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Abstract

Capture of bacteria with flexible carbon nanotubes (CNTs) was done in vitro. Bundles of single-walled carbon nanotubes
{(SWCNTs) or multi-walled carbon nanotubes (MWCNTSs) was mixed with Streptococcus mutans. Precipitation assays and colony-
forming unit formation assays showed free S. mutans in the solution was significantly decreased by the addition of the CNTs.
Observation of the precipitate by scanning electron microscopy showed bacterial adhesion to CNTs. It has been shown that CNTs
of different diameters have significantly different effects on the precipitation efficiency, and the manners in which they capture the cells
are different. We found that MWCNTs (diameter of approximately 30 nm) had the highest precipitation efficiency, which was attrib-
utable to both their adequate dispersibility and aggregation activity. From observations by scanning electron microscopy, bundles of
SWCNTs and thin MWCNTs (diameter of approximately 30 nm), which were moderately flexible, were easily wound around the
curved surface of S. mutans. Bare CNTs having high adhesive ability could be useful as biomaterials, e.g., as tools for the elimination

of oral pathogens at the nano-level.

© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Many carbon materials exhibit excellent molecular
adsorption properties, and activated carbon (AC) [1],
which is widely used as an adsorbent, has a high capacity
for adsorption owing to its porous structure and large sur-
face area. The occurrence of dental caries is mainly associ-
ated with oral pathogens, and Streptococcus mutans is a
primary cariogenic organism. Therefore, many attempts
have been made to eliminate S. mutans from the oral cav-
ity. One effective way is to use AC as an adsorbent, hence
it 1s used in a wide range of oral care products, such as
toothpastes and mouthwashes [2,3].

Carbon nanotubes (CNTs) have attracted considerable
attention because of their unique physical properties and
potential for a variety of biological applications [4]. In
recent investigations, CNTs have been utilized as adsor-
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bents to eliminate dyes [5]. In addition, CNTs can adsorb
bacteria [6-8]; single-walled carbon nanotubes (SWCNTSs)
exhibit strong antimicrobial activity toward Escherichia
coli [9,10]. However, bacterial adhesion, particularly oral
bacterial adhesion, to CNTs has not yet been sufficiently
investigated. If bare CNTs are found to have strong adhe-
sive activity and winding CNTs bind oral pathogens, they
may be useful as tools at the nano-level for capturing oral
pathogens. In this study, we investigated oral bacterial
adhesion to CNTs of different diameters and flexibility,
and compared them with the widely used adsorbent AC
particles. In general, SWCNTs with diameter of approxi-
mately 1 nm are known to be highly flexible, while multi-
walled carbon nanotubes (MWCNTs) with diameters
>100 nm are hard. Here we report that CNTs with different
diameters have significantly different effects on the effi-
ciency of S. mutans precipitation, that the manners in
which they capture bacteria are different and that bundles
of SWCNTs and MWCNTs with average diameters of
30 nm can wind around the curved surfaces of bacteria.

1742-7061/$ - see front matter © 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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2. Experimental

The SWCNTs employed were synthesized by an arc
discharge method. The MWCNTSs used were of two types:
30-MWCNTs (average diameter of 30 nm; produced by
NanoLab Inc., Brighton, MA) and 200-MWCNTs (aver-
age diameter of 200 nm; produced by MTR Co. Ltd.,
OH). As a control carbon sample, a commercial activated
carbon powder (AC) with an average particle size of
20 pm (Kanto Chemical Co. Inc., Tokyo, Japan) was used
in this study. S. mutans JC2 was grown aerobically in brain
heart infusion (BHI) broth at 37 °C for several days. The
bacteria were harvested by centrifugation at 2500g (Kubot-
a Centrifuge 2700), washed in phosphate-buffered saline
(PBS: 20 mM K,HPO,/KH,PO,, 150 mM NaCl, pH 7.4)
and suspended in the same buffer to an optical density
(OD) of 1.0 at 700 nm,

For a bacterial precipitation assay, 6 ml of a suspension
of CNTs treated by ultrasonication in PBS was added to
3 ml of the bacterial suspension in a glass bottle. As a con-
trol, PBS solution was used in substitution for CNTs solu-
tions (initial OD of final volume was 0.34; 1.4 x 10°
colony-forming units (CFU) ml™'). The solution was sha-
ken at 200 rpm for 20 min by a universal shaker (Iwaki
SHK-U3) and then centrifuged at 100g for 3 min. A 2 ml
sample of the upper suspension was transferred to a quartz
cell, and the OD at 700 nm was measured with an ultravi-
olet-visible spectrometer.

To identify the suspended carbon of the supernatant
after centrifugation, aliquots of the supernatant at a
carbon sample concentration of 0.66 mg ml~' were dried
on a slide glass. The dry substances were sputtered using

a carbon coater (Meiwa Shoji CC-40F) and then examined
by scanning electron microscopy (SEM; Hitachi S4000).
For a CFU formation assay of the supernatant after centri-
fugation, a I ml sample of each supernatant carbon sample
at concentration of 0.66 mgml~' was used. Upon serial
dilution, the diluted samples (10 pl each in triplicate) were
spread evenly onto solid BHI medium plates for aerobic
incubation at 37 °C for 3 days, and the colonies were then
counted.

For SEM observation of the precipitate after centrifuga-
tion, the precipitate was collected on a polycarbonate filter
(Advantec, 0.8 um in pore size) and immersed in a fixative
(2% glutaraldehyde in PBS) for 2h. The samples were
dehydrated in graded ethanol and dried with CO, in a crit-
ical point dryer (Hitachi HCP-1). The cells were sputtered
using a carbon coater and then examined by SEM.

3. Results and discussion

The adhesive activities of the CNTs were assessed by a
bacterial precipitation assay using S. mutans. The results
of the precipitation assay are presented in Fig. la and b.
When the bacterial suspensions were mixed with the CNTs,
there was loss in supernatant turbidity with an increase in
the amount of CNTs. The results clearly show that CNTs
have adhesive ability. These results regarding S. mutans
adhesion to CNTs are in agreement with the previously
reported results regarding bacterial adhesion to CNTs in
the case of E. coli [7-10]. Among the carbon samples, the
precipitation efficiency of 30-MWCNTs was the highest,
with a maximum at 0.17 mg ml~' concentration. SWCNTs
were less effective because they were not easily dispersed
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Fig. I. (a) OD (at 700 nm) of the supernatant in precipitation assay with carbon samples. Results are presented as means + SE of three experiments. The
upper dotted line is the OD value (0.34) of PBS before centrifugation (control). (b) Photographs of 8. mutans mixed with carbon samples: PBS (b-1);
SWCNTSs (b-2): 30-MWCNTSs (b-3); 200-MWCNTSs (b-4); AC (b-5) after centrifugation.
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before mixing with the bacteria; and 200-MWCNTs
seemed to be less effective because some of them did not
precipitate but remained suspended in the solution.

Fig. 2 shows that the number of free S. mutans and/or
S.  mutans adhering to suspended carbon samples
depends on the type of carbon sample employed. A con-
siderable number of free bacteria were observed with
PBS and SWCNTs. However, few free bacteria were
observed with 30-MWCNTs, 200-MWCNTs and AC.
Moreover, with 200-MWCNTs and AC, a comparatively
large amount of suspended carbon was observed. In the
AC, small particles (particle size 1-10 um) were observed
in the AC particles. These carbon suspensions occur
when bacteria or bacterial products act as surfactants.
It was found that 200-MWCNTs were strongly adhesive
to bacteria but showed poor precipitation in the bacterial
suspension.

