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Abstract

For skeletal muscle engineering, scaffolds that can stimulate myogenic differentiation of cells while possessing suitable
mechanical properties (e.g. flexibility) are required. In particular, the elastic property of scaffolds is of importance which
helps to resist and support the dynamic conditions of muscle tissue environment. Here, we developed highly flexible
nanocomposite nanofibrous scaffolds made of polycarbonate diol and isosorbide-based polyurethane and hydrophilic nano-
graphene oxide added at concentrations up to 8%. The nano-graphene oxide incorporation increased the hydrophilicity,
elasticity, and stress relaxation capacity of the polyurethane-derived nanofibrous scaffolds. When cultured with C2C12
cells, the polyurethane—nano-graphene oxide nanofibers enhanced the initial adhesion and spreading of cells and further
the proliferation. Furthermore, the polyurethane—nano-graphene oxide scaffolds significantly up-regulated the myogenic
mMRNA levels and myosin heavy chain expression. Of note, the cells on the flexible polyurethane—nano-graphene oxide
nanofibrous scaffolds could be mechanically stretched to experience dynamic tensional force. Under the dynamic force
condition, the cells expressed significantly higher myogenic differentiation markers at both gene and protein levels and
exhibited more aligned myotubular formation. The currently developed polyurethane—nano-graphene oxide nanofibrous
scaffolds, due to their nanofibrous morphology and high mechanical flexibility, along with the stimulating capacity for
myogenic differentiation, are considered to be a potential matrix for future skeletal muscle engineering.
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Introduction

In both native and engineered tissues, communication
between cells and extracellular matrix (ECM) is critical for
appropriate tissue function.! In native human tissues, nota-
bly for soft tissues, like cardiac muscles and skeletal mus-
cles, they have highly elastic properties. The elasticity of a
biomaterial can be closely related to its biocompatibility
when applied to elastic tissues such as muscles and ten-
dons.? Therefore, tissue engineering of these soft tissues is
closely related to the development of elastic biomaterials
that can endure multiple strain cycles in harmony with the
surrounding tissue.> Synthetic biodegradable elastomers
usually have several unique features, including three-
dimensional cross-linked networks, simulating the struc-
ture ofnaturally occurring elastic materials, biodegradability,
physicochemical and mechanical properties such as stress
relaxation, which is one of the important characteristics of
soft tissues like muscle and tendon.* Therefore, these elas-
tomers have attracted significant attention in the area of
soft tissue regeneration because of their capacity to repro-
duce the mechanical properties of the supporting matrix.’

Many studies focus on the development of elastomeric
biomaterials because it is important for biomaterials to
mimic the biological and mechanical characters of native
ECM.® Various biomaterials are designed to mimic sev-
eral properties of ECM. For example, electrospun nanofi-
brous scaffold biomaterials have attracted significant
interest in the field of tissue engineering, by reason of
their large surface area and analogous physical structures
to natural ECMs,”® which has fibrous geometry.’ Indeed,
all living organisms are inseparable from the molecular
behavior at the nanometer length scale, and ECM has a
complex hierarchical 3D structure from the nano- to the
centimeter scale.'” Therefore, a number of researchers are
interested in nanoscale biomaterials.!!"!* It seems that
mechanical properties of electrospun nanofibrous scaf-
folds meet the requirements for applying in biological
systems. Recent publications have shown an improve-
ment in cell behavior and skeletal myofiber formation on
the electrospun fiber sheath enhanced with topographical
or electric cues in vitro.'>

A number of studies have been conducted to apply natu-
ral and synthetic elastomers to a field of tissue repair and
regeneration.!” Among them, polyurethanes (PUs) are one
of the widely studied synthetic elastic polymers in tissue
engineering applications because of their biodegradability,
mechanical flexibility, biocompatibility, and diverse com-
positions.>!'¥ PU can be widely applicable because there are
diverse selections of monomeric materials from various
types of macrodiols, diisocyanates, and chain extender'
that can be used for their synthesis. Furthermore, desired
physicochemical properties can be easily introduced to
synthesized PU by changing starting materials for the soft
and hard segments as well as chain extenders.”’ Even

though the physicochemical properties of PU can be altered
to some extent, its low hydrophilicity, which is closely
related to biocompatibility, has been of concern and a focus
for researchers to improve via several routes.?!

