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Introduction 
Titanium (Ti) is used in dental and orthopedic 
implants and in bone fixation devices [1-3] be-
cause of its strength and biological compatibility, 
including osseointegration. The surface charac-

teristics of a Ti implant typically play a crucial 
role in the ability of the implant to adhere to soft 
and hard tissue. Different Ti surface- modifica-
tion techniques, such as sandblasting [4], 
plasma-spraying [5], ceramic coating [6] and 
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Synopsis 
Titanium (Ti) is frequently used as a biomaterial in dental and orthopedic implants and in bone
fixation devices. Effective modification of the Ti surface plays a crucial role in improving biocom-
patibility. Carbon nanotubes (CNTs) are among the most interesting nanomaterials due to their
unique properties. In this study, we fabricated CNT-Ti composite surfaces by annealing Ti plates
covered by different sized CNTs (Nanocyl NC 7000, 9.5 nm diameter and VGCF-H, 150 nm di-
ameter). The properties of these surfaces were examined by scanning electron microscopy, X-ray
diffraction, energy dispersive X-ray spectroscopy, raman spectroscopy, contact angle measurement
and osteoblast-like cell seeding. In addition, samples were implanted into the subcutaneous tissue
of rats. The three-dimensional nanostructures of CNTs and creation of titanium carbide were evi-
dent on the Ti surfaces, suggesting that the CNTs were well-anchored onto the Ti plates. CNT
modification promoted desirable cell behavior, including cell spreading and proliferation, espe-
cially on the Nanocyl-modified surface. Inflammatory response was rarely observed on the Nano-
cyl surface, but macrophage-like giant cells were frequently observed on the VGCF-H surface.
Therefore, the nanomorphology of narrow diameter CNTs provides a CNT-Ti composite surface
with good biocompatibility. 
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acid-etching [7], have been investigated to im-
prove the surface of Ti implants [8-9], but poor 
osseointegration and peri-implantitis remain 
problematic [10]. 

Recently, many research studies have 
shown that the fabrication of nanostructures on a 
biomaterial surface improves its biocompatibil-
ity [11, 12]. The introduction of nanostructures 
and nanopatterns enormously increases the sur-
face area of the biomaterial, greatly increasing 
the wettability and protein absorption properties 
of the biomaterial [13]. In addition, nano- modi-
fied surfaces promote critical cellular actions 
such as cell proliferation and differentiation [14, 
15]. Therefore, the introduction of 
well-controlled nanostructures on a Ti surface 
would enhance the self-assembly and self-   
organization processes required for successful 
implant adoption by the host. 

Carbon-based nanomaterials have been ex-
tensively studied for biomedical applications. In 
particular, carbon nanotubes (CNTs) have novel 
and useful biological properties, and hold prom-
ise for use in biomedical devices as drug-   
delivery and tissue engineering scaffolds [16-19]. 
Morphological changes resulting from a CNTs 
coating have been shown to enhance the bioac-
tivity of a three-dimensional scaffold [20]. CNTs 
provided new properties to a regenerative scaf-
fold, including mechanical strength, biocom-
patibility, and enhanced cell activity and bone 
tissue deposition [21]. Akasaka et al. reported 
that CNTs effectively induced nucleation and 
growth of apatite crystallites [22]. Therefore, the 
biocompatibility of Ti implants could be en-
hanced by CNTs coating. 

