
side-view photo was taken to measure the contact angles. The measurement was repeated
twice (Supplementary Data).

4.4. Mechanical Properties

The mechanical properties of the scaffold were evaluated with different devices
depending on the scale of the study.
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The whole scaffold’s elastic modulus was quantified using uniaxial tensile testing.
One sample of each scaffold (n = 3) was cut into a strip measuring 1.0 × 3.0 cm, with a
thickness of 100 ± 10 µm. The thickness of the scaffolds was evaluated using a precision
dial thickness gauge (Mitutoyo Corporation, Kawasaki-shi, Japan). The samples were
secured with the metallic grips of the tensile tester (Bose Electroforce 3200, TA, Eden Prairie,
MN, USA) and stretched at a rate of 0.05 mm·s−1 using a cell load of 22 N. The elastic
modulus was calculated by analyzing the recorded stress–strain curve in the elastic zone,
where the relationship is linear, i.e., generally between 5 and 10% strain.

The local Young modulus (E) of each scaffold was measured with a Chiaro nanoinden-
ter system (Optics 11, Amsterdam, The Netherlands) mounted on an optical microscope.
Two probes were selected based on estimation of the materials’ stiffness and the manu-
facturer’s probe selection chart. The probes selected were 5.23 N/m with a tip radius of
9 µm for mats without PEG, and with a spring constant of 47.69 N/m and a radius of
25 µm for mats with PEG hydrogel. Before testing, the optical sensitivity and geometrical
factors were calibrated by indenting a hard surface (e.g., a glass slide). A fibrous mat was
deposited on a glass slide and the probe was placed in contact with the scaffold where an
indentation of 15 µm was made. All experiments were performed at room temperature.
For each condition, about 9 curves were acquired. Data were analyzed with DataViewer
2.2 Software (Optics 11, Amsterdam, The Netherlands) using the Hertzian contact theory
to calculate the local E.

4.5. Profilometry

The surface structure of the different samples was measured using an optical pro-
filometer laser (Sensofar) on 3 samples (PCL, Au NPs PCL, and micropatterned scaffold)
using a 1746 × 1313 µm zone. For each specimen, 3 measures were performed to ex-
tract roughness features: height parameters (Sv), and valleys and peaks (Sp), including
arithmetical mean height (Sa), root mean square height (Sq), and maximum height (Sz).
Skewness (Ssk) is the degree of symmetry in the surface heights about the mean plane,
while kurtosis (Sku) indicates the randomness of height and the sharpness of the structures
on the surface. Specimens were also examined with SEM (accelerating voltage of 20 kV) to
analyze fiber texture after the addition of hydrogel.

4.6. Cell Seeding on Scaffolds

Murine C2C12 skeletal muscle myoblast cells (ATCC CRL-1772) were cultured on T-75
flasks at 50% of confluence with growth medium, Dulbecco’s Modified Eagle’s Medium
high-glucose (HDMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco Invitrogen, Logan, UT, USA) and 1% of penicillin–streptomycin (Gibco
Invitrogen). To evaluate the response of the cells to materials, the scaffolds were cut
into rectangles measuring 30 mm × 10 mm, disinfected with ethanol 70% (Sigma-Aldrich,
Waltham, MA, USA) for 45 min, washed three times with PBS (phosphate buffered saline,
Gibco Invitrogen, Logan, UT, USA) pH 7.4 and incubated in growth media for 30 min
before starting the cell culture in 6-well plates. Each scaffold was plated with a density of
5 × 103 cells for viability and proliferation tests and 5 × 105 cells for the confocal analysis.
With the highest density, after 48 h, culture was ~80% of confluence. Then, the growth
medium was changed to differentiating media constituted of HDMEM supplemented with
2% horse serum (HS, Gibco Invitrogen, Logan, UT, USA) and 1% of penicillin–streptomycin
(Gibco Invitrogen, Logan, UT, USA) and culture was prolonged for five more days.

4.7. Evaluation of Cell Adhesion, Viability, and Proliferation
4.7.1. Adhesion

On day 1, the cell-seeded scaffolds were removed from the culture medium, gently
washed with PBS and soaked in a buffered 4% paraformaldehyde (PFA) solution (VWR)
prior to observation using scanning electron microscopy (SEM) (XL 30-ESEM FEG, Philips,
The Netherlands) to evaluate the cells’ attachment and growth.
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4.7.2. Viability

On days 2, 3 and 5, cell viability was estimated with the Far-Red fixable dead cell
staining Kit (ViaQuant™, GeneCopoeia, Rockville, MD, USA). The samples were observed
using fluorescence microscopy at a wavelength of 650 nm (Leica Microsystem, Wetzlar,
Germany), making it possible to determine cell viability and distribution.

