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Functionalized Multi-Walled Carbon Nanotube Enhanced
Myogenic Differentiation for Aligned Topography-Induced

Skeletal Muscle Engineering

Tiangi Feng, Ludovica Ceroni, Lisa Eveline Tromp, Clio Siebenmorgen, Stefano Casalini,

Enzo Menna,* and Patrick van Rijn*

Skeletal muscle engineering utilizing bio-activators and myogenic cells to
regenerate tissues for volumetric muscle loss offers a promising alternative to
tissue grafts. Modified biointerfaces with aligned micro-scale topography and
electroconductivity are critical for directing cellular behavior toward functional
muscle constructs. This study modified polydimethylsiloxane (PDMS) with
aligned surface topography and functionalized multi-walled carbon nanotubes
(FCNTs), creating a conductive scaffold (0.11 pScm~" vs original 0.51 nScm~")
with regulated hydrophilicity (76 + 2° vs original 50 + 10° in water contact an-
gle) and enhanced protein absorption. The fCNT-wrinkled surfaces maintained
>90% cell viability while promoting aligned myotube formation. Specifically,
fCNT integration with aligned topography increased myotube length

from 303.74 + 27.61 um to 441.63 + 10.27 um and elevated fusion index to
40.43% =+ 2.67% within three differentiation days. Immunostaining confirmed
enhanced myogenic maturation through improved cell alignment and nuclei

surgical loss of skeletal muscle due to in-
effective endogenous regeneration, fibro-
sis, and scar formation that results in per-
manent damage and resultant functional
impairment.!l The most common treat-
ment method for severe muscle tissue in-
jury is surgical reconstruction, but its ap-
plication is strongly limited by its low sur-
vival rate, frequent donor lesions, and lack
of donor sources.!?) Therefore, there is an
urgent need for a new and highly effective
therapeutic strategy to treat muscle injuries.
To date, tissue engineering is a promising
strategy to develop functional substitutes
for bioactive substances to accelerate dam-
age reconstruction or facilitate tissue re-
generation by cultivation or construction in

organization. These biophysical modifications synergistically accelerated
myoblast differentiation while maintaining cytocompatibility by combining
electrical conductivity, optimized wettability, and directional cues. The
demonstrated capacity to physiologically mimic native muscle microenviron-
ments highlights this strategy’s potential for improving muscle regeneration
therapies through precise control of surface-electrotopographical properties.

1. Introduction

Severe injuries with mass loss of more than 20% of muscle tissue
are called volumetric muscle loss disease. It is the traumatic or
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vitro.[>4

Tissue engineering offers a promis-
ing therapeutic approach by combining
beneficial biomaterial scaffolds, bioactive
molecules, and cells to repair or replace
damaged tissue.!! Understanding and
utilizing the interactions between cells
and scaffolds is the main strategy for
which several physicochemical approaches
can be utilized as physicochemical properties are known to in-
fluence amongst others, cell proliferation,l! migration,!®! and
differentiation!’”) in general, but also for skeletal muscle,!”:*"]
specifically, skeletal muscle presents a highly organized struc-
ture with extended parallel fascicles of multinuclear muscle
tubes.[”#11] However, improper alignment of muscle tubes can
also lead to ineffective transmission and contractility of func-
tional fiber regeneration.l®! In this case, the orientation of my-
otube formation in muscle engineering applications needs to be
considered. Previous studies showed the importance of consid-
ering the natural topographic structure of skeletal muscle tissue
to design scaffolds which the size and shape of which had been
taken into consideration in biomaterial design.[”1°]

When considering the function of muscle, contraction activ-
ity is one of the unique behaviors of muscle tissue, which is in
response to electrical signals.['l The synergy between physico-
mechanical transduction and biochemical-mechanical signaling
in biological environments created by the ECM molecular and
cellular interactions affects cell behavior, such as cell phenotype,
cell movement, and cell differentiation.[’! The ECM represents
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a special electroactive surrounding for cells, mainly composed
of differently charged molecules that cooperate with piezoelec-
tric collagen fibers capable of generating electrical signals in re-
sponse to mechanical stimuli.''12] Some studies found that elec-
troactive materials could mediate the ion flow and affect the ac-
tivation of the calcineurin pathway to promote myoblast differ-
entiation, which could provide a promising candidate for muscle
tissue engineering scaffolds.[1-14]

Among conductive biomaterials, carbon nanotubes have elec-
trical conductivity similar to natural muscle, %! which are
promising candidates for scaffolds for muscle tissue engineer-
ing. Carbon nanotubes (CNT) are carbon allotropes of the carbon
nanostructures (CNS) family that connect to a sheet of graphene,
as a CNT can be regarded as graphene rolled into an elon-
gated cylindrical shape. These promising materials based on sp2-
hybridized carbon atoms have a diameter in the nanometre scale
(<100 nm) and a variable length of up to several micrometers.['’]
Moreover, CNT can also be arranged in several concentric cylin-
drical shells of graphene sheets coaxially placed around a hol-
low central core, resulting in multi-walled CNT, which offers ex-
cellent electrical signal conduction. Multi-walled CNTs have al-
ready been extensively employed in tissue engineering applica-
tions, such as cardiac repair, tissue healing, and bone regenera-
tion, due to their special aspect ratio and excellent electrical as
well as thermal conductivity properties.l'8! Therefore, concern-
ing tissue engineering, Imaninezhad et al. recently demonstrated
that the electrostatic fields generated at the interface between
non-excitable cells and an appropriate scaffold can promote cell
growth by regulating their membrane potential.*) In particular,
the introduction of modified Multi-walled CNT in a polymeric
scaffold such as PLA resulted in an extracellular environment
suitable for the proper functionality of fibroblasts.?’l Moreover,
we have already successfully tested the properties of functional-
ized Multi-walled CNT for the fabrication of composite scaffolds
of PLA for the differentiation of neuronal cells,[?!) of PVA for the
regeneration of nerve tissue,??! and of alginate for the differenti-
ation of muscle stem cells.[?]