Polymer composites can show improved properties
compared with polymers alone. The addition of biocom-
patible additives, such as hydroxyapatite (HA),?? chi-
tosan,?? and carbon nanotubes (CNTs),?* has been widely
studied as various scaffolds to modify the mechanical
performance, hydrophilicity, and interactions between
cells and scaffolds. Graphene and its derivatives have
attracted considerable attention in recent years in the
field of biomaterials because of their unique physico-
chemical properties.?>?® Graphene oxide (GO), one of the
most important derivatives of graphene, has a large num-
ber of hydroxyl groups on its surface, with which GO is
invested with hydrophilicity.?® Although GO has been
used for delivery systems?”?® and cell culture systems,?-*
the understanding of its cytotoxicity is still under debate.
Some specific studies have found that the cytotoxicity of
graphene and GO depends on the aggregation of GO and
cell types,’! applied dose, and time.’>33 In addition, it
seems that a low content of GO is nontoxic, while high
dose and size of GO can cause oxidative stress in cells
and induce loss of cell viability.>*

Collectively, we considered the PU polymer nanocom-
posites with appropriate levels of nano-graphene oxide
(nGO) might show not only improved mechanical proper-
ties such as tensile strength and hydrophilicity but also
improved biocompatibility with minimal cell toxicity. In
this study, we developed electrospun PU-nGO nanofibers
and identified the mechanical properties that are suitable
for skeletal muscle engineering. Also, we examined the
initial adhesion and spreading of C2C12 cells and the sub-
sequent myogenic differentiation when cultured on the
nanofibrous scaffolds. Finally, we took advantage of the
elastic property of the PU-nGO nanofibers by culturing
under dynamic tensional conditions to synergize the scaf-
fold properties with applied forces to address the possibil-
ity of the scaffolds for future skeletal muscle engineering.

Materials and methods

chemicals and reagents

Analytical grade chemical reagents were purchased from
Sigma-Aldrich. The reagents include 2,2,2 trifluoroetha-
nol (TFE, CF,CH,OH,=99%), chloroform (CHCI,,
99.0%, Duksan chemicals, South Korea), (3-aminopropyl)
triethoxysilane (APTES, H,N(CH,),Si(OC, Hy); =98%),
N,N-dimethylformamide ((DMF), HCON(CH,),, 99.8%),
hexamethylene diisocyanate (HDI, OCN(CH,),NCO), iso-
propyl alcohol (IPA, (CH,),CHOH, 99.5%, Duksan chem-
icals, South Korea), dianhydro-D-glucitol (isosorbide,
CH,,0,, 98%), the aliphatic polycarbonate diol 2000
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(PCD diol, T4672, Asahi Kasei chemical corporation).
nGO powder was purchased from Calverton (NY, 11933,
USA). The diameter of the nGO was around 90-200nm,
with about 1nm thickness. The single-layer ratio was
>99%, the purity of the particle was also >99%.

Preparation of PU

PU was incorporated by one-shot bulk polymerization
from PCD diol and isosorbide. PCD diol (23.78 g, 11.89
mmol) and isosorbide (6.95 g, 47.57 mmol) were placed in
a four-necked round-bottomed flask (250mL) with a
mechanical stirrer, thermometer, and condenser. The mix-
ture of two diols was stirred under N, at 60°C for 1 h. HDI
(10g, 59.46 mmol) was combined to the mixture and they
reacted at 120°C for 12h. The synthesized PU was dis-
persed in DMF and precipitated in IPA (4 L). The precipi-
tated PU was cleaned with IPA and vacuum-dried at 60°C
for 24 h to prepare high-purity PU.

Preparation of fiber scaffolds

The PU was dissolved in chloroform by 10wt.%.
Meanwhile, 0%, 1%, 2%, 4%, and 8% nGO (calculated
based on the dissolved PU) was dissolved in TFE and
underwent ultrasonication for Smin at 80°C for even
dispersion. APTES was then added to each solution and
also ultrasonicated for another 5°min. Each solution
was mixed to be homogenized with stirring at room
temperature.

