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Tissue engineering and regenerative medicine are part of an emerging field involving the
development of alternative therapies for tissue- and organ-repair, and remain clinically challenging.!!]
Key factors in the field of tissue engineering are the structures and properties of the cell scaffold.!?]
The cell scaffold is required to support adhesion, growth and differentiation of cells of the desired
phenotype. Cell morphology is also a critical consideration for multicellular tissue formations.!
Classically, the properties of biomolecules, including growth and transcription factors, have been
investigated and have been demonstrated to regulate cell differentiation.[! Recent studies have also
demonstrated that the use of three-dimensional (3D) cell scaffolds in the absence of inductive
biomolecules not only provides an appropriate surface but also suitable spaces for cell adhesion,
growth and morphological control.>-#] These 3D structures containing an appropriate surface for cell
differentiation are typically required not only to construct a 3D platform but also to functionalize its
surface. However, these substrates suffer the disadvantage of complex fabrication processes making
the preparation of large-area scaffolds inconvenient.

Since the carbon clusters, including fullerenes, nanotubes and graphenes have become
available in large quantities they have attracted significant attention including as potential materials
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for biological applications, such as drug/gene delivery,®'?! photodynamic therapy,'>'4l bioimaging

[912.15] ‘and biosensing,['’! because of their bioavailability and biocompatibility. Because of their
unique physicochemical properties, the sp?>-hybridized graphitic structures of carbon clusters have
exhibited significant applicability for use as cellular scaffolds in tissue engineering, including for cell
adhesion, proliferation and differentiation,!”) especially to promote osteogenic!!'®! and myogenic
differentiation.['”) The n-electronic systems of carbon clusters have been reported to aid in
extracellular matrix protein adsorption, which facilitates cell adhesion as well as differentiation by

[17-201 Although some cellular scaffolds based on carbon nanotubes and graphenes

the carbon clusters.
have been used to fabricate large-area scaffolds, they are difficult to construct at the submicrometer-
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to micrometer-scale for patterned 3D structures in the absence of a support because of either the
nanoscale diameters of 1D carbon nanotubes or the flat structure of 2D graphenes. Moreover, the
nanoscale fibrous nature of carbon nanotubes leads to a limitation involving the possibility of
inducing mesothelial carcinogenesis due to cell membrane piercing, similarly to asbestos fibers.?!]

Fullerenes are 0-dimensional spherical structures, which exhibit a wide variety of
self-assembled structures from 1D to 3D,??] such as sheets, rods, porous materials and whiskers.
Fullerene whiskers (FWs) have been prepared in large scale by using a liquid-liquid interfacial
precipitation method,!**! which yields high aspect ratio crystals with submicrometer diameters and
lengths in excess of 100 um. In addition, FWs are biocompatible with macrophages phagocytizing
FWsl?4 and they exhibit low cytotoxicity.] We hypothesized that the micrometer-sized carbon
cluster-based material, FWs might be applicable as a cellular scaffold suitable for inducing myogenic
differentiation with concurrent control of the growth direction of cells. In particular, the direction of
muscle fibers formed during myogenic differentiation might be controlled by the FW orientation
(Figure 1). The aligned FW was constructed by using the Langmuir-Blodgett (LB) approach.!*®! The
LB approach is a powerful technique that can be used to assemble large-area monolayers of
anisotropic building blocks. Thus, we anticipated that the alignment of FWs as cell scaffolds could
affect various aspects of cellular phenotype, including muscle fiber formation, as well as cell
adhesion, proliferation and differentiation.

FWs were prepared by the liquid-liquid interfacial precipitation (LLIP) method.!?*! For use
of FW as a control medium for 1D cell growth, an FW diameter of over 300 nm is required.> 8 FWs
obtained here were 322 + 108 nm in diameter with lengths of 170 = 42 um (aspect ratio = 595) as
determined by scanning electron microscopy (SEM) and optical microscopy imaging analysis
(Supporting Information, Figure S1). FWs were aligned on a glass substrate by using the LB

approach (Figure 2a).[?°! An isopropanol suspension of FWs was dispersed onto a water surface in a



