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SYNOPSIS

Carbon nanotubes (CNTs) are one of the most interesting nanomaterials because of their
excellent characteristics. In this study, a transparent CNTs coating for cell culture dishes was
developed and its properties for cell culture were estimated. Carboxylated multiwalled carbon
nanotubes (MWCNTs) were dispersed in aqueous sodium cholate solution and applied on a
collagen type I-coated cell culture dish (cover glass). The dish surface was homogeneously
covered by MWCNTSs without aggregation. The MWCNT-coated dish was slightly gray and
had good transparency, so conventional optical microscopic observation of the cells on the
MWCNT-coated dish was possible. Rat osteoblast-like cells cultured on the MWCNT-coated
dish showed slightly lower viability and proliferation compared to the collagen-coated dish.
The cell adhesion on the MWCNT-coated dish was much higher than that on the
collagen-coated dish. Therefore, MWCNT-coating for dishes will be a useful new material for

cell culture.



INTRODUCTION

Carbon nanotubes (CNTs) and other carbon nanomaterials are of interest for biological
and medical applications because of their high chemical durability, mechanical strength and
electrical properties. Studies of the application of carbon nanomaterials have been carried for

10,11) 12,13)

the substrate of cell culture™, drug delivery systems and medical implant materials

Cells have high affinity to singlewalled CNTs (SWCNTs) ', multiwalled CNTs
(MWCNTs)***® and other carbon nanofibers'). The bone cell affinity to CNTs"'* and bone
formation (osseointegration) on sintered MWCNTs were reported'”. However, those
CNT-based substrates were black and had low optical transparency. Therefore, conventional
optical microscopic observation of the cultured cells on the CNT-based substrates was quite
difficult and the cells needed to be observed by scanning electron microscopy (SEM) after
fixation. However, in situ microscopic observation of cultured cells on CNTs is important to

evaluate the cell affinity to them.

MacDonald et al. reported a collagen-SWCNT composite for the cell culture substrate™.

The SWCNTs were strongly entrapped by collagen and the composite showed high
mechanical strength and good cell viability. Then good affinity between collagen and CNTs

was expected.

On the other hand, collagen is one of the most biocompatible materials, and then
collagen-coated dish is widely used for cell culture. From the Macdonald’s result, CNTs
would show high affinity to the collagen-coated dish surface. Then above CNTs remarkable
properties would be added to the collagen-coated dish. Concerning to the CNTs, purification
and surface treatment was easier carried out for MWCNTs than SWCNTs because of their
chemical stability resulted from thick tubular structure. Thus MWCNTs coating on the
collagen-coated dish would be possible by the appropriate treatment of MWCNTs.

In this study, MWCNTs were coated onto collagen-coated cell culture, in an attempt to
develop coated dishes with optically transparent MWCNTs, and the cell viability, proliferation,
and adhesion on the MWCNT-coated dishes were estimated.



MATERIAL AND METHODS
Preparation of MWCNT-coated dishes and surface roughness measurement

MWCNTs (20-30nm in diameter, Cnt, Seoul, Korea) were purified by oxidation at 500°C for
90 minutes and treated in concentrated hydrochloric acid. The purified MWCNTs were
carboxylated by the method reported by Peng et al.'” to improve their dispersion in aqueous
solutions. The carboxylated MWCNTs were dispersed in sodium cholate (1w/v%) aqueous
solution to MWCNT concentrations of 1-1,000ppm under sonication for 90 minutes. Sodium
cholate was reported to be one of the most effective surfactants for carbon nanotube
dispersion'®. The obtained MWCNT suspension (2ml/dish) was poured into a collagen type
I-coated cell culture dish (35mm ¢, Iwaki, Tokyo, Japan) and kept at room temperature for 3
hours. Then it was rinsed with deionized water, dried and employed for the following cell
culture experiments. For the SEM observations, a collagen type I coated cover glass (25mm ¢,
Iwaki, Tokyo, Japan) with the same treatment was used instead of the culture dish. Hereafter,
the dishes and the cover glasses treated with the MWCNT suspension are referred to as
“MWCNT-coated dish” and “MWCNT-coated cover glass”, respectively.

