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ABSTRACT: A versatile method for the rapid fabrication of aligned
fullerene C60 nanowhiskers (C60NWs) at the air−water interface is
presented. This method is based on the vortex motion of a subphase
(water), which directs floating C60NWs to align on the water surface
according to the direction of rotational flow. Aligned C60NWs could be
transferred onto many different flat substrates, and, in this case, aligned
C60NWs on glass substrates were employed as a scaffold for cell
culture. Bone forming human osteoblast MG63 cells adhered well to
the C60NWs, and their growth was found to be oriented with the axis
of the aligned C60NWs. Cells grown on aligned C60NWs were more
highly oriented with the axis of alignment than when grown on
randomly oriented nanowhiskers. A study of cell proliferation on the
C60NWs revealed their low toxicity, indicating their potential for use in
biomedical applications.
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1. INTRODUCTION

Manipulation of the assembly or alignment of nano- or
microstructured materials is essential to exploit fully the
potential advantages of their functionalities and to explore
their applications in novel electronic, optoelectronic, sensing, or
biochip devices.1−6 Many techniques have been developed for
the assembly of nanomaterials,7−9 with assembly at an air−
water interface being an important method for the preparation
of various self-assembly patterns.10−12 The Langmuir−Blodgett
(LB) technique facilitates the formation of agglomerated films
from molecules or nanostructures by control of lateral
compression at the interface surface and circumvents the
requirement of complex instrumental installations.13−16 The
driving force for the self-assembly of nanostructures at the air−
water interface involves interactions between the capping
molecules of the nanostructures and the flow from external
slide forces.

Fullerene (C60) is one of the most important carbon-based
zero-dimensional nanostructures, and it has been studied
extensively for its structural, electronic, and chemical proper-
ties.17−19 Unlike carbon nanotubes (CNTs) and graphene, C60

contains 60 carbon atoms arranged in a closed spherical form
and exhibits a great diversity from its aggregated morpholo-
gies.20−23 Thus, C60 assembles into various one-, two-, and
three-dimensional forms upon precipitation from different
solvents and solvent mixtures.24−28 C60 nanowhisker (C60NW)
is one of the one-dimensional (1D) assembled forms of C60 of
fibrous morphology which has gained considerable attention
owing to its promising applications in solar cells, batteries, fuel
cells, sensors, and catalysis, etc.29−35 Depending on the
synthetic conditions, C60NWs with diameters ranging from
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100 nm to 1 μm and lengths ranging from 5 to 300 μm can be
easily prepared by using the liquid−liquid interfacial precip-
itation (LLIP) method.36−38 In contrast to similar needle-like
CNTs, the noncovalently assembled structures of C60NWs can
be controllably disassembled by application of solvents.
Investigations of the biological impact of C60NW also indicate
that they may be decomposed to individual C60 molecules by
macrophage-like cells,39−41 suggesting their biocompatibility
and the future potential of C60NWs for biological applications.
Although biological and biomedical applications of fullerenes
and CNTs have been explored,42−45 related studies of C60NWs
remain rare despite their huge potential for impact on biological
applications so that further exploration is required.
Very recently, we have reported the alignment of C60NWs by

using the LB technique and shown that aligned C60NWs can
affect cellular phenotype.46 Here, we propose an innovative
method for fabrication technique: vortex-flow-induced align-
ment strategy, for the rapid and effective alignment of C60NWs
at an air−water interface. In this method, the alignment of
C60NWs with different packing geometries is induced by vortex
flow caused by the mechanical stirring of the medium (Scheme
1a), which differs from typical air−water interfacial assembly