quartz cell trough (1 cm width x 5 cm length x 4 cm height). At zero or low surface pressure, the FWs
assembled into random domains with their long axis parallel to the barrier.!*”! The glass plate (1 x 2.5
cm) was inserted at the edge of the FW film, as shown in Figure 2a and was then moved a distance of
3 cm during 30 sec from one side to the other to compress the FW film. The compressed FW film was
transferred in a single step onto the bare glass plate by vertically withdrawing the glass substrate
again during 30 sec at the tilting angle of the glass substrate &(Figure 2b). Figure 2c—e show SEM and
optical microscopy images of the FW LB film on the glass plate. The FWs were highly aligned on the
glass surface with a maximum surface coverage of 79%. The surface coverage could be tuned from
79% at 45° to 59% at 0° by changing the tilt angle & of the substrate (Figure 2d and e). The highly
aligned FW scaffold presents ca. 500 nm ordered groove on the glass surface as determined by atomic
force microscopy (AFM) imaging (Figure 2f). The submicrometer-sized grooves are well suited for
use for the control of cell orientation.[>-#!

The LB approach can be applied for the alignment of anisotropic building blocks on various
substrates without dependence on the nature of the surface, for instance, whether it is hydrophobic or
hydrophilic. We also demonstrated the alignment of FWs on surface-modified glass substrates. The
substrates were prepared by spin-coating of polymer solutions, poly(sodium 4-styrenesulfonate)
(PSS), poly(ethylamine) (PEI) or poly(vinylpyrrolidone) (PVP), or by silanization of the glass using
octadecyltriethoxysilane (C18Si), dodecyltrimethoxysilane (C128S1) or
[3-(2-aminoethylamino)propyl]triethoxysilane (NH2Si).[28] Although the surface properties of the
substrates are different, the alignment and coverage of FWs on the substrates was similar to that on
bare glass (Supporting Information, Figure S2). The results indicate that the LB approach of FW can
also be applied for alignment of FWs on a wide variety of substrates.

We then investigated the usefulness of the FW-based substrates as cell culture scaffolds,
with emphasis on cell adhesion and growth direction. We seeded mouse skeletal myoblast C2C12
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cells on an aligned FW-substrate then incubated it for 24 h. We also seeded the cells on randomly
aligned FW scaffolds, which had been prepared by simple dropcasting of FWs onto a bare glass plate
(see Supporting Information, Figure S1). Cell adhesion on the substrates was analyzed by
immunostaining of actin filament and observation of vinculin activity using confocal laser scanning
microscopy imaging. The development of actin filament and vinculin activity can be clearly observed
coinciding with the edges of FWs (Figure 3a). Cells adhered on the bare glass exhibited typical of
vinculin patches at their peripheries (Figure 3a, white arrowheads). On the other hand, vinculin-active
regions of FWs were distributed uniformly along their lengths, but usual peripheral vinculin patches
were not observed. These results indicate that FWs possess surfaces suitable for the adhesion of
myoblast cells. We also analyzed morphologies of cells on the different substrates by applying
cytoskeleton staining with phalloidin (Figure 3b). Although myoblasts grown on the random FW
scaffold had polygonal shapes similar to the cells on the bare glass substrate, the cells on the aligned
FW scaffolds exhibited elongated morphologies of high aspect ratios. The elongation of myoblasts
was quantified by calculating the aspect ratio of the cells; the cells on bare glass, random FW and
aligned FW scaffolds had aspect ratios of 2.26, 2.71 and 4.03, respectively (Figure 3c). Moreover,
C2C12 myoblast cells grown on the aligned FW scaffold were well aligned with their growth
direction highly correlated with the direction of FW alignment, whereas myoblasts grown on bare
glass or the random FW scaffolds, where have no micropatterned architectures of FWs, showed no
variations in cell morphology (Figure 3d and e). The shapes of C2C12 cells can be changed by their
application to some micropatterned topography.l! These results suggest that the aligned FW
enhanced the elongation of myoblast cells and regulate their growth direction.