To estimate the optimum treatment conditions for the MWOCNT solution, the
collagen-coated dishes were treated with 1-1,000ppm suspensions in 1w/v% sodium cholate
aqueous solution for 1-6 hours. The homogeneity of the MWCNT coating on these dishes was
estimated by SEM observation (S-4000, Hitachi, Japan) and optimum treatment conditions
were determined. The changes in surface roughness of the collagen-coated cover glass before
and after MWCNT coating were estimated using a surface roughness meter (Surfcom 130A,

Tokyo Seimitsu, Tokyo, Japan).

Cell prolification, viability and adhesion on MWCNT-coated dishes

Rat osteoblast-like MC3T3-E1 cells were seeded onto MWCNT-coated dishes and
collagen-coated dishes at 1 x 10°cells/2ml/dish. These cells were cultured in a-MEM (Gibco,
USA) with 10% FBS (Biowest, USA) and PSN Antibiotic Mixture (Gibco, USA) at 37°C in
humidified 5% CO, for 24, 48 and 72 hours and used for the following proliferation and
viability estimations. Observation and cell counting were done under an optical microscope
after fixation and Giemsa staining (Merck, USA). The number of cells per dish was estimated
under optical microscopic observation and the cell proliferation was estimated. Cell viability
was measured by colorimetry using Alamer blue (Biosource, USA). The cells were cultured
in medium containing 10% Alamer blue and the changes in absorbance at 570nm and 600nm

were estimated using a spectrophotometer (U-1100, Hitachi, Japan). Cell adhesion was
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estimated by treatment using diluted Trypsin-EDTA solution (Gibco, USA). The MC3T3-E1
cells that were cultured to confluence on MWCNT-coated dishes and collagen-coated dishes
were treated with 0.1% and 0.02% Trypsin-EDTA solution. The decrease of the attached cells

with treatment time was evaluated under an optical microscope.

RESULTS

Fig. 1 shows SEM images of MWCNT-coated cover glasses treated with various
concentrations of carboxylated MWCNT suspension. The coverage of MWCNTs on the
surface was increased with the increase of the MWCNT concentration from 10ppm to
1,000ppm. In contrast, MWCNT aggregation was observed on the dish treated with 1,000ppm
MWCNT suspension. Therefore, the optimum concentration of the MWCNT suspension for
the coating treatment was estimated to be 100ppm. The effect of the treatment period using
100ppm suspension was also estimated and optimum MWCNT coverage was obtained after

3-hour treatment.

No significant difference was observed in the arithmetic mean surface roughness (Ra) of
the collagen- and MWCNT-coated cover glass because of the detection limit. The maximum
roughness (Rmax) of the MWCNT-coated cover glass was estimated to be 0.78 = 0.08um and
it was slightly higher than that of the collagen-coated cover glass (Rmax=0.52 + 0.05um).
Thus the MWCNT-coated surface was estimated to be as smooth as the collagen-coated
surface.

The MWCNT-coated dishes used in the following experiments were treated with
100ppm MWCNT suspension for 3 hours. The MWCNTs were strongly entrapped on the

collagen-coated surface and never released by rinsing or cell culture procedures.

Fig. 2 shows a comparison of the color and the transparency of the collagen-coated dish
and the MWCNT-coated dish. The MWCNT-coated dish looked slightly gray but had good
transparency.

Fig. 3 shows the cell proliferation on an MWCNT-coated dish and collagen-coated dish.
The cells on both dishes showed similar tendencies and their difference was not significant
until 48 hours (t-test, p<0.05). Fig. 4 shows cell viability on both dishes. The cell viability on
the MWCNT-coated dish was slightly lower than that on the collagen-coated dish.



Fig. 5 shows optical microscope images (a) and SEM images (b) of the cultured cells on
MWCNT-coated and collagen-coated dishes. The changes in cell morphology on both dishes
were similar in the optical images; however, the cells on the MWCNT-coated dish were not
widespread as those on the collagen-coated dish. Fig. 6 shows high magnification SEM
images of the filopodia of E1 cells. Large numbers of filopodia were observed in the cells on
the MWCNT-coated dish and the ends of the filopodia appeared to contact MWCNTs.