Several procedures for the nano- modifica-
tion of Ti and Ti alloys using CNTs have been 
presented. For example, Terada et al. reported a 
CNT-collagen coating comprising a CNT layer 
laminated onto the surface of a collagen coating 
on the Ti; thus, the CNTs did not bind to the Ti 
surface directly [23]. Balani et al. demonstrated 
that hydroxyapatite -CNT coating onto Ti was 
performed by plasma spraying [24]. Furthermore, 
CNTs could be directly fixed onto a Ti surface 
through annealing. For example, Umeda et al. 
and Kondoh et al. reported that annealing of 
well-dispersed CNTs on a Ti surface generated a 

uniform CNT-Ti composite surface [25, 26]. 
This easy method, in which Ti surface is modi-
fied by coating and annealing of CNTs, may be 
widely selected for future clinical trials. We 
postulated that covering a Ti surface with CNT 
nanostructures by annealing would provide the 
biological properties required for biomedical 
applications. Accordingly, the aim of this study 
was to compare and assess the biological re-
sponses to a CNT-Ti composite surface and a 
pure Ti surface.  
 
Materials and Methods 
Fabrication of CNT-Ti composite surface 
Two types of multi-walled CNTs were used: 
Nanocyl NC 7000 (9.5 nm diameter, Nanocyl, 
Sambreville, Belgium) and VGCF-H (150 nm 
diameter, Showa Denko, Tokyo, Japan). Each 
CNT was dispersed in an isopropyl alcohol- 
(IPA-) based zwitterionic surfactant solution at a 
concentration of 1 wt% as described previously 
[27]. A pure Ti plate (7 × 7 × 1 mm, purity: 
99.5 %, The Nilaco Corporation, Tokyo, Japan) 
was dip-coated into each CNT dispersion. After 
drying, Ti plates were annealed at 850C in a 
vacuum furnace to remove residual IPA solution, 
resulting in a thin CNT film on the Ti. The sur-
face and cross section of each sample were 
characterized using a scanning electron micros-
copy (SEM, JSM-6500F, JEOL, Tokyo, Japan) 
coupled with an energy dispersive X-ray spec-
troscopy unit (EDS, JED-2300, JEOL) at 15 kV 
acceleration voltage. Changes in the nanostruc-
tures of Ti and the CNT layers were examined 
by X-ray diffraction (XRD, XRD-6100, Shima-
dzu, Kyoto, Japan) using Cu Kα radiation at 40 
kV and 30 mA. Diffractograms were obtained 
from 2θ = 30° to 80° at 0.02° increments at a 
scanning speed of 2°/minute. Raman data were 
collected and analyses were conducted using a 
Raman spectrophotometer (LabRAM ARAMIS, 
Horiba, Kyoto, Japan) and associated software; a 
532 nm laser was selected, and the acquisition 
time was 10 seconds. The hydrophilicity of the 
surface of each sample was investigated using a 
contact angle meter (DMs-200, Kyowa Elec-
tronic Instruments, Tokyo, Japan).  
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Cell morphology 
Mouse osteoblastic MC3T3-E1 cells (1 × 104; 
RIKEN BioResource Center, Tsukuba, Japan) 
were seeded on Ti surfaces modified with 
Nanocyl or VGCF-H, and cultured in humidified 
5% CO2 at 37°C using medium (MEM alpha- 
GlutaMAX™-I; Thermo Fisher Scientific, 
Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (FBS, Qualified; Thermo 
Fisher Scientific) and 1% antibiotics (penicillin / 

streptomycin; Thermo Fisher Scientific). A pure 
Ti plate without CNTs was used as a control. 
After 24 hours of culture, samples were fixed in 
2.5% glutaraldehyde in 0.1 M sodium cacody-
late  
buffer (pH 7.4) for 30 min, rinsed in cacodylate 
buffer solution, and then dehydrated in increas-
ing concentrations of ethanol. Following critical 
point drying, samples were analyzed using SEM 
(S-4000, Hitachi, Tokyo, Japan) at an accelera-
tion voltage of 10 kV after coating with a thin 
layer of Pt-Pd. 
 
Proliferation assay 
MC3T3-E1 cells (1×105) were seeded on 
CNT-Ti composite surfaces and cultured in hu-
midified 5% CO2 at 37°C using a medium sup-
plemented with 10% FBS and 1% antibiotics as 
above. A pure Ti plate without CNTs was used 
as a control. Cell viability was assessed after 2 
and 7 days culture using a cell counting kit-8 
(CCK-8, Dojindo Laboratories, Kumamoto, Ja-
pan) following the manufacturer's instructions. 
The optical density was measured using a   
microplate reader at an absorbance of 450 nm.  
 