According to the morphological analysis, the sizes of cells on the bare glass are larger than
those on the FW scaffolds possibly because the cells can spread freely on the glass surface. We also
investigated the proliferation and regulation of cell growth direction on the FW-based scaffolds by
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analyzing the cell division rate using a fluorometric assay of ATP. The numbers of cells adhered on
the FW scaffolds were low relative to that on bare glass at 24 h (Figure 3f). There was a 4-fold
increase in the numbers of cells on the aligned FW scaffolds during the subsequent 24 h (24 h to 48 h).
This relative increase of cells on the aligned FW scaffolds indicates the low cytotoxicity of FWs.
Notably, the growth rate on the aligned FW scaffolds was greater than that on the bare glass, whereas
there was no increase in the number of cells on the random FW scaffolds in the same period. These
results indicate that the aligned FWs enhanced proliferation of myoblast cells while the randomly
deposited FWs suppressed cell growth because the cells surrounded by FWs can not grow across the
long-axis of FW (Supporting Information, Figure S3).

It is known that the myogenic differentiation is initiated by the change of cell morphology
from triangular to elongated bipolar followed by fusion of mononucleated myoblasts leading to
multinucleated myotubes (Figure 3g).[?*) Controlling the direction of cell growth and elongation of
cell induces the early stage of myogenic differentiation.[%3% The LB-fabricated aligned FW scaffolds
proved submicrometer-scale 1D patterned grooves that are highly likely to promote an elongated
morphology in myoblast cells.l”] These results clearly indicate that the aligned FW scaffold strongly
influenced the cell growth direction as well as the elongation of cells more effectively than the other
so far reported micropatterned scaffold!® and carbon cluster-based scaffolds,!'”! and hence the
fullerene-based material, FWs, may induce the early stage of the myogenic differentiation.["
Moreover, the direction of cell growth and long-axis of elongated myoblast cells are well correlated,
which is likely to lead to fusion of the elongated myoblast cells and formation of myotubes.

This micropatterned fullerene-based scaffold may provide a useful platform for the
myogenic differentiation. Myotubes or muscle fibers are linear actuators, and hence scaffolds for
myogenic differentiation requires ex vivo construction of parallel 1D growths of myoblasts as well as

myotubes. We further investigated myogenic differentiation including control of the direction of the



myotube formation on the FW-based scaffolds. The C2C12 myoblast cells were incubated in a low
serum medium (2% fetal bovine serum (FBS); a differentiation medium) for 10 days, then analyzed
for myogenic differentiation and cell growth direction by immunostaining of nuclei and myosin
heavy chain (MHC), a protein required for myotube formation.[*'l C2C12 myoblasts fused to form
multinuclear myotubes, in which the local density of FWs did not influence the formation of
multinuclear myotubes (Figure 4a and b, and Supporting Information, Figure S4). The fusion index
was analyzed by calculating the ratio of multinuclear MHC-positive cells to the total number of
nuclei.l®) The fusion index increased from 12.3% on glass to 23.2% on the aligned FW scaffold
(Figure 4c¢), suggesting that the FWs stimulate myoblast fusion. Importantly, the direction of myotube
formation was strongly coherent with the direction of the aligned FWs while on bare glass lacking a
micropatterned FW support the myoblasts were randomly fused.

Myogenic differentiation requires the upregulation of the myogenic regulatory factor
family (MRF) genes, MyoD and Myf5.132) Myoblasts were differentiated to myotubes, which express
the late MRFs, Myogenin and MRF4, and subsequently express muscle-specific genes, such as MHC
and muscle creatine kinase (MCK).’!2?] To investigate the expression of myogenic genes, we
analyzed the expression of MyoD and Myogenin by quantitative RT-PCR after differentiation for 10
days (Figure 4d). The expression level of MyoD was enhanced 1.35-fold for cells on the aligned FW
compared with those on bare glass. Myogenin on the aligned FW scaffold was also subject to
enhanced expression at 1.43-fold greater than for cells on bare glass. The level of upregulation was
comparable to the reported carbon cluster-based scaffolds.['”) This significant upregulation of the
myogenic genes indicates that the LB-fabricated 1D patterned FWs not only accelerated both early
and late stages of myogenic differentiation but also controlled both the growth and fusion directions
leading to the formation of well-oriented myotubes, and hence our aligned FW scaffolds will be

suitable for use as a scaffold for regeneration of skeletal muscle tissues, overcoming the structural



limitations faced by other carbon cluster materials, such as carbon nanotubes or graphenes.!!7:1°]