In tissue engineering, the main strategy of scaffold design
mimics the conditions of the natural environment around the
cell to produce specific biological effects on cell behavior. Based
on the above-mentioned clues, both topography and electrical sig-
naling play a dominant role in the transfer of mechanical signals
between the extracellular and intracellular environments in the
modulation of cellular behavior. For this purpose, we are commit-
ted to creating a conductive interfacial structure with a specific
morphology to investigate the effect of the composite interfacial
properties on the formation of skeletal muscle, which could pro-
vide a feasible strategy for further research and development of
3D materials.

In this study, a micro-scale aligned topography was used to reg-
ulate cell orientation and is combined with a positively-charged
functionalized multi-walled CNT (fCNT)-based coating by us-
ing a combination of plasma treatment and dip coating method,
forming a uniform wrinkled electroactive substrate.l®! The topog-
raphy used is a wrinkled topography with a wavelength of 10 pm,
which was developed and optimized by us previously.®?*] Mor-
phological observation, hydrophilicity, and electrical conductiv-
ity were determined to evaluate the efficacy of the coating. Cell
biocompatibility and cell proliferation, and differentiation stud-
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ies were conducted to assess the substrate’s capacity to support
cellular growth and the ability to promote cell differentiation
for muscle formation. Based on these evaluations, the capability
of the fCNT-coated wrinkled PDMS for muscle formation was
confirmed, and it is envisioned that the approach to be broadly
applicable for scaffold applications, especially for aligned tis-
sue regeneration, such as nerve repair, osteogenesis, and cardiac
therapy.

2. Results

2.1. Fabrication and Characterization of f{CNT-Coated PDMS

To create the CNT-enhanced surface topography, trimethyl am-
monium benzene-modified multi-walled carbon nanotubes were
used as a positively charged fCNT and were combined with
negatively charged PDMS to apply a coating through electro-
static attraction to get a unique nano- and micro-scale topogra-
phy surface for enhanced myofiber formation and alignment.
In our work, the size of the wrinkle pattern we choose is in-
spired by our previous study.”?’] The wrinkle size could reg-
ulate the cell morphology and modulate cell alignment along
the groove direction. The wavelength of 9.67 + 0.32 ym and
the amplitude of 1.00 + 0.08 um could make the cell elongate
well.

Two deposition methods were explored: i) spray (Figure 1a,b)
and ii) dip coating (Figure 1b-d) for both flat and wrinkled
PDMS. The latter approach offered better control over the final
layer morphology of fCNTs. More precisely, uncontrolled evapo-
ration of the solvent leads to dark spots (Figure 1b) due to fCNTs
aggregation when using the spray coating technique. On the con-
trary, using dip coating, it was possible to achieve a homogeneous
fCNTs layer. (Figure 1d) The dip coating process, combined with
the electrostatic attraction of the positively charged f{CNT and the
negatively charged surface, ensured a very thin and homogenous
surface coating without any visible aggregates (Figure 1d). In this
case, the dip-coating method was chosen and applied for the fol-
lowing experiment.

The fCNT coatings on Flat and wrinkled PDMS were further
characterized by SEM and AFM. As shown in Figure 2a,b, {C-
NTs were randomly distributed, recreating a uniform layer on
the different surfaces and showing elongated morphology with
nanometer-sized fibers. In Figure S1 (Supporting Information),
the morphology in the wavelength and the height of f{CNT-W10
showed a slight decrease because of the fCNT coating. And the
difference between fCNT-W10 and W10 was 0.078 + 0.04 pm,
which could be attributed to the thickness of the f{CNT coating.
The results indicated that f{CNT will provide an increased nano-
scale surface structure.

The presence of a uniform coating was further exemplified by
analyzing the hydrophilicity of the coating by water contact angle
measurements. The insights for the surface polarity is best char-
acterized on planar surfaces, at topography provides influences
on the wettability using water contact angle measurements that
are non-existent in a completely wetted system. Therefore, we
only measured the water contact angle on the FLAT sample rather
than the wrinkled sample. As shown in Figure 2c. The contact an-
gle was shown to be 76 + 2° for f{CNT-FLAT films, while for FLAT
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Figure 1. Schematic illustration of the coating methods. After flat and wrinkled PDMS was obtained by following the procedure optimized by our group,
the PDMS surface was air-plasma treated by a plasma oven to obtain a negatively charged PDMS surface. After oxidation, spraying the solution of
positively charged fCNT solution on the oxidized PDMS slides to complete the spray-coated procedure, a) overnight and rinse in water to remove the
extra f{CNT on the surface to get a spray-coated sample, b). The dip coating method c) was followed by immersing the oxidized PDMS slides into the
solution of positively charged fCNT overnight and washing with water to remove the extra f{CNT on the surface to get the dip-coated sample d). The
samples were observed by optical microscope (scale bar, 50 um) and camera (scale bar, 2 mm).
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Figure 2. Surface property. a) SEM morphology of {CNT-coated PDMS surface and without f{CNT-coated PDMS surface at low (up, 20 um) and high (be-
low, 1 um) magnification. b) AFM images of {CNT-coated PDMS surface and f{CNT-coated wrinkled PDMS surface, micro-wrinkle size was 9.67 +0.32 um
in wavelength and 1.00 + 0.08 um in amplitude. c) Hydrophilicity property is measured by water contact angle on different surfaces. d) Schematic sketch
of the PDMS cast on the microelectrodes and the corresponding equivalent circuit. Bode plots of the impedance modulus e) and phase f). Data are
shown as mean + standard deviation (SD) (***p < 0.001); three independent experiments were performed.
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Figure 3. Live/Dead cell viability assay of V49 myoblast after 24 h cultured on f{CNT-coated surface and without f{CNT-coated surface. The cytoplasm of
live cells emitted green fluorescence when stained with Calcein-AM. The nuclei of dead cells emitted red fluorescence when stained with PI. The scale bar
is 100 um; 3 independent experiments were performed. Data are shown as mean + standard deviation (SD). There is no significant difference between

the groups.