In vivo test 
The experimental protocol followed the institu-
tional animal use and care regulations of Hok-
kaido University (Animal Research Committee 
of Hokkaido University, Approval No. 13-76). 
Eight 10-week-old male Wistar rats weighing 
190 to 210 g were given general anesthesia by 
intraperitoneal injection of 0.6 mL / kg sodium 
pentobarbital (Somnopenthyl, Kyoritsu Seiyaku, 
Tokyo, Japan), as well as a local injection of 2% 
lidocaine hydrochloride with 1:80,000 epineph-
rine (Xylocaine Cartridge for Dental Use, 
Dentsply-Sankin K.K., Tokyo, Japan). After a 
skin incision was made, individual Ti plates 

were implanted into the subcutaneous tissue of 
the back of each rat. Skin flaps were sutured 
(Softretch 4-0, GC, Tokyo, Japan) and tetracy-
cline hydrochloride ointment (Achromycin 
Ointment, POLA Pharma, Tokyo, Japan) was 
applied to the wound.  

Rats were euthanized using an overdose of 
sodium pentobarbital (2 mL / kg) at 10 days post- 
surgery. Following removal of the Ti plate, tis-
sue was excised and tissue blocks were fixed in 
10% buffered formalin, embedded in paraffin 
wax, and cut into 6 μm sections. Sections were 
stained with hematoxylin-eosin (HE) and exam-
ined using light microscopy. The number of gi-
ant cells was assessed using three stained sec-
tions (200×): one from the center of the excised 
tissue sample, and one from tissue 1 mm to ei-
ther side of the center.  

In addition, Ti plate were removed at 35 
days post-surgery and fixed in 10% buffered 
formalin and dehydrated in increasing concen-
trations of ethanol. Samples were analyzed using 
SEM (S-4000) at an acceleration voltage of 10 
kV after coating with a thin layer of Pt-Pd.  
 
Statistical analysis 
The means and standard deviations of each pa-
rameter were calculated for each group. Statisti-
cal analysis was performed using the Scheffé 
test on each measurement. P-values < 0.05 were 
considered statistically significant. All statistical 
procedures were performed using a software 
package (IBM SPSS 11.0; IBM SPSS Japan, 
Tokyo, Japan). 
 
Results 
Characterization of CNT-Ti composite sur-
face 
Ti plates were discolored following coating and 
annealing with Nanocyl or VGCF-H (Figure 1A). 
SEM observations showed that a network of 
CNTs (CNT-net) was fabricated on the Ti sur-
face and was composed of a three-dimensional 
reticulated CNT structure. CNTs had apparently 
disassembled into individual tubes. Nanocyl 
CNTs appeared to be slender and flexible in 
contrast to VGCF-H CNTs (Figure 1B, C).  

XRD patterns for the CNT-Ti composite 
surfaces and pure Ti are shown in Figure 2. Tita-
nium carbide (TiC) peaks associated with the 
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solid-phase Ti/carbon reaction were detected 
following annealing of the CNT covered plates, 
indicating that carbon atoms were dissolved into 
the Ti plate. 

An EDS analysis of the CNT-Ti composite 
surface provided the Ti and carbon content (Ta-
ble 1). The Ti surface treated with Nanocyl com-
prised approximately 42% elemental carbon, 
whereas the Ti surface treated with VGCF-H 
was approximately 73% carbon. The lower car-
bon content for the Nanocyl treated plates is due 
to the fact that these nanotubes have a much 
smaller diameter (9.5 nm) than VGCF-H nano-
tubes (150 nm), and so more easily form a dense 
film on the Ti plate surface. This leads to a more 
effective solid-state reaction with Ti, thus pro-
ducing a thinner CNT film. SEM-EDS analysis 
of a cross section of a Ti plate coated with CNTs 
is shown in Figure 3, where the red line indi-
cates the scan line, the green line shows the car-
bon content and the blue line shows the Ti con-
tent. For both specimens, a TiC layer was clearly 
detected at the interface between the Ti plate 
surface and the CNT film.  