methods (Langmuir−Blodgett assembly) where nanostructures
are forced to orient in a mutually parallel configuration by
compression of barriers. C60NWs orient with the flow of
centrifugal rotation at the water surface and could be easily
transferred to different flat substrates including paper, mica,
glass, boron nitride, and gold. The alignment geometry of
C60NWs varies according to the lifting position from the
surface: lifting at the region far from the center of rotation
yields highly aligned C60NWs in parallel on the substrate while
lifting at positions close to the center yields a curved
arrangement. Rotation rate also affects the orientation of
C60NWs. Compared with conventional alignment methods at
an air−water interface, vortex-flow-induced alignment is more
effective for alignment of large micrometer-sized structures,
especially in the case of fiber-like morphologies. In addition to
the provision of linear parallel alignments, this method also

enables the curved alignment of C60NWs by controlling the
vortex motion. The aligned C60NWs on substrates were used as
scaffold for cell cultures (Scheme 1b). It was found that human
osteoblast MG63 cells adhere preferentially to the surface of
C60NWs (compared to bare glass) and that they tend to grow
along the axis of alignment of the C60NWs. Furthermore, cell
proliferation studies revealed the low-toxicity nature of C60NWs
revealing aligned C60NWs as an excellent new potential
candidate for biological and biomedical applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Pristine fullerene C60 powder with purity > 99.5%

was purchased from Materials Technologies Research, Ltd. (Cleveland,
OH, USA). Toluene (Tol) and isopropyl alcohol (IPA) with purity >
99% were purchased from the Wako Chemical Corp., Japan. All
chemicals were used as received.

2.2. Preparation and Purification of C60NW. C60NWs were
prepared using the liquid−liquid interfacial precipitation (LLIP)
method.36,47 A saturated solution of C60 in toluene was prepared by
treating an excess of pristine C60 powder (80 mg) with 25 mL of
toluene. Undissolved C60 was removed by filtration. In a typical
preparation process of C60NW, a portion of the saturated solution of
C60 in toluene (4 mL) was placed in a clean, dry glass vial (20 mL) and
cooled to 4 °C in a temperature-controlled incubator for 2 h. IPA (4
mL), which had also been precooled at 4 °C for 2 h, was then layered
slowly on top of the saturated C60 solution in toluene, and the
resulting mixture was stored at 4 °C for 1−4 days. The mixture/
solution turned brownish due to the formation of C60NWs. The
resulting C60NWs were first purified by centrifugation for 2 min at
4000 rpm, whereby C60NWs precipitated, and the supernatant
containing unreacted C60 was discarded. The C60NWs were then
washed once with IPA and again centrifuged for 2 min at 4000 rpm.
The thus purified C60NWs were then resuspended in IPA (3 mg/mL)
and stored at room temperature prior to use.

2.3. Alignment of C60NWs. The suspension of C60NWs was
added dropwise (at a rate of about 10 drops/min) to the surface of
ultrapure water (90 mL, with constant stirring at 150 rpm) contained
in a 100 mL beaker. A magnetic stirrer bar of length that was almost
the interior diameter of the beaker (∼5 cm) was used. The process was
performed at 25 °C. Addition of the C60NW suspension was continued
until the entire surface of the water was covered by a uniform thin
layer of C60NWs (as judged by the naked eye). For a 100 mL beaker,
the quantity of added C60NW suspension was optimized at 0.9 mL.
After formation of the thin film, stirring was stopped and the system
was left undisturbed for 5 min to allow evaporation of the IPA. For the
deposition of aligned C60NWs on substrates, glass microscope slides or
silicon wafer was cut into pieces (2 cm × 1 cm) and consecutively
cleaned with acetone, ethanol, and water and then dried. The transfer
of aligned C60NWs film onto the substrates was performed by hand by
using a gentle scooping action with the required substrate held in
tweezers. A maximum of four substrates could be coated with C60NWs
film from one spreading procedure.