To remove the influence of the suspended carbon sam-
ples in the supernatant on the assessment of bacterial adhe-
sion, the residual amount of bacteria was evaluated by
CFU formation assay. The percentage of CFUs referenced
to the control is shown in Fig. 3. The number of free bac-
teria decreased for all carbon samples, reaching reductions
of 65-96% from the initial numbers of bacteria in the sus-
pension. In particular, 30-MWCNTs and 200-MWCNTSs
bring about the highest decrements, of 92% and 96%,
respectively. This result shows that 30-MWCNTs and
200-MWCNTs are highly adhesive to bacteria. However,
200-MWCNTs did not readily precipitate from suspension,
a large amount of them remaining suspended in the super-
natant (Fig. 2d), with the OD value of the supernatant
being comparatively high (Fig. 1).

Kim et al. [7] reported that CNT clusters show high
affinity toward and bind E. coli cells. No significant

Fig. 2. SEM images of dried supernatant on a slide glass after mixing with carbon samples at a concentration of 0.66 mg ml ' PBS (a); SWCNTs (b);

30-MWCNTSs (c); 200-MWCNTSs (d); AC (e).
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Residual amount of Bacteria (%)

Fig. 3. Residual amount of S. mutans in the supernatant after mixing with
carbon samples at 0.66 mg ml™' concentration. Results are presented as
means + SE of three experiments.

difference in the affinity of bacterial adhesion was observed
between SWCNTs and MWCNTSs. The results of the pre-
cipitation assay may be influenced by the aggregation activ-
ity of each carbon material, which in turn depends on the
differences in their diameters. Bacteria are known to attach
to AC particles by means of strong van der Waals forces
between the bacterial and the carbon surfaces [11]. There-
fore, all types of carbon material will have a high affinity
to bacteria because of the generation of van der Waals
forces. However, carbon materials with strong aggregation
activity, such as SWCNTs, are not readily dispersed in
hydrophilic solution and thus, decrease the area available
for bacterial adhesion. In contrast, carbon materials with
weak aggregation activity, such as 200-MWCNTs and
AC, in the limited size range used in this study are not read-
ily precipitated from hydrophilic solution. Our results show
30-MWCNTs had the highest precipitation efficiency,
which was attributable to both their adequate dispersibility
and aggregation activity.

Subsequently, bacterial adhesion to the CNTs of differ-
ent diameters in the precipitates was observed by SEM.
Fig. 4 shows SEM image of S. mutans adhered to CNTs
or AC in the precipitates. Several S. mutans cells adhered
to the meshwork comprising rope-like bundles of SWCNTs,
with an average diameter of about 100 nm. Similar to the
fibrous shape of the bundles of SWCNTs, fibrous extracel-
lular polymeric substances (width of about 10 nm) were also
observed at right-angles to the bacterial surface (the black
arrows in Fig. 4). Furthermore, it is notable that some of
the bundles wound around the curved surfaces of the
S. mutans cells (Fig. 4a and b). Thus, the flexibility of
the bundles seems to be greater than that of the bacterial
cell wall. Sano et al. [12] reported that SWCNTSs are worm-
like polymers in solution and have flexibility. Therefore,

SWCNTSs can adjust their structure to follow the surface
morphology of S. mutans (radius of minor axis: 500 nm).
Fig. 4a clearly shows that a bundle of SWCNTs captured
S. mutans passing through a pore of a membrane filter. A
flexible net of SWCNTs can be strongly bent without
breaking. In a similar manner, 30-MWCNTs (average
diameter of 30 nm) captured S. mutans and wound around
the curved surface of S. mutans (Fig. 4c). Poncharal et al.
[13] reported that the ripple structure in the tube caused
the MWCNTs (diameter of ~30 nm) to bend uniformly,
with a radius of curvature of 400 nm. 30-MWCNTs could
wind around the bacteria with the ripple structure. In con-
trast, though the 200-MWCNTs (average diameter of
200 nm) also adhered to the cells, they did not wind
around the surface of S. mutans (Fig. 4d). Thus, the flexi-
bility of 200-MWCNTSs seems to be less than that of the
bacterial cell wall. As for the control material (Fig. 4e),
bacterial adhesion occurred at the surface of AC (average
particle size 20 pm).

Further, rounded bacteria adhered to SWCNTSs under
these conditions. This observation contradicts the previous
result that flattened cells are inactivated on SWCNTSs,
which was reported by Kang et al. [9,10] and Brady-Est-
évez et al. [14]. The differences in morphology could depend
on the differences between Gram-positive bacteria, which
have a thick cell wall (such as S. mutans), and Gram-nega-
tive bacteria, which have a thin cell wall (such as E. coli), or
on the purity of SWCNTs. In addition, CNTs winding
around bacteria have not been clearly observed in previous
studies [7,9]. This could be explained by the difference
between Gram-positive and Gram-negative bacteria or by
the use of different procedures for mixing bacteria with
CNTs.

In our study, data from both the precipitation assay
and SEM images prove that CNTs can adhere to S.
mutans. Although all types of carbon materials show high
affinity toward bacteria because of the generation of van
der Waals forces, it has been shown that CNTs of differ-
ent diameters have significantly different effects on the
precipitation efficiency, and the ways in which they cap-
ture cells are different. We found that 30-MWCNTs had
the highest precipitation efficiency, which was attributable
to both their adequate dispersibility and aggregation
activity. This may be attributed to differences in the flex-
ibility of the nanotubes. The advantages of capturing
pathogens by winding CNTs may be to ensure stronger
adhesion and to inhibit the release and budding of cap-
tured bacteria. We believe that this could be one of the
features of CNTs.

Although the optimum conditions for precipitation are
still not clear, we have demonstrated that S. mutans can
be captured by flexible CNTs. For capturing or eliminating
bacteria, the use of CNTs that can adhere to bacteria via
physical sorption is not linked to antimicrobial resistance.
Bare CNTs having high adhesive ability could be useful
as biomaterials, e.g., as tools for the elimination of oral
pathogens at the nano-level.
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Fig. 4. SEM images of S. mutans adhered to CNTs or AC: bundles of SWCNTs wound around S. mutans (a); the bacteria adhered to the meshwork
comprising bundles of SWCNTs (b); 30-MWCNTs wound around bactenia (c¢); 200-MWCNTs adhered but did not wind (d); AC surface adhered to
bacteria (e). The white arrows indicate CNTs. The black arrows indicate fibrous substances produced by bacteria
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Abstract

Inspired by self-assembly of nano-hydroxyapatite (nHA ) on collagen associated with the 67 nm periodic microstructure of collagen,
we used multi-walled carbon nanotubes (MWCNTSs) with approximately 40 nm bamboo periodic microstructure as a template for nHA
deposition to form a nHA-MWCNT composite. The assembled apatite was analyzed by transmission electron microscopy and scanning
clectron microscopy. Defects that were analogous to edge dislocations along the carbon nanotubes’ multi-walled surfaces were the nucle-
ation sites for nHA after these defects had been functionalized principally into carboxylic groups. Spindle-shaped units consisting of an
assembly of near parallel, fibril-like nHA polycrystals were formed and oriented at a certain angle to the long axis of the carbon nano-
tubes. unlike nHA —collagen in which the nHA is oriented along the longitudinal axis of the collagen molecule. One possible explanation
for this difference is that there are more bonds for calcium chelation (-COOH, >C=0) on the collagen fibril surface than on the surface
of MWCNTSs. Spindle-shaped units that are detached from the MWCNT template are able to maintain the ordered parallel structure of
the nHA polycrystal fibril. We have thus created a self-assembled hydroxyapatite on MWCNTs.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Keywords: Carbon nanotubes: Nano-hydroxyapatite: Bioinspired: Self-assembly; Collagen