Then, the mixed 10-mL solution was inserted into a
10-mL plastic syringe with a 23-gauge needle tip, placed
on an injection pump of an electrospinning device. The
injection rate of the electrospinning device was set at 2
mL/h with 12.5 kV and needle tip was fixed in 10cm
distance from the collecting drum. The drum was set by
500 1/min and collected the fiber on aluminum-foil sheet.
Consequently, the obtained electrospun nanofiberous
sheet was placed in an air hood to evaporate organic
solvents.

Characterization of fiber scaffolds

The fiber was observed by a high-resolution scanning elec-
tron microscope (SEM, JEOL, Japan). Prior to observa-
tion, the fiber sheet was completely covered with platinum
by an automatic magnetron sputter coater (Cressington
108 Auto sputter coater, UK) for 80s. PU-nGO fibers were
also observed by a high-resolution transmission electron
microscope (HR-TEM, JEM-3-1-, JEOL, Japan). The
effect of APTES on nGO particles was observed by x-ray
diffraction (XRD, Rigaku, Ultima IV, Japan) using CuKa
radiation (AL =1.5418 A). Electrospun fibers were also ana-
lyzed by Fourier transform infrared spectroscopy (FT-IR)

with the GladiATR diamond crystal component (PIKE
Technologies, USA).

The electrical conductivity of the PU-nGO electrospun
composite nanofibers was determined by a four-probe
method using a Keithley 6514 electrometer, under wet
condition. The experiment was performed at room tem-
perature and resistivity of the samples were analyzed by
following equation,

p=wRt/d

where, R=V/I is resistance, V=voltage, I electric cur-
rent, w=width of nanofibers, t=thickness of the film,
and d=distance between two probes. The reciprocal of
obtained resistivity is the conductivity of the nanofibers.
Five samples were analyzed for each condition.

The hydrophilicity of the fiber was determined via water
contact angle (WCA) measurement, by the sessile drop
method applying a benchtop phoenix contact angle meas-
urement system (PHX300, SEO, South Korea). The fibrous
sheet was placed on the camera stage for further scanning
and approximately 2 pL distilled water from the syringe
pump was beaded onto the surface of the sample (n=5).
Each droplet on fibrous materials was measured 0.1, 5,
10 min, respectively, and automatically recorded every 15 s
using a video camera system (CCD camera) and the surface
contact angles were determined by XP software.

The thermogravimetric analysis(TGA) was carried
out in an alumina crucible with 5mg mass sample for
each polymer, using the simultaneous Thermal Analysis
Modulus, SDT Q600 (TA Instruments) controlled by
Advantage for Q Series software. The experiment was car-
ried out under N, atmosphere (flow of 100 mL/min) from
24 to 700°C at 10°C/min and heating rate.

Mechanical properties of fiber

Uniaxial tensile test and stress relaxation test were con-
ducted with the Universal testing machine (Instron,
Norwood, MA, USA) and the results were recorded on the
crossed-loop PC software (Bluehill 2, Instron). The mate-
rials were cut into 40 x 10.0mm rectangular shape with
0.04 mm thickness and then stretched at a speed of 10 mm/
min until the sample broke (n=6). Based on the software,
the tensile mechanical values were converted to stress-
strain curves from which the stress-time curve and maxi-
mum tensile stress were calculated. In the case of stress
relaxation properties, tension loads were applied to each
specimen (40 mm diameter x 10 mm height) at a constant
strain of 100% with a deformation rate of 600s (n=6). The
corresponding stress was recorded along with the time and
the time for the initial stress of the material to relax to half
its value during a stress relaxation (tau 1/2) was also
determined.
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Table I. Primer sequences for the RT-PCR analysis.

Gene Forward sequence Reverse sequence

a-Actinin 5'-GGACTACACTGCCTTCTC-3' 5'-CAGCCTATACTTCAGCCTTTA-3'
Myogenin 5-TGTCTGTCAGGCTGGGTGTG-3' 5'-TCGCTGGGCTGGGTGTTAG-3'
MyoD 5'-GGAGTGGCAGAAAGTTAAG-3' 5'-ACGGGTCATCATAGAAGTC-3'
GAPDH 5'-GTGTTCCTACCCCCAATGTG-3' 5'-TCCACCACCCTGTTGCTGTA-3'

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; RT-PCR: reverse transcription polymerase chain reaction.