2.4. Characterizations. Scanning electron micrographs (SEMs)
were obtained using a Hitachi S-4800 FE-SEM instrument. Samples
for SEMs were prepared on a Si wafer and dried under reduced
pressure prior to measurements. Optical microscopic images were
obtained using an Olympus MP5Mc/OL microscope. Raman spectra
were obtained using a JASCO NRS-3100 laser Raman spectrometer
operating at a wavelength of 532 nm with the power level set to 1.0
mW. Powder X-ray diffraction (XRD) patterns were measured on a
Rigaku RINT 1200 diffractometer using Ni-filtered Cu Kα radiation (λ
= 1.5418 Å) with an operating voltage of 40 kV and beam current of
30 mA.

2.5. Image Analysis. Image analysis software, ImageJ 1.44p from
NIH (National Institute of Health, Bethesda, MD, USA),48 was used
for the detailed analysis of SEM images in order to quantitatively
evaluate the alignment distribution and the angle of orientation. The
alignment distribution of C60NW was determined directly by

Scheme 1. Schemes for (a) the Alignment C60NWs at an
Air−Water Interface by Vortex Flow and (b) Aligned
C60NWs as Scaffold for Directing Cell Growth
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measuring the angle of orientation of C60NW with respect to the
surface normal of the SEM images. For cell culture samples, the angle
of orientation of cells and the angle of orientation of the adjoining
C60NWs were determined directly from the SEM images and plotted
as a function of each other for random and aligned C60NWs.
2.6. Cell Culture. Human osteoblast-like MG63 cells (Riken,

Wako, Japan) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin at 37 °C in a humidified atmosphere with 5%
CO2. The medium was changed several times each week. The cells
were trypsinized and resuspended in fresh media.
2.7. Adhesion and Proliferation of MG63 Cells on the

Substrates. Random or aligned C60NWs on slide glass were placed
into a 24-well plate (Thermo Fisher Scientific Inc., Waltham, MA,
USA), and MG63 cells were seeded at a density of 1.0 × 104 cells cm−2

with the culture medium. Cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO2. The number of MG63 cells for 4, 24,
and 48 h was determined by water-soluble tetrazolium salt (WST)
assay using cell counting kit-8 (Dojindo, Kumamoto, Japan).
Cellular morphology was investigated by examining the cytoskele-

ton fluorescently stained with fluorescein isothiocyanate (FITC)-
conjugated phalloidin.

3. RESULTS AND DISCUSSION
C60NWs from the LLIP Method. C60NWs were produced

at an interface formed between IPA and a saturated solution of
C60 in toluene (Tol) using the LLIP method. To avoid the
formation of inhomogeneous structures (formed due to fast
growth), C60NWs were produced at 4 °C. The resulting
C60NWs formed a stable dispersion in IPA without
precipitation for at least 3 months at room temperature
(Figure 1a). Figure 1 shows a photographic image of C60NWs

dispersed in IPA, a corresponding SEM image (Figure 1b), and
an optical microscopic image of the rod-like nanowhiskers
(Figure 1c). Average diameters and lengths of the C60NWs are
ca. ∼500 nm and ∼250 μm, respectively. They possess smooth
surfaces along their entire lengths with clear facets (see inset of
Figure 1b). The aspect ratio of C60NWs could be flexibly
controlled simply by altering the volume of IPA and C60

solution in Tol and their mixing ratios. For example, C60NWs
obtained by decreasing the total solvent volume from 8 mL
(IPA:Tol, 4:4) to 4 mL (IPA:Tol, 2:2) exhibited larger average
diameters ca. ∼800 nm and shorter lengths ca. ∼20 μm
(Supporting Information Figure S1). On the other hand,
C60NWs grown at a mixing ratio of IPA:Tol = 6:2 showed
average diameters and lengths around 300 nm and 50 μm,
respectively. Note that the aspect ratio of the C60NWs
influences the alignment of C60NWs at an air−water interface
(see later for a discussion of this point).
The C60NWs prepared here exhibited spectroscopic features