In conclusion, we have demonstrated that aligned 1D FW scaffolds induce myogenic
differentiation from myoblast to myotube. FWs were precisely prepared in submicrometer- to
micrometer-scale, which were suitable for controlling cellular morphology.l”! These
microsmeter-scale FWs were aligned on substrates by a simple method using the interfacial
alignment leading to up to 79% coverage to construct 1D micropatterned architectures without any
other patterned supports, regardless of the identity of the base substrate, including those formed from
hydrophilic or hydrophobic materials. While both the aligned FW and random FW scaffolds
exhibited cell adhesion and proliferation, the 1D-patterned architecture of the aligned FW substrate
showed significant enhancement of myogenic differentiation and regulated the direction of myotube
formation. This approach for the alignment of micrometer-scale 1D materials used in this study can
potentially be applied for the fabrication of large area assemblies of anisotropic materials.[?%] With its
potential to induce myogenic differentiation, and to control growth direction, as well as its
biocompatibility, our aligned FW scaffolds are promising platforms for a useful alternative to

micropatterned cell scaffolds for tissue engineering.

Experimental Section

Preparation of aligned FW scaffold: Fullerene whiskers (FWs) were prepared by the liquid—liquid
interfacial precipitation method by a reported procedure.** Briefly, isopropanol (5 mL) was carefully
layered onto a saturated toluene solution of Ceo (5 mL) in a glass bottle at room temperature, and the
solution was kept at 20 °C for 7 days. The resulting FW suspension was centrifuged at 4000 rpm for 2
min, the supernatant was decanted, and the solid washed once with isopropanol. The purified FWs
were redispersed and stored in isopropanol (5 mL) at room temperature prior to use. FWs were

characterized by optical microscopy (BX-51, OLYMPUS, Japan) and scanning electron microscopy



(S-4800, HITACHI, Japan).

An aligned FW substrate was prepared by a method similar to the Langmuir—Blodgett (LB)
approach. A suspension of FW in isopropanol (0.2 mL) was spread gently onto the surface of pure
water (18 mL) in a quartz trough (inner cavity of the trough was 1 cm width x 5 cm length x 4 cm
height), and incubated for 3 min to form an FW film at the air—water interface. A bare glass plate (1
cm x 2.5 cm), which had been washed with acetone, methanol, and water just prior to use, was
inserted at the edge of the trough and compressed to form the aligned FW film during 30 sec. Then the
aligned FW film was transferred onto the glass plate by withdrawing it with a tilt angle 6(0 ° < <
45 °) during 30 sec (Figure 2b). The aligned FW scaffold was dried under reduced pressure for 15 h.
Randomly deposited FW scaffold was prepared by dropcasting. A suspension of FWs in IPA (0.2 mL)

was deposited on a bare glass plate, and was then dried under reduced pressure for 15 h.

Cell line: Mouse skeletal myoblast C2C12 cells (RCB0987) were provided by the Riken Bio
Resource Center and maintained in DMEM with 10% FBS, 100 units penicillin, and 100 pg

streptomycin (growth medium) at 37 °C in a humidified atmosphere with 5% COa.

Cell adhesion and morphology analysis on the FW scaffolds: C2C12 cells were washed 3 times with
PBS, lifted by incubation with trypsin at 37 °C for 2-3 min, and resuspended in growth medium. The
C2C12 suspension was pipetted onto each substrate placed in a 10 cm plastic dish at a density of 1 x
10* cells/cm?. After incubation for 24 h, cell growth direction and morphology were analyzed by
immunostaining and image analysis.

To evaluate the cell adhesion on the aligned FW scaffolds, vinculin activity and actin
filament were analyzed by immunostaining. For staining of vinculin, C2C12 cells were
immunostained following a reported procedure.’3! In brief, the cells were fixed with 4%
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paraformaldehyde solution in PBS for 15 min. After soaking in PBS containing 0.2% Triton X-100
for 5 min, the cells were blocked with 1% BSA in PBS for 30 min, and subsequently incubated with
1:400 hVIN-1 (ab11194, Abcam, Japan) for 1 h. The cells were stained with a 1:1000 fluorescent
labeled goat anti-mouse antibody (Alexa-Fluor 488, A11001, Invitrogen, USA) for 1 h in the dark,
with 1:50 Phalloidin (Alexa-Fluor 594, A12381, Invitrogen, USA) for 20 min in the dark, and with
0.1% DAPI for 5 min in the dark. The immunostained cells were imaged using a confocal laser
scanning microscopy (CLSM) (TCS-SP5, Leica).