Cell toxicity, adhesion, spreading, and
proliferation assay

We cultured C2C12 cells of passage 3 to 8 with Dulbecco’s
modified eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; Gibco, USA), 1% Pen/Strep
(Invitrogen, USA), at 37°C with 5% CO,. For indirect cyto-
toxicity test, an extract of each specimen is prepared with
supplemented media (6 cm?/mL) for 24 h at 37°C, and it was
added to C2C12 cells in 96-well plates for 24h (n=5). Then
a CCK-8 analysis was performed according to the manufac-
turer’s protocol for determining cell viability. For cell adhe-
sion and spreading assay, the electrospun specimens were
prepared as 5 mm diameter round shaped membranes (n=5).
All membranes were incubated with 300 puL of medium in
37°C for 4 h. Cells were seeded on PU or PU-nGO fiber
membranes each with 1.0 x 10 cells and these membranes
were incubated for 2 or 4h at 37°C. Cells were then fixed
with 4% paraformaldehyde (PFA) solution at 4°C for
20min, followed by phosphate-buffered saline (PBS) wash-
ing for three times, and then treated with 0.2% Triton X-100
(Sigma) for 10min followed by 1% bovine serum albumin
(BSA) for 30min each. Mouse anti-Vinculin antibody
(ab18058, Abcam) was diluted at 1:200 in 1% BSA and
treated to cells at 4°C overnight. After being washed with
PBS, cells were treated with fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (F0257, Sigma) for
2h at room temperature. After washing with PBS, cells were
counterstained by Alexa Flour 555 labeled (red) phalloidin
(A34055, Invitrogen) and then with 4',6-diamidino-2-phe-
nylindole (DAPI; A12379, Invitrogen). Images of cells were
taken by a confocal laser scanning microscope (CLSM;
Zeiss LSM 700, Germany).

Cell proliferation was determined using Fluorescence
Hoechst DNA Quantification Kit (Sigma). C2C12 cells
were cultured on the electrospun specimens of 5 mm diam-
eter with 96-well plate (SPL Life Sciences, Pocheon,
Gyeonggi-do, Korea), 10,000 cells per each well for 24 h,
and the specimens were harvested after 1, 3, and 5 days for
proliferation assay (n=5). In all, 200 pL of deionized
water was added to the scaffolds at each time point fol-
lowed by three freeze-thaw cycles to extract DNA from the
scaffolds. A DNA standard curve was formulated by stain-
ing the DNA with Hoechst 33258 solution, using the DNA
standards provided. The fluorescence was measured with
excitation and emission wavelengths of 360 and 460 nm
using a microplate reader (Bio-Rad, US).

Myogenic gene expression analysis

Real-time reverse transcription polymerase chain reaction
(RT-PCR) was used to analyze the expression level of
actinin, myogenin, and MyoD. The ¢cDNA was directly
synthesized from cultured cells using an iScript™ DNA
synthesis kit (BioRad, US). Real-time RT-PCR using
SensiMix™ SYBR® Hi-ROX Kit (Biokine, US) was per-
formed with an AB 7500 Real-Time PCR System (Life
Technologies, US). Thermocycling conditions were as fol-
lows: 95°C for 5min, 40 cycles of denaturation (15 s,
90°C), annealing (15 s, 55°C), and extension (15 s, 72°C).
The primer sequences are listed in Table 1. The house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used to normalize the data using the 2 —
AACt method (n=4).