similar to those of pristine C60 (Figure 2). The “pentagonal

pinch” mode or Ag(2) band that appears around 1468 cm−1 in
the Raman spectrum of C60 is regarded as an analytical probe of
the structural and electronic properties of C60. The Ag(2) bands
of C60NWs and pristine C60 are essentially identical
demonstrating that these C60NWs contain C60 in its original
monomeric form; i.e., C60 molecules in the C60NWs interact
through weak van der Waals forces. The crystalline structure of
the obtained C60NWs was investigated by XRD (Supporting
Information Figure S2) revealing diffraction peaks at 2θ =
10.7°, 17.7°, 20.6°, and 21.6° (weak) for C60NWs, which are
assigned to the (111), (022), (113), and (222) planes of a face-
centered cubic (FCC) structure with lattice constant of a =
1.420 nm, comparable to the lattice constant of pristine C60 ca.
1.418 nm demonstrating that the prepared C60NW crystals
have a high purity.49,50

Vortex-Flow-Directed Alignment of C60NWs. Alignment
of C60NWs at the air−water interface was performed in glass
beakers. The water subphase was stirred with a constant rate
(150 rpm) during the addition of the C60NW suspension in
IPA. Under this mechanical rotary stirring, a spiral flow at the
bottom of the beaker generates vortex motion at the surface;
i.e., the water surface is no longer flat but is depressed at the
center and rises near the walls of the beaker (Supporting
Information Figure S3). The suspension of C60NWs was
carefully dropped at the center of the water surface. Due to
their highly hydrophobic nature (contact angle of C60NW is ca.
∼134°), C60NWs float on the water surface. Furthermore, the
velocity gradient of water motion and the centrifugal rotation
spread the C60NWs on the surface preventing their random
aggregation (Supporting Information Figure S4). Stirring was
stopped when an almost homogeneous distribution of the

Figure 1. (a) Photograph of C60NW dispersion in IPA, (b) SEM, and
(c) optical microscopic images of randomly arranged C60NW. Inset of
panel b shows a high magnification SEM image of an individual rod
illustrating the faceted structure.

Figure 2. Raman spectra of (a) pristine C60, (b) C60NWs, and (c)
C60NWs aligned by vortex-flow method.
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C60NWs could be observed (by eye) at the water surface. The
influence of stirring rate on the alignment of C60NWs was also
investigated. It was found that 150 rpm is an appropriate
stirring speed for the alignment of C60NWs having lengths and
diameters of ∼250 μm and 500 nm, respectively. At slower
stirring rates (<150 rpm), where the vortex motion at the
surface is not obvious and the surface of the water appears
almost flat (Supporting Information Figure S3b,c), C60NWs are
poorly aligned with large gaps among the C60NWs (Supporting
Information Figure S5a,b). On the other hand, at higher stirring
rates (>150 rpm), the surface of the water adopts a deep
parabolic shape due to a stronger centripetal force and
downward water flow peripheral to the vortex center may
increase (Supporting Information Figure S3e,f) causing
aggregation of the C60NWs into bundles. Under this condition,
alignment is even more severely disrupted than for the lower
stirring rates (Supporting Information Figure S5c).
Considering the shear force between the water and the

floating C60NWs, the dimensions of the C60NWs, especially the
length, may affect alignment. Therefore, we have also
investigated the influence of C60NW length on their alignment
at a constant stirring speed of 150 rpm. Average diameters of
the C60NWs were essentially invariant at ∼500 nm. We found
that, when compared to the longer C60NWs (250 μm), the
shorter C60NWs (∼20 μm) were loosely aligned with many
void spaces (Supporting Information Figure S6a,b). With
further decrease in the lengths of C60NWs (∼5 μm),
unidirectional alignment could not be achieved (Supporting
Information Figure S6c), although C60NWs were compressed
into dense aggregates. The lower shear force between short
C60NWs and water may weaken the compression of C60NWs
along the current caused by the vortex rotation resulting in the
loose packing and a large angular deviation of the aligned
C60NWs.
When stirring is stopped and the water surface attains a flat