uncoated (oxidized) PDMS, the water contact angle was 50 + 10°,
in contrast to non-treated PDMS being 106 + 1°. The changes
in WCA indicate that the homogeneously coated PDMS has a
lower WCA than non-treated PDMS, but it is still moderately hy-
drophilic, even though the f{CNTs are positively charged. The den-
sity will dictate in part how wettable the f{CNT will be, and a lower
density will result in more moderate wettability. The fact that the
WCA changes before plasma activation and after coating indi-
cates a good coverage of the surface with the fCNTs, which was
also illustrated by the AFM analysis (Figure 2b). The alteration
of the water contact angle illustrates the presence of the coating
and the impact it has on the interaction with the environment,
which includes protein adsorption. In fact, the f{CNT-coated sur-
face demonstrated increased protein adsorption as compared to
non-coated PDMS, as shown in Figure S1 (Supporting Informa-
tion).

One of the features that is suggested to facilitate interactions
between myoblasts and scaffolds is conductivity.l??8] To assess
the electronic features of PDMS coated with fCNTs, we used
impedance analysis. The FLAT and the corresponding fCNTs-
coated sample have been placed in contact with IDEs. The W10
and fCNT-W10 could not be characterized, since their adhesion
was too poor to establish an efficient electrical contact. Our sys-
tem, FLAT and fCNT-FLAT, is similar to the impedance cytome-
ter presented by Guo et al,[?l who exploited PDMS to sepa-
rate the IDEs from the aqueous solution containing cells. The
impedance data can be successfully fitted by using an equivalent
circuit (Figure 2d) composed of a parasitic capacitance (C,,,) of
the substrate, two constant phase elements that mimic the two
electrode-sample interface (CPE; and CPE,) and the resistance
(R) of either FLAT or fCNT (see Table S1, Supporting Informa-
tion). Impedance modulus and phase show relevant discrepan-
cies due to the presence of the f{CNT (the corresponding Nyquist
plot is shown in Figure S2, Supporting Information). The former
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shows a dramatic decrease featuring a lowering of two orders of
magnitude from 100 up to 1 Hz. Moreover, the latter allows us to
define even better the range wherein the f{CNTs maximize their
effect, namely close to 100 Hz. At this frequency, f{CNT-FLAT
shows mostly a resistive behavior, whereas FLAT acts mostly as a
capacitor. According to the resistive component of the two equiv-
alent circuits, we extract two conductivities equal to 0.11 pScm™!
and 0.51 nScm™! for fCNT-FLAT and FLAT. Such conductivities
are coherent with the modulus and phase trend that have been
previously described, and they highlight the relevant impact of
the deposition of f{CNT onto the surface of PDMS.

2.2. Cell Viability, Proliferation, and Morphology on fCNT-Coated
Films

To assess the cell viability and cytocompatibility of the
fCNT-coated samples, a Live/Dead assessment was performed
(Figure 3). V49 cells were seeded onto the substrate and allowed
to adhere and grow for 24 h, and the viability was assessed. The
data showed that the ratio of alive cells was above 90% in the
different groups with no appreciable differences between them,
reflecting that the f{CNT-coated materials had good cytocompat-
ibility. Additionally, cell proliferation results shown in Figure S2
(Supporting Information) indicated that there was no significant
difference among the different groups for 3 days by counting the
number of nuclei, indicating that f{CNT does not affect cellular
proliferation.

Cellular behavior is mediated via a sensation known as contact
guidance, spreading over the matrix surface with the filopodia
extended to sense the surrounding microenvironment.!”’l My-
oblasts were immunohistologically stained for nuclei, cytoskele-
ton, and vinculin to investigate detailed cell morphology and focal
adhesion distribution. The fluorescence images were obtained
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Figure 4. Cell morphology of myoblasts. a) Typical immuno-fluorescence images of V49 myoblast after 24 h grown on TCP, fCNT-coated surfaces, and
without fCNT-coated surfaces. Cell nuclei were stained with DAPI (blue), F-actin was stained with TRITC-labeled phalloidin (red), and vinculin was
stained with green. b) Quantitative analysis of Area per cell, c) Cell length, d) Cell width, e)Cell aspect ratio, and (f) FA area per cell. The scale bar is
50 um. Data are shown as mean + standard deviation (SD) (n = at least 100 cells), *p < 0.05, **p < 0.01, ***p < 0.001). Three independent experiments
were performed. The yellow solid arrows indicate the direction of the micro-wrinkle surface.