To evaluate the cell morphology, cytoskeleton was analyzed by fluorescent imaging. For
staining of cytoskeleton, the cells were fixed with 4% paraformaldehyde for 10 min. After soaking in
PBS containing 0.1% Triton X-100 for 5 min, the cells were stained with 1:500 Phalloidin
(Alexa-Fluoro 488, A12379, Invitrogen, USA) for 20 min in the dark, and with 0.1% DAPI for 5 min
in the dark. The C2C12 cells were imaged with a Fluorescence Microscope (Leica, DM2500). The
cell aspect ratio and growth direction were quantified from isolated cells by using ImagelJ software.
The cell growth direction is defined as the angle of deviation of myoblast from the principal axis of
the cell islands. The angle of aligned FW under the cell was measured. Edges and regions without

good stamping or cell adhesion were not used for analysis.

Myotube formation analysis on FW scaffolds: For myogenic differentiation, the culture medium was
replaced with differentiation medium (DMEM with 2% FBS, 100 units penicillin, and 100 pg
streptomycin) after incubation for 24 h. The differentiation medium was replenished every 2 days
during the culture period. To evaluate the myotube formation analysis, myosin heavy chain (MHC)
was analyzed by immunostaining. To investigate the myogenic gene expression, cell lysate was
removed, then scaffolds were transferred into fresh wells. ISOGEN reagent was added into each well,
and then the samples were transferred into fresh tubes and stored at —80 °C until use for quantitative
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real-time RT-PCR.

For immunostaining of myosin heavy chain, the cells were immunostained following a
reported procedure.*¥ In brief, the cells were fixed with 4% paraformaldehyde for 12 min. After
soaking in PBS containing 0.3% Triton X-100 for 5 min, the cells were blocked with 5% bovine
serum albumin (BSA) in PBS for 15 min, and subsequently stained with a 0.1% MY-32 (ab-7784,
Abcam, Japan) for 24 h at 4 °C. The cells were stained with a 0.1% fluorescent labeled goat
anti-mouse antibody (AlexaFluor 488, A11001, Invitrogen, USA) for 1 h in the dark, with 0.1%
DAPI for 5 min in the dark. The immunostained cells were imaged with a CLSM (TCS-SP5, Leica).
The fusion index was calculated as the ratio of the nuclei number in myotubes with two or more
nuclei versus the total number of nuclei.l®) Edges and regions that did not show good stamping or cell
adhesion were not used for analysis. At least five images on each substrate were used for quantitative

analysis.

RNA extraction and quantitative real-time RT-PCR analysis: Total RNA was extracted using
ISOGEN reagent (NIPPON GENE). To obtain ¢cDNA of the transcripts, the reverse transcriptase
reaction was performed with 0.5 pg of total RNA (PrimeScript RT reagent Kit, TaKaRa). Quantitative
real-time RT-PCR was performed with the synthetic cDNA and primer sets for MyoD (forward,
5'-CCCAATGCGATTTATCAGGT-3"; reverse, 5'-AGAACGGCTTCGAAAGG-3');, Myogenin
(forward, 5’-TGTCTGTCAGGCTGGGTGTG-3’; reverse, 5’-TCGCTGGGCTGGGTGTTAG-3’);
and for GAPDH as an internal control (forward, 5’-AACTTTGGCATTGTGGAAGG-3’; reverse,
5'-CACATTGGGGGTAGGAACAC-3") using LightCycler FastStart DNA Master Plus SYBR Green
I (Roche) in a LightCycler 1.5 (ST300, Roche). The PCR products were analyzed using LightCycler

Software ver.3.5 (Roche).
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Regulation of cell growth direction by the FWs: Viability of cells at 24 h and 48 h after cell culture on
each scaffold was determined by using CellTiter-Glo Luminescent Cell Viability Assay (Promega,
USA) following the manufacturer’s protocol. After the cell culture on each scaffold for 24 h and 48 h,
the scaffolds were transferred into fresh 12-well plates with 250 pL of assay solution. The cells on the
scaffolds were dissolved using an orbital plate shaker at 800 rpm for 2 min. After incubation for 10
min, 200 pL of the cell lysates was transferred into a 96-well plate. Fluorescence of the samples was

measured using a microplate reader (MTP-880, CORONA).