1. Introduction study the basic mechanisms of biomineralization. More-

over, insights and understanding of these mechanisms will

Various models have been designed to simulate the col-
lagen mineralization process from the gene to the peptide
level using a range of materials from natural extracellular
matrix to synthetic polymers. Such investigations aim to

" Corresponding author. Address: Nanoscience and Nanotechnology
Initiative, Division of Bioengineering, Faculty of Engineering, National
University of Singapore, Singapore 117576, Singapore. Tel.. —+65
65164272: fax: +65 67730339,

E-mwil address: bieliaos@nus.edu.sg (5. Liao).

enable better design and fabrication strategies for nano-
composites to be used for hard tissue (bone and teeth)
repair and replacement [1-8]. Zhang focused on fabricating
self-assembling peptides and protein nanofibers. He
showed that surfactant-like peptides (~2 nm in size) could
self-assemble into nanotubes with a diameter of ~30-
S0nm, which then formed an interconnected network
similar to that observed in carbon nanotubes [3] Stupp
and colleagues developed a peptide-amphiphile model to
study the self-assembly and mineralization mechanisms.

1742-7061/% - see front matter © 2007 Acta Matenalia Inc. Published by Elsevier Ltd. All rights reserved.
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After cross-linking the peptide-amphiphile fibers, Stupp
et al. were able to direct mineralization of hydroxyapatite
(HA) to form a composite material in which the crystallo-
graphic c-axes of HA were aligned along the long axes of
the fibers. This alignment is similar to that observed
between collagen [ibrils and HA crystals in natural bone
[4]. However, this model does not simulate higher-level
assembly. Because the micro-macro hierarchical structure
is not modeled, it is not possible to infer realistic gross
mechanical properties.

Since the discovery of fullerenes and carbon nanotubes,
the unique structure-dependent electrical and mechanicul
properties of carbon structures have been the subject of
extensive research [9] Potential applications include nan-
odevices, nanosensors, ultra-high-strength engineering
fibers, etc. To optimize the use of carbon nanotubes
(CNTs) in these applications, a number of strategies have
also been developed for the surface modification of CNTs
by functional groups and functional-group-anchored nano-
particles [10-12]. It has demonstrated that open-ended sin-
gle-walled carbon nanotubes (SWCNTSs) can be solubilized
in organic solvents, and can be further derivatized by the
adsorption of hydroxystilbene fluorophore onto the carbon
surface via ester coupling [12]. Mixed-monolayer-protected
Au clusters can be strongly adsorbed onto the carbon sur-
face. SWCNTSs that are prepared via alumina-membrane
synthesis and filled Pt/Ru nanoparticles can act as an elect-
rocatalyst for methanol oxidation and oxygen reduction
[13]. Han et al. reported a simple and eflective method
for preparing alkanethiolate monolayer-capped gold nano-
particles on multi-walled carbon nanotubes (MWCNTSs) by
molecularly mediated assembly [14]. In yet another demon-
stration of the self-assembly capability of CNTs, Rosca
et al. [15] and Li et al. [16] showed that after prolonged
nitric acid oxidation, the fragmented MWCNTs aligned
themselves into areas of parallel nanotubes, and had the
tendency to self-organize into aligned nanotube ribbons.
There has also been a tremendous interest in taking advan-
tage of the unique properties of CNTs for promising bio-
logical applications. MWCNTs are capable of being
shaped into three-dimensional (3-D) architectures, giving
rise to the possibility of using this material as a new form
of scaffold for tissue engineering [17). In view of the high
surface area/volume ratio, structure periodicity and molec-
ular affinity, we studied the [easibility of using MWCNTSs
as a template for the fabrication of assembled nano-
hydroxyapatite (nHA). A comparison of the mechanism
ol mineralization of this template with the mineralization
of collagen fibers may help develop a more rational design
strategy for biomimetic materials for hard tissue repair. We
hypothesize that the unique microstructure of certain
MWCNTSs with bamboo periodicity can direct the nano-
sized apatite assembly via an aqueous solution reaction,
The dislocations on the surface of these CNTs can serve
as sites for nucleation of HA after the MWCNTSs are func-
tionalized by carboxyl groups or other groups for calcium
chelation [15.18-20]. We also compare the mechanism of

in vitro mineralization of the collagen fibril unit with that
of CNTs with and without carbonate. By studying the
capability of CNTs to promote assembly and mineraliza-
tion, it is possible to gain insights in new self-assembling
mineralization systems.

2. Materials and methods

Non-carbonated nHA and carbonated nHA were pre-
pared or comparative studies using MWCNTs and colla-
gen as nucleation templates. MWCNTs with bamboo
structures provided by Nanolab Inc. (USA) as shown in
Fig. la were grown by chemical vapor deposition. They
have a diameter of 20-40 nm, and an average length of
5.0 pm. The purification procedure for MWCNTs was as
follows: First, MWCNTs were heated to approximately
773 K for 90 min under atmospheric conditions. Next, the
cooled MWCNTs were transferred into a flask containing
6 M HCI and treated at 333 K for 2 h to remove residual
metals and metal oxides. The acid solution was filtered
using a polytetrafluoroethylene membrane filter with a pore
size of 0.2 um. The filtered cake was rinsed out with double-
distilled water and subsequently dried at 333 K for 12 h.

The above-purified MWCNTs were added to 0.5 M ace-
tic acid. Solutions of 0.5 M CaCl; and 0.5 M H;PO, (Ca/P
= 1.66) were gradually added through separate tube pumps
and the mixture stirred for 1 h. The mixture was then sep-
arated into two equal portions. A solution of Na,CO,
(molar ratio of COﬁ‘/POi' = 3) was gradually added to
one of these portions. Both portions were stirred for
30 min, and then titrated with sodium hydroxide to pH 9
at room temperature [21]. After aging the solution for
2h, two types of materials, namely nHA/MWCNTs
(nHAM) and nano-carbonated HA/MWCNTs (nCHAM)
were harvested from each of the portions by centrifugation
and freeze-drying.

The above process was repeated with type I atelocolla-
gen gel (2 wt.%, Koken Company, Japan) to make nHA/
collagen (nHAC) and nano-carbonated HA/collagen
(NCHAC) in a similar manner.

X-ray diffraction (XRD) analysis was performed in a
Rigaku/Multflex diffractometer using Ni-filtered Cu Ko
radiation, in the 26 range of 10°-80° at a scan rate of
2°min ', with a sampling interval of 0.02°. Data were ana-
lyzed by the accompanying MDI JADEG6 software [22). The
diffraction peak broadening due to small crystallites can be
semi-quantitatively estimated from the Scherrer equation:
P = (KA)/(Dcos ) [23]. f#) 2 is the Tull-width at half max-
imum in 20 and this is automatically calculated by the MDI
JADESG software. K is a constant thal we set to 1, 4 is the
X-ray wavelength in Angstroms, D is roughly the average
crystallite size and the ) is the diffraction angle of the cor-
responding reflex.

A Raman spectrometer (Dilor Jobin Yvon Spex, Group
Horiba) was also used to evaluate the samples.