Myotube formation and immunocytochemistry

C2C12 were seeded at a density of 3 x 10* cells/well on
materials with 48-well plate. After 1day, the cells were
incubated in differentiation media (DM; DMEM contain-
ing 2% horse serum and 1% Pen Strep (Invitrogen,
Carlsbad, CA, USA)) for a further 3 days to induce myo-
tube formation (n=4). DM was changed every other day.
In the case of dynamic culture, the specimens with cul-
tured cells went through the same differentiation condi-
tions under dynamic tension using Flexcell machine
(Dunn Labortechnik, Asbach, Germany) with 10% strain,
0.5Hz, and 0, 1, 4, or 16h tension stimuli on each day
(n=4). On the third day of differentiation, the cells were
fixed with 4% PFA, permeabilized with 0.2% Triton
X-100, blocked with 1% BSA solution, incubated with
primary antibody (MHC: 1:200, Santa Cruz) at 4°C over-
night, incubated with secondary antibody (Dylight
488-conjugated goat anti-mouse 1gG; 1:100; Abcam) at
RT for 2 h, and mounted with Vectashield mounting solu-
tion. The multinucleate myotubes were observed using a
fluorescence microscope.

Statistical analysis

All of the quantitative results were expressed as mean
standard error of the mean (SEM). Statistical analysis was
carried out by means of one-way analysis of variance
(ANOVA). A p-value of less than 0.05 was considered sta-
tistically significant.
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Results and discussion

Physicochemical properties of PU or PU-nGO
nanofibers

XRD pattern of synthesized nGO particles from gra-
phene showed a broad reflection at approximately 10°,
but once APTES was added in nGO solution, a peak
appeared at 20° (Figure 1(b), left panel). The FT-IR
spectra of the nGO samples showed an intense OH peak
represented at 3200cm™!, and a distinct C=0 peak at
1600cm ™!, which is related to carboxylic acid and car-
bonyl functional groups (Figure 1(b), right panel). The
activated nGO particles were incorporated into the PU
solution, and the PU or PU-nGO fibers were prepared by
electrospinning (Figure 1(a)). The FT-IR spectra of PU
or PU-nGO fibers showed that peaks of hydroxyl and
ether groups were present at 1220 cm™!(Figure 1(c)), and
the peak intensity became stronger as the content of nGO
increased. In addition, TGA analysis of nGO, pure PU
fiber, and nGO-incorporated PU fiber were conducted
(Supplementary Figurel). The nGO-incorporated PU
showed two weight loss events, unlike pure PU which
showed a single event, ensuring that nGO was well
incorporated into PU fiber.

SEM images of the GO-embedded electrospun PU
fiber showed the fiber surface morphology (Figure 1(d)).
nGO particles were incorporated at various amounts (0 ~
8wt%) into PU solutions to fabricate electrospun fiber
matrices. The fibers were easily produced with a smooth
and relatively uniform surface when fabricated with 1%—
8% nGO addition, as well as for pure PU fibers. TEM
images of the PU-nGO samples were also taken to exam-
ine the internal nanostructure of the fibers. The PU-nGO
fibers also showed smooth surface with no nGO aggrega-
tion in TEM images. TEM images showed slightly
increased PU-nGO fiber size compared to pure PU fiber,
but all the fiber diameters measured were less than 1 pm.
The electroconductivity of the fibers was also measured
(Figure 1(d)), as the incorporation of carbon-based mate-
rials may alter the electroconductive properties which
also affects the muscle cell functions.>> Under the wet
conditions, only 8% PU-nGO fiber showed electrocon-
ductive behaviors. The PU-nGO fibers of 1%—4% addi-
tion showed unmeasurable electrical conductivity.
Although the GO itself is known as a nonconducting
material, the electroconductivity can be restored by its
graphitic network in several ways.?

The poor wettability of polymeric scaffolds often limits
the cellular interactions such as adhesion and subsequent
differentiation.'>3* The WCA of PU and PU-nGO nanofib-
ers were recorded with time (Figure 1(e)). The incorpora-
tion of nGO significantly enhanced the wettability,
0% < 1% <2 ~4% << 8%. The result was consistent with
our FT-IR data, in relation to the hydroxyl and carboxyl
functional groups of nGO (Figure 1(b) and (¢)).