by a confocal microscope after 24 h incubation. Differences in
cell morphology and focal adhesion distribution are shown in
Figure 4a. The cells were aligned parallel to the wrinkled direction
and adopted a more elongated morphology on wrinkled samples,
while the cells grew randomly on FLAT and fCNT-FLAT samples.
Following the observation from Figure 4b, the myoblasts on
the FLAT had a larger cell spreading area than the f{CNT-FLAT
sample, while the f{CNT-W10 group showed a larger cell area than
the W10 group. This opposite influence of the f{CNT on the cell on
FLAT and W10 substrates is surprising. To explore the specifics
of cell area changes, the cell length (Figure 4c) and cell width
(Figure 4d) were quantified. The cell width was 13.82 + 1.93 um
in the fCNT-FLAT group, which was smaller than that of FLAT
(22.33 £ 1.34 um). Conversely, the cell width in the f{CNT-W10
group (15.39 + 1.18 um) was larger than that of the W10 group
(8.28 + 0.92 um). Furthermore, the cell length was decreased
with f{CNT-FLAT samples (30.36 + 2.88 um) compared with FLAT
samples (40.00 + 2.33 um), while the wrinkled sample showed
no significant difference, as illustrated by the quantitative data
displayed in Figure 4c. These results demonstrate that the f{CNT
coating surface could alter the single cell spreading area, with the
difference that f{CNT limits the expansion of the cells in length
and width on a flat surface, whereas f{CNT increases the width of
the cells without affecting the length on the wrinkle sample. Such
influences could be a result of subtle interplays between different
parameters that not only affect the overall morphology but also
provide stimulation already on the subcellular scale, influencing
the focal adhesions, as we also found in our previous works.[?!
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The cell aspect ratio is the ratio of the major cell axis to the
minor cell axis for a single cell; the higher the aspect ratio, indi-
cates better the cell elongation.””] As shown in Figure 4e, FLAT
and fCNT-FLAT did not show significant differences and showed
low elongation of cells compared to the wrinkled groups. How-
ever, the aspect ratio of the W10 group and fCNT-W10 group
were 2.95 + 0.31 and 2.52 + 0.11, respectively, which were larger
than those on FLAT and fCNT-FLAT samples. In addition to this,
the combination of fluorescent images (Figure 4a) shows that
the cells were aligned parallel to the wrinkled direction, while
cells were randomly oriented on FLAT and fCNT-FLAT samples.
These results suggest that the microscale surface could regulate
the cell elongation behavior and facilitate cell alignment, and that
the fCNT coating influences V49 differently when surface topog-
raphy is involved.!”]

Cell adhesion and spreading are essential for cellular commu-
nication and regulation, and mechanical interactions between
cells and the underlying substrates can influence and control cel-
lular behavior and functions.[*! The focal adhesion (FA) struc-
ture was revealed by immunofluorescent staining of vinculin,
which was distributed around the cells. To analyze the effects on
the FA distribution of cells, we performed a quantitative analysis
of FA area per cell, shown in Figure 4f. {CNT-modified flat and
wrinkled surfaces have different effects on myoblast cells. The
fCNT reduced the FA area per cell for flat substrates, while for
wrinkled substrates, the FA area per cell increased when fCNT
was used. Compared to the cell area, the FA follows the same
trends as the single-cell area. These results indicated that the
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presence of {CNT had different effects on adhesion and morphol-
ogy behavior in cells for Flat and wrinkled surfaces.

2.3. Myogenic Differentiation of Human Myoblasts on
fCNT-Coated Films

Myogenic differentiation toward multinucleated myoblasts is
an essential phase of skeletal myogenesis. In the presence of
low serum and induction medium, mononucleated myoblasts
move and fuse to form multinucleated myotubes and reorganize
their cytoskeleton as an initial building block for skeletal muscle
growth and regeneration.?>*% For the experiments, after 2 days
of incubation, myoblasts were almost 100% confluent, which pre-
vents cell density from affecting the myogenic differentiation pro-
cess. To further determine the differentiation state of myoblasts,
myotube morphology was stained with DAPI and myosin heavy
chain antibodies on different substrates. Myosin heavy chain is
the motor protein in muscle cells that drives the molecular pro-
cesses of muscle contraction and confirms the differentiation.*!!
During the process, we examined the morphology of the formed
myotubes induced by physically stimulated cells under differen-
tiation conditions on the different substrates for 3 days (Figure 5)
and 8 days (Figure S4, Supporting Information).

In vivo, myofibers present a highly organized structure with
extended parallel fascicles of multinuclear myotubes; Incorrect
alignment of myotubes also leads to ineffective delivery of func-
tional myofiber regeneration and contractile.l!! So the myotube
morphology, the degree of differentiation, and the ability of mus-
cle contraction were assessed.

First, after 3 days of differentiation, multinucleated myotubes
appeared on the different substrates. Myotube morphology was
assessed through the immunofluorescence images and quan-
titative analysis of the myotube area, diameter, and length. As
shown in Figure 5b, myotubes were prone to align when in con-
tact with the wrinkle structure (Figure 5b), which is beneficial
to imitate the aligned structure in vivo and provide support for
normal muscle contractions. The diameter of myotubes shown
in Figure 5c indicates that the f{CNT-coated groups promoted the
thickness of myotubes on the f{CNT-FLAT surface, but not sig-
nificantly on the f{CNT-W10 groups. For the length of the my-
otubes, in Figure 5d, the f{CNT-FLAT group (340.55 = 23.32 um)
and fCNT-W10 (441.63 = 10.27 um) showed a significant increase
compared with the FLAT group (226.72 + 18.29 um) and W10
group (303.74 + 27.61 um). These results indicated that fCNT-
functionalized surfaces could guide cell differentiation and fu-
sion to form wider, longer myotubes, an indication of increasing
myotube maturity.

To further elucidate the cell differentiation capacity induced
by the offered scaffolds, the myotube number and total my-
otube area were determined and are shown in Figure 5e,f. The
fCNT-FLAT and fCNT-W10 groups enhanced the number of my-
otubes compared to FLAT and W10 (Figure 5e). At the same
time, for both f{CNT-FLAT and f{CNT-W10 groups, the total my-
otube area was increased significantly to 25.31% + 3.36% and
29.96% =+ 0.83%, compared to their respective noncoated FLAT
and W10, displaying 15.97% + 2.07% and 21.74% + 1.13%,
respectively (Figure 5f). The results indicated that the fCNT-
coated sample promotes myotube formation during the differ-
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entiation process compared to non-coated samples by observ-
ing myotube number and area. Besides, the fusion index re-
flected the myogenic index, the percentage of total nuclei in-
side the myotubes, which was one of the indicators of the de-
gree of cell differentiation.**/As shown in Figure 5g, the fusion
index of fCNT-FLAT increased to 36.50% + 2.14%, and fCNT-
W10 groups enhanced to 40.43% =+ 2.67%, which showed signif-
icant differences compared with those noncoated samples (the
fusion index of FLAT group and W10 group were 25.13% + 2.45%
and 30.01% =+ 2.34%, respectively.), indicating that f{CNT-coated
groups showed excellent differentiation capacity.