Raman spectroscopic analysis of each 
CNT-Ti composite surface showed peaks from 
the graphite structure-derived G-band and the 
defect-derived D-band around 1590 cm-1 and 
1350 cm-1, respectively. The G/D ratio for pre- 
and post-annealing was 0.89 to 0.87 for Nanocyl 
and 3.56 to 3.35 for VGCF-H. The essentially 
unchanged G/D ratio between pre- and 
post-annealing suggests that CNTs are not de-
stroyed by heat treatment at high temperature 
(Figure 4).  

The contact angle for the CNT-Ti compos-
ite surface was significantly higher than that for 
the pure Ti surface, with the VGCF CNT-net 
producing a significantly greater hydrophobic 
effect than Nanocyl (Figure 5). 

 
Cell morphology  
At 1 day of cell culture, SEM observation 
showed clearer cell spreading on the Nanocyl 
CNT-net than on the VGCF-H CNT-net or pure 

Ti plate (Figure 6). On Nanocyl, the cells were 
star-shaped with multiple elongated cytoplasmic 
protrusions (Figure 6A, G). It seemed likely that 
the cells used the CNT fibers as a scaffold and 
that cell attachment and spreading occurred 
preferentially on the CNT fibers. Although cells 
did attach to the VGCF CNT-net, they were 
generally thin and spindle-shaped, suggesting 
that the nanomorphology of this CNT-net was 
incompatible with vigorous cell growth and 
spreading (Figure 6B). Furthermore, cells were 
frequently penetrated by VGCF-H fibers in the 
CNT-net (Figure 6H). At 3 day, cell spreading 
was exhibited on VGCF-H CNT-net and Ti as 
well as Nanocyl CNT-net (Figure 6E, F). 
Marked cell growth was observed on the Nano-
cyl modified surface (Figure 6D). 
 
Proliferation assay 
The degree of cell proliferation on each sample 
is presented in Figure 6I. After 7 days, cell pro-
liferation on both CNT-Ti composite surfaces 
was significantly greater than that the pure Ti 
surface, with the Nanocyl modified surface 
showing higher cell proliferation than the 
VGCF-H modified surface.  
 
In vivo test 
Histological observations 10 days after implan-
tation into rat subcutaneous tissue showed 
minimal inflammatory cell infiltration in the 
connective tissues around the Nanocyl CNT-net 
and the pure Ti, suggesting that these samples 
possessed good biocompatibility (Figure 7A, C).    
However, aggregates of macrophage-like giant 
cells were observed on the surface of the 
VGCF-H modified surface (Figure 7B) to a 
much greater extent than on pure Ti and the 
Nanocyl modified surface (Figure 7D).  

In SEM observation of the samples after 35 
days, the CNT-net structure remained intact on 
the Ti surface. Cells and extracellular matrices 
had attached to the CNT-net surface. These ob-
servations suggest that the bonds between 
CNT-net and Ti are stable in the body (Figure 8). 

 

 Ti C 

Nanocyl 58.0 42.0 

VGCF-H 26.2 73.8 

Table 1 Elemental composition (at %) of CNT-Ti composite by EDS analysis. 
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Figure 1 
(A) CNT-Ti composite. (a) Pure Ti plate. (b) Ti plate
coated with Nanocyl. (c)Ti plate coated with VGCF-H.
(B) SEM image of a Nanocyl CNT-net. (C) SEM image
of a VGCF CNT-net. Scale bars represent 1 µm (B, C).

Figure 2 
XRD patterns for pure Ti, Nanocyl CNT-net and VGCF
CNT-net. 