Mechanical characteristics of PU or PU-nGO
nanofibers

The tensile strength and elastic modulus are of important
mechanical characteristics and can be changed via modifi-
cation of the composition, especially via nGO incorpora-
tion into nanofibrous matrices. The elastic modulus of
PU-nGO nanofibers were greatly increased with nGO
incorporation (Figure 2(a) and (c)), and their maximum
tensile stress values were in the range of 12-20MPa,
which were similar to the pure PU fiber (Figure 2(b)). In
addition, the proportional limits of nanofibers were around
40% to 60%, which revealed that the incorporation of nGO
did not mitigate the flexibility of PU (Figure 2(d)). Stress
relaxation, or energy dissipation, is one of the important
characteristics of soft tissues like muscle and tendon.*
Stress-relaxation experiments of PU-nGO nanofibers are
conducted with 100% constant strain (Figure 2(e) and (f)).
All specimens showed clear stress relaxation tendency
(Figure 2(e)), and 4%—8% PU-nGO fiber showed the low-
est tau 1/2 value (Figure 2(f)), suggesting that these
PU-nGO fibers showed good stress-relaxation properties.

Cytocompatibility of C2C12 cells to PU
or PU-nGO nanofibers

Several cell behaviors to PU or PU-nGO nanofibrous
matrices were evaluated with the C2C12 cell line; an eas-
ily obtained and widely employed murine skeletal myo-
blast cell line. C2C12 myoblast cells were seeded on each
fiber membrane and incubated to determine initial adhe-
sion and spreading capacity (Figure 3(a)—(c)), as well as to
identify proliferative and cytotoxic effects (Figure 3(d)
and Supplementary Figure 2). Vinculin is known for being
a physical link between ECM and the intracellular actin
cytoskeleton and these vinculin and actin cytoskeletons
are known to be crucially involved in cell adhesion and
spreading.’>° After cells being seeded onto nanofibers
and incubated for 4h, initial attachment number and
spreading area of C2C12 cells were identified with actin,
vinculin, and DAPI staining. All the C2C12 cells exhibited
normal spindle shapes, indicating the stable adhesion of
cells to the substrate (Figure 3(c)). Compared to the PU
nanofiber, all the PU-nGO nanofibers showed elevated cell
adhesion capacity (Figure 3(a)). Furthermore, cell spread-
ing areas were significantly improved along with the nGO
incorporation: 0% < 1% ~ 2% <4% ~ 8% (Figure 3(b)).
These results are partially consistent with previous reports
that GO enhances cell attachment,*® that nGO promotes
neurite sprouting and outgrowth,*' and that the nanoscale
substrate condition is critical for cell attachment and dif-
ferentiation.*> Consistently, the PU-nGO nanofibers
showed no cytotoxic effect to C2C12 cells (Supplementary
Figure 2), and cells were more proliferative as the nGO
content increased, especially the 8% PU-nGO showing the
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All nanofibers showed stress relaxation tendencies. (f) Tau 1/2 of all the groups based on the stress relaxation curve. The 4% and
8% PU-nGO groups showed the shortest tau |/2 value, representing the best stress-dissipation capacity. Different letters indicating
significant differences among them (p <0.05, n=6).
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Figure 3. Initial cell adhesion and proliferation of C2C12 to PU-nGO nanofibers. (a) Initial cell numbers of adherent C2C|2

on nanofibers and (b) cell spreading area per field at 4h incubation. PU-nGO nanofibers showed elevated adhesion tendency
compared to PU nanofiber and also showed improved spreading capacity along with nGO contents. (c) Vinculin and actin
immunocytochemistry at 4 h. Fluorescence intensity increased along with the nGO contents, indicating that cells are more attached
and spread to the membrane with higher nGO contents. (d) DNA contents from adherent cells to identify cell proliferation. The
8% PU-nGO showed the highest proliferation capacity. Different letters indicating significant differences among them at the same
incubation time condition (p <0.05, n=5).
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Figure 4. Myogenic differentiation on PU-nGO nanofibers. After 3 days of differentiation on PU-nGO nanofiber, (a) SEM,
immunocytochemistry with (b) actin filament and (c) myosin heavy chain (MHC) images were taken. Spread C2C12 cells with thick
fibers were observed on PU-nGO by SEM. MHC expression, as well as actin expression, were highly upregulated in 8% PU-nGO
compared to others. The 8% PU-nGO nanofibrous membrane showed the most myogenic potential with C2C12 cells. (d) Myogenic
gene expression results (alpha-actinin, myogenin, and MyoD). The up-regulations of myogenic gene expression were identified
according to the increase of nGO amount in PU nanofibers. The 8% PU-nGO nanofibrous membrane up-regulated myogenic gene
expression the most. Different letters indicating significant differences among them (p <0.05, n=4).

greatest proliferative capacity at day 5 compared to others
(Figure 3(d)).