The carbonated weight percentages were measured using
thermogravimetric analysis (TGA) (Rigaku Thermoflex
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Fig. 1. (a) TEM of nanoscale bamboo structure in MWCNTs, The periodic structure of the bamboo i1s about 39.6 = 11.8nm (n

5). (b) SEM

micrographs of nHAM. The spindle unit is about 300 nm long. (¢) Network of MWCNTs with nHA shown in region A of (b). Arrows | and 2 refer to the
nHA attached to MWCNTSs. arrow 2 denotes a relatively large nHA spindle unit. Dashed arrows refer to a small nHA spindle unit. (d) TEM analysis of
arca corresponding to region B in (b). Arrow 3 shows assembly of pure nHA and arrow 4 shows a small spindle unit of nHA. Arrows 2 and 3 indicate the
same level spindle unit of nHA crystals. SAED of arrow 3 referring to a bundle of apatite is shown at the top left corner. This SAED demonstrates the

orientation of the nHA phase

TGRI110/TAS100). Samples were heated at room tempera-
ture to a maximum temperature of 1000 °C at a heating
rate of 10°C min '. As in natural bone, the weight per-
centage of water content, organic material (mostly colla-
gen). carbonated apatite and residual mineral (calcium
phosphate) of the sample can be determined by the three
stages of weight loss during the heating process [24.25].

To prepare samples for transmission electron micros-
copy (TEM), a drop of the aged reaction solution prior
to the freeze-drying step was placed on a carbon film-sup-
ported copper grid. After air-drying, the sample was
observed on a Hitachi-800 microscope at 150 kV. The
freeze-dried samples after gold coating were observed by
field emission scanning electron microscopy (FESEM) (Sir-
ion 200, FEI Company, Delaware, USA).

3. Results

The periodic length of a typical MWCNT is approxi-
mately 40 nm (Fig. la). SEM micrograph observations
(Fig. 1b) showed that assembled nHA was associated with
MWCNTSs. In general, the nHA was self-assembled into
spindle-shaped units (Fig. 1b-d) of varying sizes. For
example, the spindle-shaped units in region A of Fig. 1b
are much smaller than the spindle-shaped units in region
B. It is also observed that those spindle-shaped units that
are still attached to MWCNTs (dashed arrow in Fig. 1c)
are smaller than those that are detached from the
MWCNTSs (Fig. 1d, arrow 3). Occasionally, smaller spin-

dle-shaped units were observed to be detached from
MWCNTs (Fig. 1d, arrow 4). Selected area electron dif-
fraction (SAED) of the apatite domain (Fig. Id, arrow 3,
referring to the apatite bundle) revealed that the spindle-
shaped units were oriented in the same direction as the
c-axes of nHA. This is highly suggestive that the spindle-
shaped units are formed from an assembly of near-parallel
nHA polycrystal fibril. In general, the spindle-shaped units
that are detached from MWCNTs are larger than those
spindle-shaped units that are still attached to MWCNTs,
The initiation and crystallization phases are continuous
processes, which start and terminate randomly at the differ-
ent sites, and result in spindle-shaped units that vary in size
from different regions depending on the local conditions.
The detached spindle-shaped units are not only larger but
also tend to be more uniform in size.

In this case, the spindle-shaped units tend to orient at an
angle of 45° (44.8 + 3.2°, n = 5) with respect to the longitu-
dinal axis of the MWCNTs (Fig. 2a and b). The HRTEM
image of the HA crystal on the surface of the MWCNTs
revealed an apatite lattice spacing of 0.344 nm, correspond-
ing to the (002) lattice plane of HA (Fig. 2b). As such, the
angle between the MWOCNT longitudal direction (white
arrow) and the formed nHA c-axis (black arrow of crystal
1) was about 45° in this position. The three nHA crystals
(1, 2 and 3) in Fig. 2b indicated that each nHA fibril was
in a polycrystalline phase consisting of many connected
small nHA crystals (Fig. 2a). Crystals 2 and 3 showed dif-
ferent directions to crystal | as denoted by the black
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Fig. 2. Directional relationship of nHA and MWCNTs. HA polycrystal
fibrils are arranged in parallel to form spindle-shape units that are oriented
at an angle relative to the longitudinal axis of CNTs. The white arrow
refers to the longitudinal direction of the MWCNTs: the black arrow
refers to the orientation of the long axis of nHA [002]. (a) TEM image
from Fig, lc. (b) HRTEM image of nHA/MWOCNT., The crystal lattice
spacing was 0.344 nm, corresponding to the (002) surface of HA. The
angle between the nHA and the MWCNTSs was about 45°, Nos. 1. 2 and 3
indicate three HA nanocrystals, as part of a nHA polycrystal fibril

arrows. This interpretation is also consistent with the typ-
ical SAED pattern in Fig. 1d.

A comparison between nHA derived from collagen tem-
plates and those derived from MWCNT templates revealed
that low-level assemblies consisting of spindle-shaped units
were similar in size and shape (Fig. 3a and b). Typically,
these spindle-shaped units are more than 300 nm in length
and about 60 nm in width. This microstructure may be due
to the over-growth of HA on the templates (collagen or

{cta Biomaterialia 3 (2007 ) 669675

MWCNTs) provided that there is sufficient space for con-
tinuous growth.

Carbonate can be incorporated into nHA using the bio-
mimetic method described here. The XRD spectra (Fig. 4)
showed that all four matenals (nHAC, nHAM, nCHAC
and nCHAM) were nHA, except for nHAM, which con-
tained micrometer levels of brushite impurities. Brushite
is not usually seen when collagen is used as a template
because the abundance of nucleation sites and the spatial
structure of collagen molecules limit excess growth of
nHA and brushite formation. Using software to calculate
the peak of [002] in the X-ray data spectra, the average
crystal size of each material (nHAM, nCHAM, nHAC,
nCHAC) was 41.93+4.70, 16.32 +£2.92, 26.61 +16.33
and 11.61 £ 0.52 nm, respectively. Without the addition
of carbonate during preparation, nHAM and nHAC both
produced an apatite phase that was larger than those in
nCHAM and nCHAC. This is consistent with the TEM
observations. From the TEM results (data not shown),
the carbonated nHA in nCHAC and nCHAM in general
are less than 100 nm in length. The carbonated nHA

Brushite =~ MWCNT CHA
¢ o ®

* . o (a) nHAM
klAWNM.
o

WA ‘ (b) n"CHAM
St s et
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(¢c) nHAC
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Fig. 4. XRD spectra of (a) nHAM, (b) nCHAM, (c) nHAC and (d)
nCHAC. Except for (a). the others are nano-carbonated HA phase
without any impurities. (a) 1s nano-carbonated HA with brushite. From
the calculation of the peak of [002]in the spectra. the HA average crystal
size for each material was 41.93 +4.70, 16,32 + 2,92, 26.61 = 16.33 and
11.6]1 = 0.52 nm, respectively. The carbonated HA phases in (b) and (d)
were both smaller than those of (a) and (c)

o

Fig. 3. Spindle-shaped units of apatite co-precipitated with (a) collagen and (b) MWCNTSs are of similar size, Each unit is greater than 300 nm in length