4.7.3. Proliferation

CellTiter 96®AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI,
USA) was used to evaluate the cell proliferation at different time points (days 1, 3, and 5).
One-hundred microliter MTS solution in complete culture media were added to each well
(n = 6). After 4 h of incubation at 37 °C, the absorbance of the solution was measured using
a Spark multimode microplate reader (TECAN, Männedorf, Switzerland) at a wavelength
of 570 nm and was then recorded with a 96-well plate reader. Finally, cell behavior after
7 days of culture on the scaffold was assessed through immunofluorescence. After washing
with PBS, the samples were fixed in a 4% PFA solution for 10 min at room temperature.
Samples were permeabilized with a 0.2% TritonX-100 solution for 10 min and blocked with
a 2% bovine serum albumin solution (BSA, Sigma) for 30 min. Myosin, actin, and nuclei
staining of cells was performed, using myosin heavy chain antibodies (1/200, Neo Biotech,
Seoul, Republic of Korea) for 2 h followed by secondary staining using Alexa 594 overnight
(1/200, Thermofisher, Waltham, MA, USA), prior to Alexa Fluor 488 Phalloidin (1/200,
Thermofisher) staining for 2 h and Hoechst 33258 (1/1000, Sigma) for 15 min. The samples
were finally washed with PBS before visualization using Z-stacking and mapping “Tile
scan” specifications of confocal microscopy (Zeiss LSM 710). The confocal images were
about 1 mm in size.

4.8. Myotube Measurement

The influence of the biomaterials on myoblast differentiation, myotube length, orien-
tation and total area occupied was measured using ImageJ (NIH, Bethesda, MD, USA) and
Cell ProfilerTM (Broad Institute, Cambridge, MA, USA) software [65]. Myotube length
was defined as the line distance from one extremity of the myotube to the other. The
total area occupied by differentiated cells was counted in 3–5 pictures, selecting an area of
2 mm × 2 mm for each sample. The percentage of cell alignment was defined based on the
measurement of myotubes (n = 100) aligning with ± 20° from the pattern.

4.9. RT-qPCR

Gene expression was studied using RT-qPCR (reverse transcription quantitative poly-
merase chain reaction) after 7 days of culture on the scaffolds. Briefly, samples were lysed
with 350 µL of Trizol and centrifuged to extract the RNA (ribonucleic acid) according to
the manufacturer’s protocol (Qiagen, Hilden, Germany). The RNA was retrotranscribed
into DNA (deoxyribonucleic acid) using a High Capacity cDNA Reverse Transcription
kit (Applied Biosystems,Waltham, MA, USA) according to the manufacturer’s protocol.
RT-qPCR was performed using the SYBR Green PCR Master Mix (Applied Biosystems).
Relative mRNA levels were calculated using theΔΔCt method. TheΔCts were obtained
from Ct normalized with the Rp2β, gene levels in each sample and reactions were checked
before the experiments (efficiency > 80%, R2 > 0.99). The results were normalized with the
data from the control for this experience, the basic PCL electrospun construct, to highlight
the intrinsic effect of the scaffolds’ modifications on gene expression. The primers used are
listed in the Supplementary Information (Table S1).

4.10. Statistical Analysis

Statistical analysis and graph drawing were carried out using GraphPad Instat 3.10
and Prism v 6.0 (GraphPad Software, San Diego, CA, USA). All data are represented
as mean ± standard deviation from at least three independent cultures (n ≥ 3). Group
comparisons were performed using the Mann–Whitney nonparametric two-tailed test
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and the Kruskal–Wallis nonparametric test with Dunn’s multiple comparisons post-test.
Significance is indicated on the graph by * p < 0.05; ** p < 0.01; and *** p < 0.001.

5. Conclusions

In this study, we presented a simple and direct approach to control cellular alignment
and elongation in a tissue engineered construct. We propose a hybrid method for manufac-
turing a multiscale scaffold. By using a simple photolithography process on the electrospun
scaffold, we obtained an effective micropatterned polymeric surface. We performed an anal-
ysis of C2C12 cell behavior on two types of substrate, coated or not with gold nanoparticles
and two ranges of patterning. Correct cell attachment and tissue formation were obtained
in each substrate. Moreover, cell alignment was induced simultaneously by the nanofibers
and linear micropatterning. The best results for differentiation parameters were observed
on the scaffold coated with a micropatterning spacing of 500 µm. Immunofluorescence
analysis indicated the formation of myotubes, corroborated by gene expression. Further
studies could enhance by investigating the effect of different external stimuli, such as
electrical or mechanical stimulation.
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Sku Kurtosis
Sp Maximum peak height
Sq Root mean square height
Ssk Skewness
Sv Maximum pit height
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