Mpyogenic differentiation capacity of PU or
PU-nGO nanofibrous membrane

The myogenic differentiation capacity of PU or PU-nGO
nanofiber is determined with C2C12 cells under differenti-
ation conditions (Figure 4). The SEM images and the fluo-
rescent microscopic image showed the distinct striac-like
myotubular structure and well-arranged actin filaments in
the PU-nGO nanofibrous membrane (Figure 4(a) and (b)).
Furthermore, immunocytochemistry data with myosin
heavy chain (MHC) showed increased MHC expression
tendency in aligned myotubular shape with increasing
nGO content: 0% < 1% <2% ~ 4% < 8% PU-nGO (Figure
4(c)). These myotubes are the structure which the differen-
tiated cells accumulate and construct, and they highly
expressed MHC. Consistently, the RT-PCR data revealed

that mRNA expression levels of myogenic markers such as
myogenin (MyoG), alpha-actinin, and MyoD are up-regu-
lated in the proportional order to nGO contents: 0% < 1% ~
2% < 4% < 8% PU-nGO (Figure 4(d)). These results are
due to the improved cell adhesion capacity*** invested by
ECM-mimicking nanofibrous morphology of PU-nGO
matrix. The cells seeded on the elastomer could be mechan-
ically stretched to experience cyclic strain which can
enhance myogenic potential.** The myogenic differentia-
tion capacity of PU-nGO nanofiber under dynamic ten-
sional stimuli is also validated with C2C12 cells (Figure 5).
The dynamic force condision is optimized based on the
alpha-actinin expression of the cells (Supplementary Figure
3). Compared to 8% PU-nGO membrane without tension
stimulus, 8% PU-nGO membrane with tension stimuli ele-
vated myogenic gene expression, MHC protein expression,
and aligned myotubular formation (Figure 5). Our data sug-
gest that an 8% PU-nGO nanofibrous membrane enhanced
myogenic gene expression at both mRNA and protein
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Figure 5. PU-nGO nanofiber synergizes with dynamic mechanical tension in myogenic differentiation. After 3 days of differentiation
on 8% PU-nGO nanofiber under dynamic tension force using Flexcell machine (10% strain, 0.5Hz, | h/day), (a) SEM,

(b) immunocytochemistry of myosin heavy chain (MHC) images were taken. Fully covered C2C12 cells on 8% PU-nGO
nanocomposite were observed by SEM. MHC expression and aligned myotubular formation were highly up-regulated in 8% PU-
nGO under dynamic tension compared to static incubation. Dynamic tension and nGO worked in synergy to enhance myogenesis
of C2C12 cells. (c) Myogenic gene expression results (alpha-actinin, myogenin, and MyoD). Dynamic tension enhanced myogenic
gene expression synergistically with nGO. Different letters indicating significant differences among them (p <0.05, n=4).

levels, even in the dynamic force conditions, implying that
the PU-nGO nanofiber as a potential matrix for skeletal
muscle engineering.

Conclusion

Here, we developed highly flexible nanocomposite
nanofibrous PU-nGO scaffolds that resemble the mor-
phology of natural ECM. The incorporation of nGO to PU
improved several mechanical properties such as hydro-
philicity, elasticity, and stress relaxation capacity. The
PU-nGO nanofibrous membrane enhanced the initial
adhesion, spreading, and proliferation of C2C12 cells
while presenting little cytotoxicity. Furthermore, these
nanofibrous matrices up-regulated myogenic mRNA
expression levels and MHC expression. Even under the
dynamic tensional force, which is frequently generated by
the natural muscle tissue, PU-nGO nanofibers elevated
myogenic markers at both mRNA and protein levels, and
advanced the aligned myotubular formation. This study
suggests PU-nGO nanofibers as a potential matrix for
future skeletal muscle engineering.
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