Furthermore, to evaluate the capacity of muscle contraction,
the fluorescence relative intensity analysis of myosin heavy chain
molecular was analyzed in Figure 5h and showed no difference
between the groups, indicating that myosin heavy chain molecu-
lar expression was not affected by the {CNT-mediated substrates.
These results revealed that micro-scale surface modified with
fCNT-mediated nano-scale surface could prompt myoblasts to
form more myotubes, facilitate myotubes elongation, and accel-
erate the differentiation process in 3-day differentiation.

In addition, since myotubes tend to delaminate under contrac-
tion processes and have poor adhesion property,*}! to analyze the
adhesion property between myotubes and substrates, 8 days of
differentiation status was observed (Figure S4, Supporting Infor-
mation) and we found that more myotubes remained and larger
fusion index ratio was observed on fCNT-coated samples com-
pared to FLAT group and W10 group indicating that also for
longer culture times the fCNTs have a positive influence. These
results indicated that fCNT facilitates better adhesion. Therefore,
fCNT-W10 mediated surface could perform well on regulating
myotubes alignment, elongation, and promoting myotubes for-
mation in 3 days of differentiation, and showing more myotubes
on the substrate for longer incubation, thereby promoting my-
otubes to form and mature larger myofibers.

3. Discussion

In this study, we used a multi-walled CNT derivative (fCNT)
modified with positively charged trimethyl ammonium benzene
groups through a diazotization reaction'®*! to obtain a good dis-
persion in water. It was demonstrated that by applying a neg-
ative charge on the surface of PDMS by air-plasma treatment
and through electrostatic interactions, a stable f{CNT coating was
achieved. An effective and efficient coating method was estab-
lished by dip coating, which provided a uniform fCNT coating
with a combination of micro-scale substrates for investigating
the relationship between topography and cellular behavior stim-
ulated with a conducting coating. The absence of complex pro-
cesses and harsh conditions throughout the process makes the
coating procedure much more reproducible, which is beneficial
for further expanding production and the variety of different ap-
plications. The preparation of functional coatings on biological
scaffolds is an important approach to improving their biocom-
patibility, mechanical properties, and bioactivity.[!! Compared to
existing methods (such as EPD, chemical grafting, and spray
coating),?* our approach achieves a thinner CNT coating at a
lower cost with uniform deposition. The modified scaffolds ex-
hibited improved conductivity, optimized wettability, accelerated
protein adsorption, good cell viability, enhanced cell response,
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Figure 5. Fabrication of myotubes after 3 days of differentiation. a) Schematic illustration of the myogenic differentiation process. The cells were grown
2 days in proliferation medium, followed by starting to induce multiple myoblasts to fuse to myotubes, a multinucleated structure, in the presence of
differentiation medium, and observed the fabrication of myotubes by staining nucleus and myosin heavy chain (a widely used myogenic differentia-
tion marker) for 3 days and 8 days in differentiation medium. b) Typical immuno-fluorescence images of V49 myoblast after 3 days of differentiation
grown on TCP, f{CNT-coated surface, and without fCNT-coated surface. The cell nuclei were stained with DAPI (blue), and Myotubes were stained with
myosin heavy chain (green). c) Quantitative analysis of Myotube diameter, d) Myotube length, e)Myotube number, f) The total myotube area, g) The
fusion index, which was calculated as the percentage of total nuclei inside the myotubes. h) Myosin fluorescence relative intensity normalized by the
mean values of the total myotube area. The scale bar is 100 um. Data are shown as mean + standard deviation (SD) (n = at least 50 myotubes, *p < 0.05,
**p < 0.01, ***p < 0.001); three independent experiments were performed. The yellow solid arrows indicate the direction of the micro-wrinkle surface.

of real-time monitoring of scaffold performance can provide valu-
able insights into scaffold-bioenvironment interactions.*! Con-
ductive scaffolds are highly desirable for such applications, and

and promoted cell differentiation, making them promising can-
didates for muscle tissue engineering applications. Mimicking
and controlling cell-topography interactions are pivotal for syn-

thetic scaffolds.[®! In our system, in contrast with individual mi-
crosize topography, f{CNT offers an effective nano-pattern, sup-
plies electric conductivity, and presents an appropriate wettabil-
ity, which could make it possible for muscle cells to grow on mate-
rials to produce and contract under electrical signals.l'>* As tis-
sue repair strategies advance, flexible biosensing devices capable
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this study offers an effective method for their preparation.

The fCNT coating increased the conductivity of the scaffold,
rendering it capable of electrical stimulation, which could pro-
vide a new strategy for scaffold applications requiring electroac-
tive properties. Furthermore, the fCNT coating optimized wetta-
bility and increased protein adsorption for the material surface,
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promoting cell attachment and spreading. The difference of wa-
ter contact angle on different surfaces could be explained by the
special nano-sized structure and the charged fCNT surface.l”]
Besides, the surface surrounded by proteins derived from the bi-
ological environment is the first process in cell-material inter-
actions, occurring soon after introducing a biologically relevant
liquid such as a culture medium upon implant insertion into
the body.I**! The dynamics of protein adsorption depend on both
the special amphipathic structure of protein and the biomate-
rial properties, such as surface chemistry, charge, hydrophobic-
ity, and shape by controlling the total amount of proteins bound
to the surface, as well as their conformation and orientation af-
ter adsorption,l¥*°] affecting the cellular performance of scaf-
fold and implanted devices. As shown in Figure 2c and Figure
S1 (Supporting Information), non-plasma-treated bare PDMS
showed a hydrophobic surface, while the FLAT group showed hy-
drophilic properties. Combining the data of protein adsorption,
nonoxidized PDMS, and FLAT (oxidized) exhibited similar val-
ues, which indicates that the difference in surface hydrophobic-
ity and modification could affect the type of protein adsorption
or its orientation at the surface without impacting the amount of
protein adhered. The difference in protein adsorption in FLAT
and W10 groups could be explained by the difference in specific
surface area between FLAT and W10 groups; the specific surface
area of W10 was larger due to the topography. Similarly, the ratio
of surface area to volume of nano-sized pattern provided by f{CNT
has increased, and the special fCNT surface causes the enhance-
ment of protein adsorption amount.