and 60 nm in width,
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(nCHAC and nCHAM) is relatively smaller than the non-
carbonated nHA (nHAC and nHAM). In addition to
reducing crystal size, carbonation also causes a reduction
in tendency to self-assemble into spindle-shaped units,
especially when mineralization is carried out with
MWCNTs. As a result, only a few of the nCHAC polycrys-
tal fibrils were oriented in a parallel fashion, and in
nCHAM there was no distinctive parallel orientation of
the polycrystal fibrils. TGA results showed that the carbon-
ate content found in the four materials (nHAM, nCHAM,
nHAC, nCHAC) was 4.9%, 7.1%, 4.8% and 7.1%, respec-
tively. The detection of carbonate in nHAM and nHAC
is probably due to the absorption of atmospheric carbonate
during the preparation process. These results also mean
that a slight increase in carbonate content in the compos-
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Fig. 5. Raman Spectra of (a) nHAM, (b) nCHAM, (¢) nHAC and (d)
nCHAC. After replacing MWCNT with collagen. the distinct peaks of
amide and C-H were seen. Phosphate was seen in all four spectra, but the
phosphate bands in (¢) and (d) were higher than those in (a) and (b). In the
enlarged portion of (a) and (b). D and G modes are indicated in the upper
part of spectra. This is a significant D-mode peak consisting of two sub-
peaks. Comparing D-mode peaks of (a) and (b), peaks did not shift
significantly (about 1405.775-1370.592 em '), and hence this was assigned
as the disorder-induced D mode. The D-mode peak is attributed to a finite
particle size effect or lattice distortion, such as defects in the curved
graphite sheets, tube ends or bamboo structures. On the other hand. the G
mode in the two spectra did not show any significant peaks. which is a
charactenstic of graphite sheets.

ites is associated with a significant decrease in the crystal
size regardless of the type of template used.

In order to detect the interaction between the templates
and nHA, we compared the four composites by Raman
spectroscopy (Fig. 5). In the enlarged portion of the graph
for nHA prepared with MWCNTSs, the D and G modes are
shown. The D mode has a significant peak, which is made
up of two sub-peaks. Comparing the D mode of nHAM
and nCHAM, there was no significant shift in the peaks
(from 1406 to 1370 cm '), and hence this was assigned as
the disorder-induced D mode. The D-mode peak is attrib-
uted to a finite particle size effect or lattice distortion, such
as defects in the curved graphite sheets, tube ends or finite
size crystalline domains in the nanotubes (nanobells or
bamboo structures), etc. [26,27]. The G mode in both spec-
tra occurred at about 1600 cm ', The G mode also did not
display any obvious peaks, which is a characteristic of
graphite sheets. However, after replacing MWCNT tem-
plates with collagen, distinct peaks of amide and C-H were
observed in the spectra.

4. Discussion

It is demonstrated that nucleation and growth of nHA
can be initiated by MWCNTs. Raman spectra of nHAM
revealed large quantities of surface defects around the
MWCNTs. HRTEM of MWCNTs reveals a class of
defects analogous to edge dislocation in a crystal [28]
These defects are sites for nucleation and growth of nHA
crystals. We suspect that when the aggregations of nHA
polycrystal fibril forming the spindle-shaped units reach a
sufficient size, these spindle-shaped units become more sus-
ceptible to detachment from the MWCNTs. Such specula-
tion is consistent with the observation that detached
spindle-shaped units tend to be larger. As a result, we pos-
tulate that once the spindle-shaped units have reached a
sufficient size, they are detached from the MWCNTs, pos-
sibly due to the agitation from stirring, and once detached,
the assembly process terminates.

Some investigators reported that several weeks are
required for sufficient mineralization to occur if simulated
body fluid (SBF) or modified SBF is used [8.29]. There is
no apatite formation with CNTs using standard SBF or
PBS unless F ions are added and the phosphate concentra-
tion is increased [30]. These findings are analogous to our
experience that CNTs are not as strong a template as col-
lagen in inducing formation of nHA crystals. However,
in the method described here, using a mixture of calcium,
phosphate and carbonated ions, mineralization can be
achieved in less than a day.

In natural bone, collagen fibrils consist of self-assembled
collagen triple helices. Along the long axis of collagen, the
quarterly staggered pattern produces a 67 nm long periodic
structure with 40 nm hole and 27 nm folded part. The holes
provide sites for mineral nucleation and growth. Minerals
assemble along the long axis and contiguous channels
allow for the creation of 3-D layers in natural mineralized
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tissue [1.2.31]. Our previous in vitro collagen mineraliza-
tion experiment showed that HA crystals could also nucle-
ate and grow on the surface of collagen fibrils. Previous
studies have proven that the negatively charged carboxyl
and carbonyl groups found in collagen molecules can act
as nucleation sites for HA crystals [32]. This is because oxy-
gen in the hydroxyl group of HA has an epitaxial relation-
ship with the carboxyl groups of collagen. Furthermore,
HA crystals covering the surface of collagen fibrils were
observed to have their c-axes aligned along the longitudinal
axes of collagen fibrils. These mineralized collagen bundles
were assembled from parallel collagen fibers with calcium
phosphate crystals on their surfaces. In an analogous man-
ner, physical and chemical treatments can be employed to
align HA crystals. One such method is to add carboxyl
or carbonyl functional groups to CNTs so that CNTs pos-
sess both structural compatibility and chemical comple-
mentarity for mineral formation. Based on such a
complimentary and directional relationship between CNTs
and apatite, a novel method was used to induce apatite
assembly. We speculate that compared to collagen,
MWCNTs are a less ideal template for nucleation and
growth of the nHA and, as a result, brushite is formed as
a by-product. This undesirable by-product can be elimi-
nated by the addition of carbonate. In addition to the spe-
cial spatial structure of the CNT surface, it is possible that
the oxidation of the CNT surface to carboxylic group can
also enhance the nucleation of nHA. Comparison of the
relative peak ratio in the Raman spectra has shown that
MWCNTs contribute about 0.18 wt.% to the composites,
and this is much lower than the collagen content
(16.5 wt.%) for composites using collagen as a template.
Despite the small percentage of templates, MWCNTSs are
a productive template for HA crystal formation. This is
due to their large surface area (220 m” g ') with abundant
defects acting as mineral nucleation sites for HA crystalli-
zation. Moreover, the 40 nm periodic bamboo structure
provides the periodic defect structure on the surface of
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CNTs for nucleation sites of HA. In this study, we control
the size of formed HA by controlling the time of the reac-
tion. If MWCNTSs are further assembled into an aligned
array, the space between parallel CNTs will limit the
over-growth of HA, as occurs in the collagen assembly of
natural bone tissue. The hierarchical assembly of
MWCNTSs with HA can thus be recognized as being similar
to natural mineralized tissue.

In conclusion, the proposed process of apatite assembly
is summarized schematically in Fig. 6. The multi-walled
surfaces of the nanotubes provide abundant sites for the
nucleation of apatite in the solution. A single unit of the
bamboo structure was used as an example to illustrate
the mineralization process. The carboxylic groups on the
surface act as the coordination bonds for chelation of cal-
cium in HA crystals. The nucleated apatite temporarily
attaches along the interface of carbon layers (Fig. 6b).
Moreover, the growing apatite crystals can be easily
detached from the MWCNTs (Fig. 6¢) due to weak func-
tionalization of the binding groups and the unstable sup-
port of the growing apatite crystals on the curved surface
of the MWCNT. The nHA polycrystal fibrils are assembled
into a parallel array of spindle-shaped units. When the apa-
tite assembly unit reaches a sufficient size, it separates from
the carbon nanotubes probably due to the pertubation
from stirring. This exposes the surface of the MWCNTs
for further nucleation (Fig. 6a).