Statistical analysis: Differences between the experimental groups were detected using Student’s t test.

Values are expressed as £ SEM; p < 0.05 was considered as significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Schematic illustration of myogenic differentiation on highly aligned FW scaffolds. A
dispersion of FWs was spread on an air—water interface to form FW film then the FW film was
compressed using a glass plate to align FWs into a 2D assembly. Myoblasts on the aligned FW
scaffold grow and elongate their shape according to the micropattern of FW. The elongated myoblasts

fuse to form multinuclear myotubes during the myogenic differentiation process.
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Figure 2. Preparation of aligned FW scaffold. a, A schematic illustration of the preparation of aligned
FW scaffold by the Langmuir-Blodgett approach. An IPA suspension of FWs was spread carefully on
a pure water surface. After formation of the FW film, a glass plate was inserted into one edge of the
FW film, and the FW film was compressed using the glass plate to form an aligned FW film. The
compressed FW film was transferred onto the glass plate. b, A schematic illustration of the tilting
angle of the glass plate 8(°). c—f, Microscopic images of the aligned FW scaffolds taken by SEM (¢),
optical microscopy (d) and AFM (f) at the withdrawing angle of 45 °, and optical microscopy image
of low coverage aligned FW scaffolds at the withdrawing angle of 90 ° (e).
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Figure 3. Cell adhesion and growth direction of C2C12 myoblast cells on the aligned FW scaffold. a,
Immunostaining of vinculin (green) and actin-filament (red) of C2C12 myoblast cells cultured on
bare glass and on the aligned FW scaffolds for 24 h. The white arrowheads indicate the vinculin
peripheral patches. The colocalized region of vinculin and actin-filament placed along the edge of
FW. Scale bars are 25 um. b, Fluorescent staining of cytoskeleton (green) and nucleus (blue) of
C2C12 myoblast cells cultured on the bare glass (left), and the aligned (center) and random FW
scaffolds (right) for 24 h. Scale bar is 200 um. ¢, Aspect ratio of C2C12 myoblast cells cultured on
bare glass (blue), and aligned (red) and random FW scaffolds (green) for 24 h. d, Growth direction of
C2C12 myoblast cells on bare glass and FW scaffolds. Box plot of the growth direction of the cells.
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0 (°) is the angle subtended by the long axis of the cell and the x-axis defined as the long axis of the
glass slide. a-FW and r-FW indicate the aligned FW and random FW scaffolds, respectively. All error
bars show the SEM. * P <(.05. e, Polar plot of the elongation and orientation of cells on the aligned
FW scaffolds (red) and on the random FW scaffolds (green). In the polar plot, AR is the aspect ratio of
the cell, and the angle of difference from FW alignment, 8 (°), is the angle between the long axis of
the cell and the FW directly under the nucleus. f, Fluorometric ATP assay of C2C12 myoblast cells
cultured on the scaffolds for 24 and 48 h. Blue, red and green bars indicate the relative cell
proliferation on the bare glass, aligned and random FW scaffolds, respectively. All error bars show
+SEM. a-FW and r-FW indicate the aligned FW and random FW scaffolds, respectively. All error
bars show the SEM. * P < 0.05. g, Schematic illustration of myogenic differentiation. Polygonal

myoblasts cells grow elongated cells at the early stage of myogenesis, and then fuse to form a

myotube.
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Figure 4. Myogenic differentiation of C2CI12 cells with control of the direction of myotube
formation on the aligned FW scaffold. a,b, Immunostaining of the fast skeletal myosin heavy chain
(green) and nucleus (blue) of C2C12 cells cultured on bare glass (a) and on the aligned FW (a-FW)
scaffolds with bright field (BF) image (b) and for 10 days in the differentiation media. Scale bars are
100 pm. ¢, Fusion index of the C2C12 cells on each scaffold (N =5 with over 150 cells for each high
power field). d, The expression level of MyoD and myogenin was detected by a quantitative real-time

RT-PCR analysis (N = 3 for each group). All error bars show =SEM. ** P < (0.005 versus bare glass.
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