Although the toxicity of f{CNT cannot be ignored, macrophages
can internalize free CNTs, which can lead to chronic inflamma-
tion and toxicity.*”) While, in our study, the coating monolayer
of fCNT by electrical interaction could effectively reduce multi-
walled CNT toxicity by using a small dosage and immobilizing
them on the material surface, cells avoided the toxicity issues as-
sociated with free CNT exposure and had a high survival rate on
fCNT-coated surface as shown in viability results (Figure 3), mak-
ing it possible to take advantage of electroactive multi-walled CNT
in a different range of tissue engineering applications. Further-
more, there was no significant difference among these groups
for 3 days in cell proliferation, indicating that cells could main-
tain the proliferation property on the f{CNT surface.

Satellite cells are the main drivers of skeletal muscle regen-
eration. A fine-tuned balance between quiescent Satellite cells,
activated to myoblasts, and differentiated states is a prerequisite
for proper regeneration.[*!l The reorganization of focal contacts
and intracellular cytoskeleton organization is essential for cell
communication and regulation via mechanical interactions be-
tween cells and underlying substrates.[*?] The remodeling of the
actin cytoskeleton and the formation of integrin clusters asso-
ciated factors, activation of FAK/ERKI**] and RhoA/ROCK sig-
nal pathway,[*!**] and the regulation of MicroRNA**¢l modulate
cell behavior. For adherent cells, cell motility presupposes attach-
ment of the cells. The area of contact between the cell and the
substrate determines cellular further motility.¥’~*! The tubular-
sized f{CNT could significantly influence cell morphology and try
to regulate and control cells to grow into a certain size as shown in
Fig, 4. The interaction in cell morphological transition on fCNT
can be explained in terms of the tubular nano-size pattern and
the distribution of the adsorption of serum and cell-secreted ad-
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hesive proteins to the nanotubes. It has been reported that nano-
sized CNT could activate cellular nanoscale sensing mechanisms
by corresponding to integrin clustering, and the cell attachment
and spreading were integrin-dependent via recognizing adhesive
proteins (like fibronectin and collagen IV) on the nanotubes.[1*>]
Many studies have taken advantage of CNT to improve the bio-
adhesion of materials in 3D structures and regular stem cell
fate.[*251 The changes in interfacial physicochemical factors af-
fect cell morphology and behavior, such as changes in surface
pattern, hydrophilicity, protein adsorption, and protein species.
Here, we do not know exactly which factor plays a dominant role
or the synergistic effect of multiple factors. The interactions be-
tween material surfaces and cells are sometimes not what we ex-
pect, and instead of cells showing the expected linear correlation
change as a single variable is altered, synergistic interactions be-
tween different physicochemical parameters can affect changes
in the morphology and behavior of the cells.[355253]

Studies have already proved that electrical stimulation cre-
ated by the subcellular level highly impacts myogenesis which
could accelerate the assembly of sarcomeres and support muscle
maturation by intracellular calcium signaling (Ca?*-dependent
pathways (NFAT, CaMKII)),['2>4] it can alter membrane poten-
tial to trigger calcium influx through voltage-gated L-type cal-
cium channels.'*15] Zhao et al. have proved that PEG-CNT
films could direct the skeletal myogenic differentiation of hM-
SCs in the absence of myogenic induction factors.>>! And the ex-
isting studies have demonstrated that aligned nano-topography
and conductive materials can enhance myoblast differentiation,
with the degree of myogenic differentiation increasing with
higher material conductivity.’¢8] In our study, the electroac-
tive f{CNT enhanced myoblast differentiation, which probably
involved ion flow, and induced elevated levels of intracellular
calcium ions. In addition, the native skeletal muscle exhibits
a highly organized structure with extended alignment arrays
of multinucleated myofibers, and many studies confirmed how
important the directional myotube arrangement is, especially
in the regeneration of functioning muscle fibers for effective
force transmission and contractility.l”>° Besides, the combina-
tion of nano and microscale topological surfaces had already
been verified to enhance myogenic differentiation by increas-
ing the expression of both early and late-stage myogenic dif-
ferentiation genes associated with myogenic and myosin heavy
chain.[6%]

Overall, we hypothesize that the acceleration of myogenesis
differentiation and myotube formation in our system could de-
pend on the synergy of micro-/macroscale structures, the sur-
face physicochemical property, and electroactive f{CNT and while
in many cases it has been demonstrated that CNTs induce pos-
itive results on many electro-active tissues,[®!] the contributions
of the altered charge and chemical compositions should be no-
ticed as these can also have a stimulating or inhibiting effect and
hence here we look at a combined influence of the applied coat-
ing. Although more in-depth studies are needed to elucidate the
mechanistic events of this kind of synergistic effect in the acceler-
ated myotube formation on f{CNT-coated surfaces as well as iden-
tifying to what extent the CNT parameters themselves (length,
diameter, multi-walled/single walled, conductivity) might influ-
ence the cellular process, the results demonstrated here support
the efficacy of fCNT-coated surfaces in modulating the myoblasts
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differentiation process, thus highlighting their potential as con-
ductive substrates for muscle tissue engineering.