This separated spindle-shaped unit can be used as the
building block for assembling high-level biomaterials. An
important application is the development of substitute
material for hard tissue using this biomimetic method.
For example, enamel is a hard, wear-resistant material with
highly ordered micro/nano architecture consisting of car-
bonated HA crystallites assembled into a woven prism
structure, Organic matrix components make up less than
2% of the enamel [5,6]. Unlike bone tissues, enamel does
not contain collagen and does not undergo remodeling.
On the other hand, 60% of the underlying dentine consists

Fig. 6. Schematic illustration of the assembly process of HA on MWCNTSs. (a) Bamboo unit of the MWCNTSs. (b) The nucleation of HA on the surface of
CNTs. (c) The growth of the HA fibrils occurs on the surface of the CNTs. The HA fibrils are oriented parallel to each other and assemble into a spindle
unit. (d) The assembled HA dissociates from the MWCNTSs, leaving an open site for formation of new HA if sufficient calcium and phosphate ions are
present in the solution. Red rods refer to the chemical functional bonds and blue prisms refer to nHA polyerystal fibril. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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of mineral crystals, which grow in the gaps between stag-
gered or overlapped collagen fibrils. Until now, there has
been no effective method for the preparation of hierarchical
materials such as enamel and dentine. The nanoscale simi-
larity between nHA assembled on MWCNTSs and natural
enamel tissue opens the possibility of fabricating biomi-
metic materials similar to natural tooth. In view of previ-
ously unsuccessful attempts to mimic the hierarchical
structure of enamel on the nanometer and micrometer
scales [33], carbon nanotubes may provide a promising
platform for further research in the systematic incorpora-
tion and assembly of organic, inorganic and biological
composites in a template for nucleation, growth and align-
ment over multiple length scales. Therefore, future work
will be focused on the high-level self-assembly of function-
alized MWCNTs and HA, which could lead to a more
complete imitation of natural hard tissue.
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Abstract: Carbon nanotubes (CNTs) have been shown to
affect cell behavior. But how and why the CNTs affect
potential differentiation of the attached cells has not been
largely known. In this study, multiwalled carbon nanotubes
(MWNTs) and graphite (GP) were pressed as compacts.
Higher ability of CNTs to adsorb proteins, compared with
GP, was shown. Myoblastic mouse cells (C2C12) were cul-
tured and the cell responses to the two kinds of compacts
were compared in vitro. Meanwhile, we used cell culture on
the culture plate as a control. During the conventional cul-
ture, significantly better cell attachment, proliferation, and
differentiation of cells on the MWNTs were found. To con-
firm the hypothesis that the larger amount of protein
adsorbed on the CNTs was crucial for this, we made the

compacts adsorb more proteins in culture medium with
50% fetal bovine serum (FBS) before cell culture. With the
adsorption of the proteins in advance, the increments of the
total-protein/DNA and alkaline phosphatase (ALP)/DNA
for the MWNTSs was respectively as about 11 times and 18
times as the increments of those for GP and the control at
both day 4 and day 7. Therefore, the CNTs might induce
cellular functions by adsorbing more proteins, which indi-
cated that the CNTs might be a candidate for scaffold mate-
rial for tissue engineering. © 2008 Wiley Periodicals, Inc.
] Biomed Mater Res 00A: 000000, 2008

Key words: carbon nanotubes; cell differentiation; alkaline
phosphatase (ALP); protein; tissue engineering

INTRODUCTION

The practice of using tissue engineering to repair
tissue damages is attracting more and more atten-
tion.' ™ Scaffolds, lying at the heart of all the new tis-
sue engineering approaches, act as a substrate for
cellular attachment, proliferation, and differentia-
tion.”® In the imminent ageing society of the 21st
century, nanomaterials have been widely investi-
gated for potential applicaton in the medical
field.”"” The nano-dimensionality of nature has logi-
cally given rise to the interest in using nanomaterials
to prepare scaffolds for tissue engineering. These
materials have the potential to have a significant
impact on tissue engineering.''"* Carbon nanotubes
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(CNTs), one of the most representative nanomateri-
als, with unique electrical, mechanical, and surface
properties, were first reported in the year of 1991
and up to now appear well suited as a biomate-
eigl}* ¥

Several studies have been carried out on the inter-
action between CNTs and a variety of cells including
osteoblasts, showing CNTs to be excellent substrates
for cellular attachment and growth.”® ™ But few (if
any) studies have elucidated the effect of CNTs on
the protein content and potential differentiation of
the attached cells, although cell differentiation is also
very important for tissue repair.””

To start the differentiation of cells, it has been sug-
gested that nanostructures of the biomaterials are
critical. **™* In other words, the microenvironment
around the cells may be crucial.*** Fujibayashi et al.
suggested that even a nonsoluble metal that contains
no calcium or phosphorus can be an osteoinductive
material when treated to form an appropriate nano-
structure.’' Popat et al. presented osteogenic differ-
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entiation of C57 B] mice marrow stromal cells on
nanoporous alumina surfaces, suggesting the ability
of nanostructured biomaterials to enhance cell differ-
entiation.*” Yim et al. reported the nanopatterns,
reproduced on poly (dimethylsiloxan) (PDMS) using
soft lithography on the nanoimprinted poly (methyl
methacrylate) (PMMA)-coated Si master mold,
played an important role in directing differentiation
of adult stem cells into neuronal lineage.J¢3

In this study, myoblastic mouse cells (C2C12)
were cultured on multiwalled CNTs (MWNTs) com-
pacts, comparing on graphite (GP) compacts, with
and without the adsorption of fetal bovine serum
(FBS) in advance. Cell differentiation was examined
and compared, as well as cell attachment and pro-
liferation. Meanwhile, we used cell culture on the
culture plate as a control.

MATERIALS AND METHODS

Materials

MWNTs used in this study were obtained from Nano-
Lab (Brighton, MA). The MWNTs of curled shape with
about 90 nm in diameter were produced by the chemical
vapor deposition (CVD) method. The purification proce-
dure for MWNTs was as follows: First, MWNTs were
heated to ~500 C for 90 min under atmospheric condi-
tions. Next, the cooled MWNTs were transferred into a
flask containing 6M HCI and treated at 60 C for 2 h, and
then washed thoroughly with deionized water and com-
pletely dried. The GP particles used in this study were
about 4.5 pym in diameter.

Fabrication of compacts

MWCTs and GP with the same weight were separately
compacted serially in a steel-tool die via a uniaxial press-
ing cycle (0.09 GPa for 2 min, then 0.22 GPa for 3 min,
finally 0.36 GPa for 3 min) at room temperature. The com-
pacts were washed ultrasonically with acetone, 70% etha-
nol, and RX-water for 15 min and then dried at 60 C. All
the compacts were sterilized by ultraviolet radiation for 48
h prior to experiments with cells. The morphology of the
compacts was examined by scanning electron microscopy
(SEM; 5-4000, Hitachi, Japan).

Evaluation of protein adsorption on the compacts

Before cells culture, ability to adsorb proteins of the
compacts was evaluated. At first, 0.25% FBS (250 puL FBS
in 100 mL 25 ppm NaN3 solution) were sterilized with
0.22 um filter. After immersing the compacts respectively
for 1, 4, and 7 days, the residual protein content (P)) of the
FBS solution (3 mL per sample, 1 = 5) was determined
with the QuantiPro™ BCA Assay Kit (TaKaRa BIO INC,
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Japan) according to the guideline of the company. The flu-
orescence was measured with a BIO-TEK automate micro-
plate reader at 620 nm. The adsorbed protein (P,) was
determined by the formula of (0.25% — P;)/0.25%.