surface, a concurrent shrinkage of the surface area further
compresses the aligned C60NWs, promoting the formation of a
more compact layer of C60NWs. The floating array of C60NWs
was transferred onto flat substrates by pulling and lifting from
the water surface. Different substrates including Si, glass, BN,
gold, and filter paper could be used to collect the aligned
C60NWs (Supporting Information Figure S7). Note that the
location of the lifting position at the surface results in different
packing structures of the aligned C60NWs due to the gradient
of radial velocities from the vortex center to the periphery.
Parts a and c of Figure 3 show SEM images of C60NWs

arrays lifted at regions close to the edge of the beaker. Here, a
closely packed formation of C60NWs with a few partially
overlapped bundles can be seen. The C60NWs are arranged in
parallel over areas of several hundred square micrometers on
the substrate. C60NWs arrays lifted from the center of the
beaker exhibit curved packing of the bundles of C60NWs
(Figure 3b,d), which is anticipated to be induced by larger
vorticity at the center of stirring.
The density and packing of the aligned C60NWs differ

depending on the affinity of the lifting substrate for water. For
instance, compared to hydrophobic Si wafer (contact angle ∼
65°), looser packing of C60NWs with wider voids was observed
on hydrophilic glass slide (contact angle ∼ 45°) and mica
(contact angle ∼ 23°) substrates (Supporting Information
Figure S8). Furthermore, the alignments of C60NWs are
nondirectional indicating that the surface hydrophobicity/or

hydrophilicity of the substrate plays a key role on the packing
density and orientation of the resulting C60NWs arrays.
The aligned C60NWs remained strongly adhered to the

substrates even after comprehensive drying under reduced
pressure. Also, the aligned C60NWs did not peel off from the Si
or glass substrates even after immersion in water or ethanol for
several days. Note that the alignment of C60NWs at the water
surface and their transfer to a substrate does not influence the
molecular structure of C60NWs.
For comparison, alignment of C60NWs has also been

performed by using the Langmuir−Blodgett (LB) approach.
C60NWs spread on a water surface were compressed at surface
pressures of 5 or 25 mN/m and the packed structures were
transferred onto a Si substrate (Supporting Information Figure
S9). At both these surface pressures, C60NWs were not well
aligned on the substrate. The compressive force applied in the
LB method may not be sufficiently strong to form ordered
structures from high aspect ratio morphology C60NWs, leading
to poor or no alignment of C60NWs along their long axes. This
observation demonstrates that the vortex-flow method is
advantageous over LB compression for the effective alignment
of microsized 1D structures.

Aligned C60NWs as Scaffold for Cell Culture. Aligned
C60NWs on slide glass were used without any further surface
modification as a scaffold for directing cell growth. These arrays
of C60NWs may form rough micro- and/or macrosized surface
features that might act as grooves for growth of cells. When
human osteoblast cell line MG63 was cultured on the aligned
C60NWs, the cells preferentially adhered to the surfaces of
C60NWs and tended to grow along the alignment axis of the
C60NWs arrays (Figure 4).

Figure 3. (a, c) SEM images of aligned C60NWs on Si substrate lifted
from the surface near the edge of the beaker wall, (b) SEM image of
aligned C60NWs lifted from the vortex rotation center, and (d) optical
microscopic image of aligned C60NWs.
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From an investigation of the cells grown on low-density
aligned C60NWs with, we found that more cells bound to the
C60NWs rather than the glass surface irrespective of the
hydrophobic nature of C60NWs. It has been suggested that the
π-electronic systems of carbon clusters may aid in the
adsorption of extracellular matrix, which facilitates cell
adhesion.46,51 Surface roughness may also play an important
role for the adhesion of cells.52,53