4. Conclusion

Here we reported the fabrication and characterization of f{CNT-
coated films to support myoblasts’ growth and differentiation.
The fCNT-W10 substrate could present special topography, op-
timized wettability, and improved electrical conductivity proper-
ties. It is interesting to find that the f{CNT-coated film triggered
different cell morphology on flat and micro-sized wrinkled sur-
faces. Meanwhile, cell differentiation was enhanced by fCNT-
coated film, and myotube orientation was induced on an fCNT-
W10 substrate to better represent the natural state of the tissue.
These collective findings support that the f{CNT-coated surface
combined with micro-sized structure is a promising way for mus-
cle growth, making them promising candidates for muscle tissue
engineering applications.

5. Experimental Section

Preparation of f{CNT-Coated PDMS Substrate:  Aligned surface topogra-
phy formation: The PDMS films were fabricated by mixing the elastomer
and cross-linker in 1:10 w/w ratio (SYLGARD 184 Silicone Elastomer Kit,
Dow Corning). The mixtures were deposited onto a 12 X 12 cm petri dish
and cured in an oven at 70 °C for 3 h. After curing, the PDMS was cut into
9 X 9 cm. The wrinkled PDMS films were prepared by the plasma treat-
ment technique and imprinting method to obtain the final aligned wrinkled
PDMS, as described previously.[®l Flat PDMS was stretched by a stretch-
ing apparatus to 20% of the original length and subsequently treated with
plasma (Plasma Activate Flecto 10 USB) for 10 min at 25 mTorr. The stress
was removed, which induced wrinkle formation with 9.67 + 0.32 um in
wavelength and 1.00 & 0.08 um in amplitude. To guarantee reproducibility,
we fabricated wrinkles by using a mould to produce more uniform wrinkled
PDMS substrates. For this, the first wrinkled PDMS substrate was treated
with plasma for 10 min at 100-150 mTorr by air-plasma to obtain a uni-
formly treated surface and waited for one week in air to get a hydrophobic
surface that was subsequently used as a mold. On the mold, fresh pre-
gel solution (mixing the elastomer and cross-linker in 1:10 w/w ratio) was
poured, followed by curing at 70 °C for 3 h. The molds were removed, and
the fresh wrinkled PDMS substrates were prepared.

Synthesis of ammonium-functionalized multi-walled CNTs (fCNT): multi-
walled CNT (ACS Material, Pasadena, CA, USA; OD 8-15 nm, |. 0.5-2 pm)
was functionalized with N,N,N-trimethylbenzene ammonium groups as
described previously.[*IBriefly, multi-walled CNTs (70.0 mg, 5.82 mmol of
C) was mixed with a solution of 4-amino-N,N,N-trimethylbenzene ammo-
nium iodidel®?! (810.51 mg, 2.91 mmol) and isopentyl nitrite (0.824 mL
of 95% Sigma-Aldrich, 5.82 mmol) at 80 °C under nitrogen flux and mag-
netic stirring. After 4 h, the reaction mixture was allowed to cool at room
temperature, and the product was recovered by filtration on a Millipore PC
0.1 um membrane (VCTP) and washed through six subsequent sonication
and filtration cycles with distilled water and methanol. The methanol dis-
persion was finally dried under nitrogen flux to afford the multi-walled CNT
derivative (fCNT) as a solid black powder.

fCNT-Coating formation: A fCNT solution (1 mg mL~") was prepared in
MilliQ water by sonicating for 5 min with a tip sonicator to obtain a ho-
mogeneous dispersion. The PDMS slides were cleaned with 70% ethanol,
followed by MiliQ water, and dried with pressured air. To deposit {CNT on
the PDMS substrate, the PDMS films were first oxidized with air-plasma for
10 min at 100150 mTorr to obtain a negatively charged surface, followed
by either 1) spraying the solution of positive charged fCNT onto the oxi-
dized PDMS substrates until the PDMS surface was completely wet with
subsequent drying at air overnight (Figure 1a) or 2) by immersing the oxi-
dized PDMS slides into the solution of positively charged f{CNT overnight
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as a dip coating method (Figure 1c). During this procedure, the oxidized
PDMS was turned over and floated in the fCNT suspension, which al-
lowed full contact between the negatively charged surface and the f{CNT
suspension, avoiding fCNT sediment on the surface and forming an un-
even coating surface. Next, the treated PDMS substrates prepared by the
above methods were carefully immersed in MilliQ water for 6 h to remove
excess fCNT and were replaced the MilliQ water every 2 h to obtain a ho-
mogeneous fCNT-coated layer on the PDMS surface. The flat and wrinkled
PDMS coated with fCNT is designated as “fCNT-FLAT” and “fCNT-W10”,
respectively, and pure plasma-treated flat and wrinkled PDMS as “FLAT”
and “W10”, respectively.

SEM analysis was performed on the surfaces of the samples by sput-
tering a thin chromium layer of 5 nm. SEM images were acquired with a
Zeiss Sigma HD microscope, equipped with a Schottky FEG source and a
backscattered electron detector. Analysis was performed in a high vacuum
at 2 x 107> mbar.

For a more detailed investigation of the nano-scale morphology of {CNT
on the PDMS surface, the f{CNT-coated PDMS surfaces were analyzed by
Atomic Force Microscope (NanoScope V AFM, Bruker, Billerica, MA, USA)
operating in tapping mode in air. A Bruker model DNP-10 tip of noncon-
ductive silicon nitride was used for measurement (in air mold). The mor-
phology of the surface in the images was analyzed by NanoScope Analysis
software (Bruker).

Water Contact Angle Measurements: The samples were prepared and
dried with pressurized air, and the water contact angle measurement was
done immediately by an in-house developed tensiometer. The static con-
tact angle measurement was determined using the sessile drop method.
Droplets of ~5 pL of MilliQ water were placed on the surfaces, and the im-
ages of the droplets were analyzed for contact angles. Bare PDMS repre-
sents fresh PDMS without plasma treatment. Three independent imprints
were analyzed, and at least five images were analyzed for each substrate.