Conventional cell culture on the samples

The compacts were placed in the cell culture plates.
Then C2C12 were respectively seeded on the compacts
with a cell density of 2.0 x 10* per sample. Then the sam-
ples were put into an incubator at 37 C in a humidified
atmosphere with 5% CO, and 95% air for 4 h. Finally, 2.5-
mL culture medium, Dulbecco’s modified Eagle’s medium
(DMEM; Sigma) with 10% fetal bovine serum (FBS; Bio-
west) and 1% penicillin/streptomycin (100 U/mL penicil-
lin, 10 pg/mL streptomycin), was added into the walls of
the plates and then, the plates were put back to the incu-
bator. The culture mediums were refreshed twice a week.

SEM observation

At the prescribed time, the samples were rinsed with
PBS to remove nonadherent cells, fixed in a solution of 2%
glutaraldehyde, and postfixed in a 1% osmium tetroxide
solution. Then, the samples were dehydrated in a series of
solutions with increasing ethanol concentrations, followed
by critical-point drying at 40 C. Finally, the morphology of
the cells on the compacts was examined by SEM (5-4000,
Hitachi, Japan).

DNA, ALP, and total protein analyses

After cell culture, the samples with cells were washed
by PBS for three times after the cultured medium was
totally removed. Then the samples were stored in the
freezer at —80 C for at least 12 h for the biochemical anal-
yses. As soon as the plates were taken out from the
freezer, they were kept on the ice, prepared in advance.
And then 0.5 mL 0.2% triton was put into each wall with
samples in the plates. The plates were shook gently for 45
min. Finally, the solutions were analyzed for DNA, ALP,
and protein content.

DNA content was determined with the CyQuant Cell
Proliferation Assay Kit (Invitrogen) according to the guide-
line of the company. About 0.1 mL of each sample (1 = 4)
were diluted in TE to a final volume of 1.0-mL test tubes.
Then 1.0-mL of aqueous working solution (dye) was added
to each sample. After the tubes were incubated for about
3 min, the fluorescence using instrument parameters was
measured at an emission wavelength of 520 nm and excita-
tion of 480 nm. The DNA content of cells attached on the
porous samples was counted through a premade standard
DNA curve. DNA content was expressed as mean * SD.

For the determination of ALP content, 20 puL of each
sample (1 = 4) was added to the walls of a 96-wall plate
and then 100 uL Paranitrophenylphosphate (PNP) solution
was added. After shaken gently, the plate was incubated
at 37 C for 15 min. After 80 uL stop solution (0.2 mol/L
sodium hydroxide) was added, the plate was read with a
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(a)

Figure 1.

BIO-TEK automate microplate reader at 405 nm. For the
standard curve, serial dilutions of p-Nitrophenol were
Finally, the ALP content of cells was counted
through the standard curve. The value was expressed as
SD.

Total protein content was determined with the Quanti-
Pro™ BCA Assay Kit (TaKaRa BIO INC). A total of 100
uL of each sample (n
wall and then 100 pul. BCA solution was added
plate was continuously shaken for 2 h in dark at room
temperature. Finally, the fluorescence was measured with

made

mean

4) was added to the walls of a 96-
I'hen, the

a BIO-TEK automate microplate reader at 620 nm. The
protein content, a'\pl'l’\\t'd as mean SD, was counted

through a premade standard protein curve

Cell culture on the samples after adsorbing FBS

Al first, the samples were respectively immersed into
culture medium containing 50% FBS for 24 h in an incuba-
tor at 37 C in a humidified atmosphere with 5% CO, and
95% air. Then, the FBS solution was completely removed
the cultured medium of
C2C12 with 1" FBS for three times. C2C12 was respec
tively cultured on the samples with a cell density of 4.0

and the discs were washed by

i : . :
107 per sample. After cell culture in culture medium with
1% FBS for certain time, DNA, ALP, and total protein con
tent were examined with the methods mentioned above

Statistical analysis

Statistical calculations were done with the SPSS (Chi-
cago, IL) 12.0 software. Paired Student’s f-test was used to
analyze differences experiments results between different

samples. p < 0.05 was regarded as significant difference

RESULTS

The SEM images of the compacts were shown in
Figure 1. The distinct difference in the structures
between the MWNTs and GP compacts was exhib-
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(b)

SEM images of the compacts: MWCNs (a); GP (b).

ited. MWNTs formed a packed meshwork nano-
structure, whereas GI’ compacts were formed with
particles of about 4.5 pm. The ability to adsorb pro-
teins of the compacts was showed in Figure 2, which
showed that MWNTs compacts had much better
ability to adsorb proteins than GP
Although the mean value of the protein adsorption
of GP compacts was greater than that of the culture
plates (control), the statistical analysis showed that
there was no significant difference between the two
group values (p > 0.05).

compacts.

Morphology of C2C12 cells cultured for 7 days on
the compacts was shown in Figure 3. More cells
could be observed on MWNTs than on GP compacts.
Cells on MWNTs nearly grew to confluence after
cultured for 7 days. For a comparison of cell attach-
ment and proliferation at a quantitative stage, the
DNA analysis of cells cultured on the
different samples for 1, 4, and 7 days were shown in
Figure

results of

4. We used the slope of the curves in the
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Figure 2. Protein adsorption of the samples (1 = 5)
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(a)

Figure 3.

Figure 4 to estimate the cell proliferation, and
thought that the difference in the DNA value at day
] was mainly due to the different cell attachment.
As shown in Figure 4, both the values at day 1 and
the slope of the two curves are significantly greater,
suggesting that C2C12 attach and proliferate better
on MWNTs than on GP compacts (slop of the two
curves from day 1 to day 4: 0.558 = 0.022 vs. 0.219
= 0.0155, p < 0.01 < 0.05; from day 4 to day 7: 0.489

0.096 vs. 0.166 = 0.0115, p 0.01 0.05). Cell
attached better on the plates (control) than on
MWNTs, but no significant difference was found in
the cell proliferation between on the plates and on
the MWNTs (slop of the two curves from day 1 to
day 4: 0.558 = 0.022 vs. 0.563 * 0.021, p > 0.05; from
day 4 to day 7: 0.489 = 0.096 vs. 0.468 = 0.0311, p >
0.05), which might be because of the influence of the
composition of the materials and the
adsorbed on the materials together.

Figure 5 showed the results of ALI’/DNA (alka-
line phosphatase per unit cell). ALP/DNA of C2C12

proteins

011 3
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Figure 4. Results of DNA analysis of C2C12 cultured on
samples (i1 = 4)
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SEM images of cells conventionally cultured for 7 days on: MWNTs (a) and GP (b)

cultured on MWNTs compacts was significantly
higher than that on GP compacts and on the plates
at each culture time point of 1, 4, and days,
whereas this value for GP compacts and control had
no significant difference at each time point, suggest-
ing that C2C12 differentiate toward osteogenic better
on MWNTs than on GP and the plates. At day 7, the
value for MWNTs was as about four times as that
for GP and the control.

lotal-protein/DNA (total protein content per unit
cell) was showed in Figure 6. Total-protein/DNA of
c2C12
than on GP and the culture plates at each culture
time point of 1, 4, and 7 days. At day 7,
for MWNTs was as about two times as that for GP.
the Although the mean value of GP compacts was
greater than that of the culture plates (control) at

cells on MMNTs was significantly higher

the value

day 4 and 7, the statistical analysis showed that
there was no significant difference between the two
group values (p > 0.05).
60 -
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Figure 5. ALP/DNA of C2C12 cells conventionally cul-
tured on samples (1 = 4)
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Figure 6. Total-protein/DNA of C2C12 cells convention-
ally cultured on samples (1 = 4).