Further comparison with bare slide glass and random
C60NWs over longer culture times indicate that the aligned
C60NWs influence strongly the shape of the growing cells. Cells
grown on random C60NWs or on bare glass tend to attain a
round morphology, while an elongated or rod-like growth
shape coinciding with the alignment axis of C60NWs was
observed for the case of the aligned C60NW arrays (Figure 4
and Supporting Information Figure S10). The orientation of
cell growth along the axis of alignment for the aligned C60NWs
is also illustrated by the linear correlation between the angle of
orientation of C60NWs and the cultured cells (Figure 5a).
Conversely, cells grew in all directions for random C60NWs,
and no correlation could be detected between their angles of
orientation (Figure 5b).
Cell proliferation on aligned C60NWs was assessed relative to

bare slide glass and random C60NWs as controls. Equal
numbers of cells were plated on the substrates and cultured for
24 and 48 h. As shown in Figure 6, there was an approximately
3-fold increase in the number of viable cells during the
subsequent 24 h (24−48 h), implying the low toxicity of the
C60NWs as a scaffold for the cell growth. The proliferation
value for aligned C60NWs was slightly lower than that for bare
slide glass or random C60NWs. Considering the growth of cells
in all directions for the cases of bare slide glass and random

C60NWs, the aligned C60NWs confine cell growth predom-
inantly along their long axis direction, but may weakly restrain
cell growth. This suppression of cell growth on the aligned
C60NWs should have no inhibitory effect on differentiation or
the cell cycle.46

These results reveal that aligned C60NWs are a potential
substrate for the adhesion, growth, and maturation of human
osteoblast cell line MG63, being comparable to standard cell
culture materials such as tissue culture polystyrene. The
structured surface of C60NW enhances the adsorption of cell
adhesion-mediating extracellular matrix (ECM) molecules, such
as vitronectin, fibronectin, and collagen, either provided by the

Figure 4. Fluorescence microscopy images illustrating the growth of
human osteoblast cell line MG63 on (a, d, g) aligned C60NWs, (b, e,
h) random C60NWs, and (c, f, i) slide glass after inoculation for 4, 24,
and 48 h, respectively. Figure 5. Angle of orientation of cells as a function of angle of

orientation of C60NW for cells cultured for (a) 24 h on aligned
C60NW and (b) random C60NWs.

Figure 6. Cell proliferation as a function of time illustrating the growth
of human osteoblast cell line MG63 on random and aligned C60NWs
along with glass. Asterisks (*) indicate P < 0.05 versus bare glass.
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serum of the cell culture medium or synthesized by the cells.
The cells interact with the substrate’s topological structures
through a phenomenon known as contact guidance, which is
characterized by the response of the cells to the structure at the
micrometer and sub-micrometer scale.54,55 The mechanism of
oriented cell growth on aligned C60NWs can be attributed to
the spatially controlled preferential adhesion and active cell−
substrate interaction followed by signal transduction inside the
cells.56,57 Thus, the aligned C60NWs promote cell colonization
in the direction of their alignment.

4. CONCLUSIONS
We have demonstrated a new method of creating aligned
C60NWs at the air−water interface. The process is based on
spreading of a C60NWs dispersion over a water surface and
directing the alignment of C60NWs by vortex flow of water. The
aligned C60NWs could be easily transferred onto any flat
substrate irrespective of material. Compared to the other
fabrication techniques such as drop-casting, spin-coating, LB,
and layer-by-layer (LbL) methods, this method offers the
freedom of ease of implementation without much concern for
too-dense aggregation (drop-casting), low surface coverage
(spin-coating), relatively larger sample amount required (LB
method), and immobilization forces on substrates (LbL
method). The packing geometry and density of the C60NW
arrays could easily be controlled by varying the quantity of
C60NWs, stirring rate, lifting position, and surface hydro-
phobicity of the substrate.
The aligned C60NWs on substrates functioned as a

remarkable substrate for the cell culture. Human osteoblast
MG63 cells adhered well and underwent oriented growth along
the aligned C60NWs. We believe that, after optimization of the
alignment process, other kinds of nanostructures or micro-
structures (2D or 3D) can be formed into highly organized and
well-defined 2D architectures.
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