Protein Adsorption: The samples were cut into circular disks matching
the diameter of a well in a 96-well plate, 200 pL of a 1% FBS was added
to the different samples and incubated for 30 min at 37 °C after which
the FBS solution was removed. Protein adsorption was measured by BCA
protein assay kit (Thermo Fisher, USA). Briefly, 200 uL work solution of
BCA reagents A and B with the ratio of 20:1 was added to the FBS-treated
substrates within the 96-well plate and incubated for 30 min at 37 °C. The
absorption of all the samples was recorded by a microplate reader (Bio-
Rad, USA) at 562 nm. The protein adsorption value was calculated using
the following equation:

OD value = OD test — OD blank M

where OD test and OD control were the absorbance of the tested sam-
ple (samples were incubated with BSA) and the control sample (samples
without incubating with BSA solution). The experiments were performed
in triplicate.

Conductivity Measurement: The impedance analysis has been per-
formed by using interdigitated electrodes (IDEs) on a glass substrate
(G-IDE222 purchased from DropSens, Metrohm). More specifically, IDEs
were composed of 52 pairs of digits, 10 um wide and equally spaced (viz.
10 um). The total area is equal to 4 mm?2, on the contrary, the area in
between the interdigitated electrodes is equal to 1.75 mm? and the me-
andering path is 17.47 cm long. The electrochemical cell is composed of
these two IDEs, thereby acting as working and counter electrodes. Since
PDMS is an insulator, we applied a setpoint potential equal to 100 mV in
order to acquire a reliable signal spanning from 10* and 10~ Hz.

The whole batch of electrochemical measurements was performed by
placing the samples, FLAT and fCNT-FLAT, in direct contact with the IDEs,
and the impedance data were acquired by using a Metrohm Autolab Po-
tentiostat/Galvanostat PGSTAT302N.

Cell Culture: The human myoblasts (V49 satellite cells) were kindly
provided by Prof. Dr. Marco Harmsen and displayed high self-renewal
and cloning capacity, which was the same as those used in our previ-
ous study.l”.83] The general culture conditions are as follows: myoblasts
were cultured in proliferation medium (PM), comprised of DMEM-HG
(Gibco) supplemented with 20% FBS (Gibco) and 1% p/s (Gibco) under
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5% CO? and 37 °C. For the differentiation stage, upon reaching conflu-
ence, the medium was changed to differentiation medium (DM), com-
prised of DMEM-HG, 1% FBS, 1% p/s, 1% Insulin-Transferrin-Selenium
(Gibco), and 1% dexamethasone (Sigma-Aldrich). Clone V49 was used
between Passages 10 and 13. The myoblasts were seeded into the FLAT,
fCNT-FLAT, W10, fCNT-W10, which were cut into circular disks matching
the diameter of a 24-well plate. All samples were treated with 70% ethanol
for sterilization and washed with PBS before use.

Cell Viability: Myoblasts were seeded at a density of 4 x 10* cells and
cultured in PM solution to allow the free spread for 24 h. The viability of
cells on different substrates was determined by using Live/Dead staining
(Sigma-Aldrich). Quantification of live cells (green) and dead cells (red)
by counting the number of live cells and dead cells in Fiji software. Three
independent experiments were performed (n > 5).

Cell viability (%) = live (dead) cells number/Overall cell number x 100%(2)

Cell Morphology: The myoblasts were seeded at a density of 2 x 10*
cells and cultured in PM solution to allow them to spread for 24 h.
Afterward, the cells were first washed with PBS and fixed using 3.7%
paraformaldehyde (Sigma-Aldrich) for 15 min, then the cell membrane
was permeabilized with 0.5% Triton X-100 solution for 15 min, followed by
blocking with 5% BSA in PBS for 30 min. Subsequently, substrates were
incubated with vinculin (V913 1, Merk, 1:100) as primary antibody for 3 h at
4 °C, followed by incubating with Goat Anti-Mouse 1gG H&L (Alexa Fluor
488) (ab150113, Abcam, 1:500), Tritc-phalliodin (P1951, Sigma-Aldrich)
and DAPI in PBS with 1% BSA for 1 h. Immunofluorescence imaging was
done by a confocal microscope (Microscope Leica Stellaris 5). Quantifica-
tion of focal adhesion by vinculin and the cell cytoskeleton was performed
by Fiji software. Three independent experiments were performed.

Cell Proliferation: The myoblasts were seeded at a density of 2 x 10*
cells and cultured in PM solution to allow the to freely spread overnight.
After which the cells were incubated for 24, 48, and 72 h. Cell proliferation
was measured by counting cell nuclei using Fiji software. The cells were
first washed with PBS and fixed using 3.7% paraformaldehyde (Sigma) for
15 min, then the cell membrane was permeabilized with 0.5% Triton X-100
solution for 15 min, followed by incubating with DAPI. Three independent
experiments were performed.

Cell Differentiation: The myoblasts were seeded at a density of 8 x 10
cells after 3 days of proliferation in PM solution to 100% confluence, fol-
lowed by changing to DM solution and fixing cells for 3 days and 8 days for
immunostaining. For staining protocol, the cells were fixed, permeabilized
and incubated with the primary antibody for mouse-anti-human Myosin
heavy chain (Myosin 4 Monoclonal Antibody (MF20), Thermofisher, 1:200)
in PBS with 1% BSA for 3 h at 4 °C, then incubated with Goat Anti-Mouse
1gG H&L (Alexa Fluor 488, 1:500) in PBS with 1% BSA and DAPI for 1 h.
Immunofluorescence imaging was done by a fluorescence microscope
(Microscope DM4000b). Myotube area, diameter, length, and expression
were evaluated by Fiji software. CellProfiler evaluated the fusion index. For
each substrate, at least 15 images were analyzed. Three independent ex-
periments were performed.

Statistical Analysis:  All data were expressed as mean value + standard
deviation. Statistical analysis was performed with GraphPad Prism 6 soft-
ware. All data were carried out by one-way analysis of variance (ANOVA),
with a p-value (<0.05) considered statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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