Fig. 7 shows the residual cell percentage of the dish surface in the Trypsin-EDTA
treatment period (values represent mean detachment of cells £ SD from n=4.). Cells on the
MWCNT-coated dish were detached from the dish surface within a few minutes with 0.1%
Trypsin-EDTA solution. Even with the lower concentration of Trypsin-EDTA (0.02%), all
cells on the collagen-coated dish were detached within 10 minutes. In contrast, some of the
cells on the MWCNT-coated dish remained on the surfaces of MWCNTs for more than 30
minutes of 0.1% Trypsin-EDTA treatment. Fig. 8 shows that cells were detached with 0.02%
Trypsin-EDTA solution at 2 minutes. Fig. 9 shows SEM images of the cells on an
MWCNT-coated dish after 2 minutes of treatment with 0.02% Trypsin-EDTA solution.
Mechanical contact between the filopodia and MWCNTSs could be observed.

DISCUSSION

Usually, CNTs and other carbon nanoparticles have low dispersion in aqueous solutions
because of their hydrophobicity. However purification and surface treated methods were well
studied for MWCNTSs than SWCNTs, and carboxylated MWCNTs'® can be stably dispersed
into sodium cholate aqueous solution'®. The collagen-coated dishes could be homogeneously
covered by MWCNTs using the above suspension, as shown in Fig. 1, under optimum
treatment conditions (100ppm for 3 hours). SEM and surface roughness observations revealed
that the collagen-coated surface was homogeneously and fully covered with MWCNTSs
without their aggregation. The carboxylation of MWCNTSs and sodium cholate addition were

effective to obtain homogeneous coverage of MWCNTSs on the collagen-coated dish surface.

Concerning to the interaction between CNTs and collagen, MacDonald et al. 2 reported
SWCNT-reinforced collagen. As the mechanism of SWCNT entrapment in collagen, they
suggested the blend and interaction between CNTs and collagen fibrils. In the present study,
MWCNTs were homogeneously coated on collagen-coated cell culture dishes and cover glass.
The coated MWCNTs were strongly fixed on the collagen-coated surface. Thus, strong

entrapment of MWCNTs by collagen would also have occurred via a similar mechanism
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The prepared MWCNT-coated dishes showed good transparency and conventional
optical microscopic observation could be easily carried out. Usually, cell culture studies on
CNTs were carried out on the CNTs membranes which have no optical transparency.
Therefore the observation of cells on CNT membranes should be carried out by SEM. Our
MWCNT-coated dishes had a densely packed MWCNT surface with optical transparency,
and optical microscopic observation of cells cultured on MWCNTSs became possible. Thus,
they would be suitable MWCNT substrate for cell culture study on MWCNTs.

The proliferation and viability of the cells on the MWCNT-coated dish were slightly
lower than those on the collagen-coated dish as shown in Fig. 3 and Fig. 4. In addition, the
cells on the MWCNT-coated dish were widely extended on that dish surface (Fig. 5). The cell
adhesion on the MWCNT-coated dish was quite strong as shown in Fig. 7. Aoki et al.®)
reported that the cells on an MWCNT membrane were strongly attached and were not
detached by trypsin treatment. That was in good agreement with our results. As shown in Fig.
9, mechanical contact between MWCNTs and pseudopods of the cells was observed. Aoki et
al.¥ and Zanello et al.'? also reported the same mechanical contact of bone cells cultured on
MWCNTs. This mechanical binding would be one reason for the high adhesion, and the large

specific surface area of MWCNTs would also be effective to increase the adhesion.

There were many reports of the interaction between SWCNTs and MWCNTs and variety
of cells. Hu et al.” reported good neural cell viability on MWCNTs deposited on the