Figure 3
EDS analysis of a cross section of Ti treated with Nanocyl (A) and
VGCF-H (B). Scale bars represent 1 µm. 

Figure 4
Raman spectra of Ti coated with Nanocyl (A) and VGCF-H (B). 

Figure 7
Histological findings at 10 days. (A) Nanocyl. (B) VGCF-H. (C) Pure Ti
plate. Macrophage-like giant cells (arrows) were observed close to the
VGCF-H surface. Scale bars represent 100 μm (A, B, C).  Staining:
hematoxylin and eosin. (D) Number of giant cells. 
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Figure 5 
(A) Contact angle images. (a) Pure Ti plate. (b) Ti plate coated with Nanocyl.
(c)Ti plate coated with VGCF-H.  (B) Bar graph summarizing the contact angle data. 

Figure 6 
(A) SEM micrograph showing cell morphology on Nanocyl at 1 day. Cells were widely distributed on the Nanocyl
CNT-net. (B) SEM micrograph showing cell morphology on VGCF-H at 1 day. The cells appeared to be spindle
shaped. (C) SEM micrograph showing cell morphology on pure Ti at 1 day. (D) SEM micrograph showing cell
morphology on Nanocyl at 3 days. Cells was proliferated on Nanocyl net. (E) SEM micrograph showing cell mor-
phology on VGCF-H at 3 days. Cell spreading was likely occurred on the VGCF-net. (F) SEM micrograph showing
cell morphology on pure Ti at 3 days. (G) Higher magnification of panel A. Cytoplasmic protrusions were frequently
observed on Nanocyl CNT-net (arrows). (H) Higher magnification of panel B. VGCF-H fibers pierced the cells (ar-
rows). Scale bars represent 100 μm (A, B, C, D, E, F), 2 μm (G) and 1μm (H). (I) In vitro assessment of cell prolif-
eration using the CCK-8 assay. 
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Discussion 
SEM observation showed significant cell 
spreading on Nanocyl-net (Figure 6), with a par-
ticularly well-formed cell pseudopodial network, 
suggesting that the nanomorphology of the 
Nanocyl modified surface improved the cyto-
compatibility of Ti. Several earlier reports indi-
cated that cells spread on a CNT layer, using it 
as a scaffold; for example, adhesion of cultured 
cells was increased by a CNT-net coating, thus 
providing a regenerative scaffold [28]. However, 
in the present study, the VGCF-H CNT-net re-
sulted in spindle shaped cells, suggesting that 
the biocompatibility of the VGCF-H nanostruc-
ture was lower than that for Nanocyl, and that 
cells could recognize the differences in mor-
phology between Nanocyl and VGCF CNT-nets. 
In general, cells well-attach to relevant hydro-
phobic surfaces via their cell membrane [29, 30]. 
We found that the VGCF-H surface was more 
hydrophobic than the Nanocyl surface (Figure 5). 
It was suggested that both the nanostructure and 
the hydrophilicity of the CNT-Ti composite sur-
face significantly influenced cell morphology 
and behavior.  

Osteoblast cell proliferation was stimulated 
more by CNT modified surfaces than by a pure 
Ti surface (Figure 6I). Nano-modification of a 
biomaterial surface may result in morphological 
changes to the surface, such as increased rough-
ness and surface area, thereby enhancing cell 
attachment and adsorption of signaling mole-
cules [31, 32]. Similarly, Watari et al. and Yao et 