Figure 7 showed ALP/DNA of C2C12 on the sam-
ples after adsorbing FBS at day 4 and day 7, com-
pared with the results of the conventional cell cul-
ture. After the adsorption of FBS, ALP/DNA of cells
on MWNTs increased significantly, while the value
for GP increased slightly. The increased value for
MWNTs was as about 18 times as that for GP and
the control at both day 4 and day 7. The value for
GP and the culture plates had no significant differ-
ence even after the adsorption of FBS (p > 0.05).

Total-protein/DNA of C2C12 on the samples after
adsorbing FBS at day 4 and day 7, comparing with
the results of the conventional cell culture, was
showed in Figure 8. Although the total-protein/
DNA of cells on all the samples all increased after
the adsorption of FBS, the value for MWNTs

[Z= On MWNTs after adsorbed FBS
[ On GP after adsorbed FBS
1200 4 Il On the piates after adsorbed FBS
_L === Conventionally cultured on MWNTs
1 7 [T Conventionally cultured on GP

1000 4 7 Conventional cultured on the plates
L i
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Figure 7. ALP/DNA of C2C12 cells cultured on samples

with and without the adsorption of FBS in advance (n = 4).

5
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[1©On GP after adsorbed FBS

Il On the plates after adsorbed FBS
120004 Convertionally cultured on MWNTs
[[—] Convertionally cultured on GP
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Total-protein/DNA

e l
7

Culture time (day)

B
Tl

Figure 8, Total-protein/DNA of C2C12 cells cultured on
samples with and without the adsorption of FBS in
advance (n = 4).

increased most observably. The increased value for
MWNTs was as about 11 times as that for GP and
the control at both day 4 and day 7. The value for
GP and the culture plates had no significant differ-
ence even after the adsorption of FBS (p > 0.05).

DISCUSSION

It has been previously reported that the biological
response to implanted material is determined not
only by its chemistry, but also by surface energy and
mpngraphy‘“‘w'm Cells in their natural environment
interact with extracellular matrix (ECM) components
in the nanometer scale.”'*” Logically, nanoscaled
biomaterials should have positive effect on the cell
functions.

We believe our study is the first time that C2C12
line, a multipotent cell line able to differentiate to-
ward different phenotypes under the action of spe-
cific proteins, some chemical or biological factors,
was cultured on the CNTs, and that not only cell
attachment and proliferation, but also cell differen-
tiation and cell activity were investigated. CNTs and
GP are both isomorphs of pure carbon, composed of
the same grapheme sheet structure. However, only
CNTs have nanostructures. So in this study, compar-
ison of the influence of CNTs and GP on C2C12 cells
in vitro was done to figure out the effect of CNTs on
cellular functions. Meanwhile, we used cell culture
on the culture plate, which was made of polystyrene
and tissue-culture treated, as a control.

The results showed that C2C12 attached and pro-
liferated better on MWNTSs than on GP. These results
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are consistent with what Aoki et al. have reported in
their work, where they found osteoblasts attached
and proliferated better on multiwalled and single-
walled CNTs than on GP.'”*® We think that in this
study cells attachment and proliferation might be
mainly influenced not only by the composition of
the materials, but also by the proteins adsorbed on
the materials together. Kilpadi et al. found that some
specific proteins have different influence on human
marrow stromal cells attachment and saos-2 osteo-
sarcoma cells attachments on hydroxylapatite.™
Since MWNTs compacts had higher ability to adsorb
the proteins or higher affinities toward proteins than
GP (Fig. 2), they should adsorb more proteins from
the culture medium and these proteins might
improve the attachment and proliferation of C2C12
cells.

Besides cell attachment and proliferation, cell dif-
ferentiation should be most important evaluation
point for biomaterials because it may directly con-
tribute to the tissue repair. So in this study our focus
has been mostly on this. Evaluating the proteins in
cells may be an effective method to evaluate the dif-
ferentiation. In this study, we used total-protein/
DNA to evaluate the effect of MWNTSs on the poten-
tial of the differentiation of per unit C2C12 cell.
Meanwhile, we used the change in ALP/DNA of
C2C12 cells to reify this effect. The technique, we
used in this study for lysing cells before ALP, DNA,
and protein analyses, has been confirmed that only
cells, no adsorbed proteins, could be lysed from the
samples in advance. From the results of conventional
cell culture, we found that the ALP/DNA of C2C12
on MWNTs was significantly higher than on GP and
the culture plates, suggesting that MWNTs induce
this kind of cell to differentiate into osteogentic cells
more than GP and culture plates. So, CNTs may be
osteoinductive under certain circumstances. Some
publications have shown that although with the
same chemical composition, some materials are
osteoinductive, some others are not**™>" These
osteoinductive materials all have specific struc-
tures, indicating larger surface area and therefore
higher ability to adsorb proteins. The work of Ripa-
monti and coworkers demonstrated that osteoin-
ductivity in hydroxyapatite was linked to the pre-
cise shape of surface concavities in implants, which
indicated a larger surface area, and that by using
immunolocalization they demonstrated that this
osteoinductivity occurred as a result of a concentra-
tion of specific proteins within the surface concav-
ities. >

ALP is one kind of protein and only account for
small ratio of total proteins in cells. So analyzing
total proteins in cells may be an evaluation of the
potential of cell differentiation into the expected
cells. From the conventional cell culture in this
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study, we found that the total-protein/DNA C2C12
on MWNTs was significantly higher than on GP and
the culture plates, which might suggest that MWNTs
induce the potential differentiation of cells more
than GP and culture plates. In other words, cells
cultured on the MWNTSs were more active.

So we hypothesized that the large amount of pro-
teins adsorbed on the MWNTs played an important
role in inducing cellular functions.

To confirm this hypothesis, we immersed the sam-
ples in culture medium containing 50% FBS to make
them adsorb more proteins before cell culture. The
results showed that after the adsorption of FBS, both
the total-protein/DNA and ALP/DNA increased on
all samples. Impressively, the value for MWNTs
increased significantly most. The increments of the
total-protein/DNA and ALP/DNA for MWNTs was
respectively as about 11 times and 18 times as the
increments of those for GP and the control at both
day 4 and day 7. Therefore, the results of cell culture
after the adsorption of FBS might be an effective
proof for our hypothesis.

Hing® has reported that competitive protein
adsorption at a biocactive surface may vary in three
ways: (i) the quantity of protein adsorbed, (ii) the
species of protein adsorbed, or (iii) the confirmation
of the adsorbed protein. Also he supposed that
nanostructures might thus influence protein adsorp-
tion by providing a larger surface area, thereby
increasing the quantity of adsorbed growth factors
above a critical level for cell recruitment and activa-
tion. In our study, we substantiated the importance
of the protein adsorption. CNTs might adsorb large
amount of proteins due to their larger surface area,
unique electronic, catalytic, and chemical properties.
These proteins might not only improve cell attach-
ment and proliferation, but also be helpful for cell
differentiation and therefore directly contribute to
tissue repair.

CONCLUSION

It has been shown in this study that the CNTs
could adsorb large amount of proteins, which might
improve not only cell attachment and proliferation
but also differentiation, which indicated that the
CNTs might be a candidate for scaffold material for
tissue engineering,.

The authors acknowledge Dr. 5. Abe and the graduate
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