polyethyleneimine-coated cover glass. Aoki et al.¥ and Zanello et al.'¥

reported the
comparison of bone cell proliferation on various CNTs. Aoki et al.” found the highest cell
proliferation and viability on the SWCNT membranes. Those for MWCNTs were lower than
for SWCNTs but higher than for graphite particles. Zanello et al. '* also reported higher cell
proliferation on SWCNTs than on MWCNTs, but the osteoblasts cultured on MWCNTs
showed an osteocyte-like shape. That suggested the differentiation of osteoblasts on
MWCNTs. Thus the interaction between various cells and CNTs was strongly interested.
However, most of CNTs substrates had no optical transparency, and then cell observation
should be carried with SEM. This means the difficulty of the conventional cell observation in
situ with optical microscope while cell cultured. Our aim was to prepare the CNTs based cell
culture substrate which is applicable for ordinary cell culture and optical microscope
observation. The obtained MWCNT-coated dish in this study had densely MWCNT-coated
surface with good optical transparency. Then, cell morphology and behavior on MWCNTSs
while cultivation could be observed with optical microscope in situ. The cell proliferation and
viability of the cells on those dish was comparable to those of the collagen-coated dish which
is known as the one of the best substrate for cell culture. In addition, cell adhesion on the
MWCNT-coated dish was extremely stronger than the collagen-coated dish. The preparation

of the present MWCNT-coated cell culture materials was quite simple and it would be
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applicable for other carbon nanomaterials e.g. SWCNTs or carbon nanohornes. Thus, the
feasibility of the MWCNT-coated dish for the application of cell culture on the MWCNTs and

other carbon nanomaterials was suggested.

The MWCNT-coated dish prepared in the present study would provide cell proliferation
and viability of the cells comparable to those of the collagen-coated dish. And cell adhesion
on the MWCNT-coated dish was extremely stronger than the collagen-coated dish. The
collagen-coated dish is one of the best substrates for cell culture. The preparation of the
present MWCNT-coated cell culture materials was quite simple and showed good

transparency. Thus, the feasibility of the MWCNT-coated dish for cell culture was suggested.

CONCLUSION

Carboxylated MWCNTs were homogeneously coated on collagen-coated cell culture
dishes. The MWCNTs were strongly entrapped on the collagen-coated dish surface and the
dishes had good optical transparency. Thus, in situ optical microscope observation of cultured
cells on the MWCNTs was possible. The viability and proliferation of MC3T3-E1 cells on
MWCNT-coated dishes were comparable to those on dishes coated with collagen, which is
one of the most appropriate substrates for cell culture. The MWCNT-coated dishes had high
cell viability comparable to that on collagen-coated dishes, and the cell adhesion on the
MWCNT-coated dishes was quite strong compared to that on the collagen-coated dishes.
SEM images suggested that one of the reasons for the strong cell adhesion on
MWCNT-coated dishes was the mechanical contact between MWCNTs and pseudopods.
Therefore, the coating of carboxylated MWCNTs on collagen-coated dishes will be useful not

only for in situ cell observation on CNTs but also for the improvement of cell adhesion.
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Fig. 1 SEM images of MWCNT adhering to collagen-coated cover glass treated with
MWCNT suspensions at the concentrations of 1, 10, 100 and 1,000ppm for 3 hours
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Fig. 2 Transparency of the MWCNT- and collagen-coated dishes
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Fig. 3 Quantification of MC3T3-E1 cell growth on an MWCNT-coated dish
Values represent mean cell counts =SD from n=6 fields of observation per
treatment; *, p<0.05 compared with MWCNT-coated dish at 72 hours.
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Fig. 4 Viability of MC3T3-E1 cells cultured on the MWCNT- and collagen-coated dishes
Values represent mean cell viability £SD from n=5; *, p<0.05 compared with

collagen-coated dish

10



- MWCNT-coated dish Co_llagen-coated dish

l\*l\-"v’gNT-.cfi e Collagen-coated dish

Fig. 5 (a) Optical microscope image of MC3T3-E1 cells on the surface of collagen-and
MWCNT-coated dishes
(b) Low magnification SEM image of MC3T3-E1 cells on the surface of collagen-
and MWCNT-coated dishes

Fig. 6 High magnification SEM images of MC3T3-E1 cells on the surface of the
collagen- and MWCNT-coated dishes
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Fig. 7 Cell attachment test
o: Collagen-coated dish, : MWCNT-coated dish.

6pm

Fig. 8 SEM images of MC3T3-E1 cells treated with 0.02% Trypsin-EDTA for 1 to 2
minutes on the surface of a collagen- and MWCNTs-coated dish
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Fig. 9 SEM images of mechanical coupling of filopodia on an MWCNT-coated dish
A: low magnification view, B: enlargement of the square in A.

The arrow: mechanical coupling between filopodia and MWCNTs.
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