al. reported that nano-modification of a material 
surface promoted bone cell proliferation [33, 34]. 
Thus, CNT nanomodification seems to confer 
novel properties to the Ti surface. In addition, 
the Nanocyl surface promoted cell proliferation 
significantly more than the VGCF-H surface. 
Recently, many studies have demonstrated an 
association between the size of CNTs and their 
biological effects. Von der Mark et al. demon-
strated that 15 nm diameter TiO2 nanotubes en-
hanced cell attachment and proliferation more 
than 100 nm nanotubes, and the larger TiO2 
nanotubes increased cell apoptosis [32]. Fur-
thermore, SEM images frequently showed cells 
were pierced by VGCF-H nanotubes (Figure 6H). 
Yamashita et al. demonstrated that long, thick 
CNTs, but not short, thin CNTs, caused signifi-
cant DNA damage and inflammatory response 
[35]. The Nanocyl nanotubes used in this ex-
periment were 9.5 nm in diameter and 1.5 µm in 
length, whereas the VGCF-H nanotubes were 
150 nm in diameter and 15 µm in length. Ac-
cordingly, Nanocyl would be expected to exhibit 
superior flexibility compared to VGCF-H and 
provide a non-cytotoxic, biocompatible CNT-Ti 
composite surface. Further studies are required 
to assess the relation between osseointegration 
and size of CNTs in bone tissue. 

Annealing and electrophoretic deposition 
was found to bind CNTs strongly and directly to 
the Ti surface [36, 37], preventing CNT detach-
ment during implantation. Annealing of a 
well-dispersed CNT solution produced a thin, 

 

 
Figure 8 
(A) SEM micrograph of Ti plate coated with Nanocyl retrieved from rat subcutaneous tissue showing cells
attached (arrows) to the CNT-net. (B) Higher magnification of the framed area in panel A. The nano-structure
of the CNT-net can be observed. Scale bars represent 20 μm (A) and 500 nm (B). 
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uniform CNT film with a network-like structure 
[25, 26]. In addition, the XRD results clearly 
showed that annealing resulted in the formation 
of TiC (Figure 2), indicating that CNTs partially 
dissolved into the Ti plate, thereby strongly 
binding the CNTs to the Ti surface. TiC is a bio-
safe material with good biocompatibility [38, 
39]. It is possible that the thickness of the CNT 
layer can be regulated by the annealing time and 
temperature. Further studies are needed to iden-
tify the optimal CNT annealing conditions for 
biomedical applications. 

The results of the in vivo test showed few 
inflammatory cells on the Nanocyl surface, but 
many macrophage-like giant cells were detected 
on the VGCF-H surface (Figure 7), suggesting 
that differences in CNT nanomorphology influ-
enced cell behavior and tissue response both in 
vivo and in vitro. Several studies reported the 
accumulation of blackened macrophage-like 
cells on a CNT substrate, indicative of phagocy-
tosis [28]; however, this was not observed with 
the Nanocyl samples. Champion et al. reported 
that particle size of foreign body strongly af-
fected the phagocytosis and attachment of 
macrophages [40]. They exhibited that micro-
spheres with 2-3 μm sizes were phagocytosed 
more readily than smaller particles. Therefore, it 
seemed likely that macrophage-like cells recog-
nized the submicron VGCF-H network structure, 
whereas inflammatory cells could not recognize 
and respond to the Nanocyl nano-sized network. 
In addition, detachment of CNTs from the Ti 
surface may result in free CNTs adversely af-
fecting the body. Sato et al. investigated the 
structure of 15 nm diameter CNTs following 
implantation for 2 years in the subcutaneous tis-
sue of rats and observed that the CNTs were 
gradually degraded inside macrophage ly-
sosomes. None of the rats displayed symptoms 
of cancer or severe inflammatory reactions, in-
cluding necrosis [41]. The long-term effects of 
in vivo CNT use should be further evaluated 
prior to future clinical trials.  
Conclusion 
We fabricated CNT-Ti composite surfaces by 
annealing Ti plates covered with CNTs and in-
vestigated the biological response to CNT 
nanomorphologies. CNT-Ti composite surfaces 
promoted desirable cell behavior, including cell 

proliferation, compared with pure Ti. Further-
more, nanomodification with CNTs, particularly 
with narrow diameter Nanocyl, provided good 
biocompatibility.  
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