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ABSTRACT

Although the reported percentage of bone-implant
contact is far lower than 100%, the cause of such
low levels of bone formation has rarely been
investigated. This study tested the negative bio-
logical effect of hydrocarbon deposition onto tita-
nium surfaces, which has been reported to be
inevitable. Osteogenic MC3T3-E1 cells were cul-
tured on titanium disks on which the carbon con-
centration was experimentally regulated to achieve
carbon/titanium (C/Ti) ratios of 0.3, 0.7, and 1.0.
Initial cellular activities such as cell attachment
and cell spreading were concentration-dependently
suppressed by the amount of carbon on the titanium
surface. The osteoblastic functions of alkaline phos-
phatase activity and calcium mineralization were
also reduced by more than 40% on the C/Ti (1.0)
surface. These results indicate that osteoblast activ-
ity is influenced by the degree of hydrocarbon con-
tamination on titanium implants and suggest that
hydrocarbon decomposition before implant place-
ment may increase the biocompatibility of titanium.
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Hydrocarbon Deposition
Attenuates Osteoblast Activity
on Titanium

INTRODUCTION

One of the current problems in titanium implant therapy is incomplete inte-
gration. The reported bone-titanium contact percentage is 45% + 16%
(Weinlaender ef al., 1992) or 50% to 65% (Ogawa and Nishimura, 2003) at
maximum, which is quite less than the ideal value of 100%. Most implants
fail because of incomplete fixation or early/late destructive changes at the
bone-implant interface (Chuang et al., 2002). Until recently, a limited supply
of stem cells had been the only hypothetical explanation for such incomplete
bone formation (Tu et al., 2007; Li et al., 2008). It is necessary to investigate
the cause of low levels of bone formation to reduce the need for revision sur-
gery and expand the indications for clinical implant dentistry.

Biocompatibility, which is a critical factor in bone-implant integration,
depends on surface physicochemical properties such as surface topography,
wettability, and chemical composition (Zhao et al., 2005; Liu et al., 2007,
Zareidoost et al., 2012). In this study, we focused on the effect of carbon
adsorption on the bioactivity of titanium because carbon is the most promi-
nent contaminant of titanium surfaces (Morra et al., 2003). Previous studies
have reported that progressive deposition of hydrocarbons onto titanium
surfaces is inevitable. A study analyzing the chemical composition of sev-
eral types of implant surfaces showed 17.9% to 76.5% carbon deposition on
34 different implants (Morra et al., 2003). Such adsorption of hydrocarbon
was found on titanium surfaces regardless of topography, suggesting that
hydrocarbon deposition may occur on titanium-based materials with any
surface texture. Differences in osteoconductivity arising from differences in
the amount of carbon deposition on implants could create a critical problem
in clinical implant dentistry related to discrepancy in the quality of the
implants. However, the effect of carbon on biocompatibility with osteoblas-
tic cells has not been sufficiently evaluated. In the present study, we tested
the hypothesis that organic contaminants adsorbed on titanium surfaces
decrease the bioactivity and osteoconductivity of titanium. The objective of
this study was to examine the effects of carbon deposition on titanium in
terms of various in vitro behaviors and functions of osteoblastic cells on a
titanium substrate.
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MATERIALS & METHODS

The surfaces of commercially pure grade-2 titanium disks
(8 mm diameter x 1.5 mm thickness; Rare Metallic Co. Ltd.,
Tokyo, Japan) were mirror-polished. The carbon concentration
on the titanium surface was experimentally regulated by soaking
each disk in acetone for 3 different durations (60, 15, and
5 min) after the titanium surface was varnished with machine oil
composed of various types of hydrocarbons (CxHy). Therefore,
to evaluate whether the cytotoxic molecules were contained in
the machine oil, we tested cellular viability for the osteoblasts
on the oil-varnished glass plates compared with the cells on the
polystyrene plates. Both the attached cells on the substrates and
the floating cells in the culture medium were collected for mea-
surement after 24 and 72 hr of culture. The quantification of the
viable cells was performed with the use of a cell-counting
reagent and water-soluble tetrazolium salt, WST-8 (Dojindo
Molecular Technologies, Inc., Rockville, MD, USA). The ratio
of the integrated intensity of the Cls electron peak to that of the
Ti2p electron peak was defined as C/Ti. The final C/Ti ratios
were 0.3, 0.7, and 1.0, which were confirmed by chemical
analysis by x-ray photoelectron spectroscopy (XPS) (JEOL,
Ltd., Tokyo, Japan). The hydrophilicity of the titanium surface
was measured by means of an automated contact angle measur-
ing device (DM-301; Kyowa Interface Science, Saitama, Japan)
to determine the contact angle of 10 pL of H,O. Protein adsorp-
tion onto the titanium disks was measured with bovine serum
albumin, fraction V (Pierce Biotechnology, Inc., Rockford, IL,
Inc.), as a model protein. Osteogenic MC3T3-El cells were
cultured on titanium disks. Initial cell attachment was evaluated
by measurement of the quantity of the cells attached to the tita-
nium substrate after 6 and 24 hr of incubation. The quantifica-
tion was performed by colorimetry with water-soluble
tetrazolium salt, WST-8, which is reduced by dehydrogenase
activities in cells to give a formazan dye. Furthermore, after
6 hr of incubation, the cells were stained with calcein for obser-
vation under a fluorescent microscope to confirm the cell den-
sity results. Vinculin expression per cell after 6 hr of incubation
was quantified as pixel-based density in an image analyzer. Cell
morphological features and cytoskeletal arrangement after
12 hr of culture were also analyzed by microscopic image-based
quantification. Alkaline phosphatase (ALP) activity at day 10
and mineralization capability at day 20 were examined in the
cultured osteoblastic cells by colorimetry-based quantification.
Details of the cell culture and assay protocols can be found in
the Appendix.

Five samples were used in each analysis. We used one-way
analysis of variance (ANOVA) with significance defined as p <
.05 to examine differences in the variables among the different
C/Ti ratios. When necessary, Tukey’s multiple-comparison test
was used for post hoc evaluation.

RESULTS
Surface Characteristics of Titanium Samples

X-ray photoelectron spectroscopy (XPS) spectra showed only
peaks of Ti2p, Ols, and Cls for each titanium surface, indicating
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the absence of contamination by impurities other than these ele-
ments (Fig. 1A). The XPS spectra also showed that the C1s peak
increased with carbon contamination, whereas the Ti2p peaks
decreased. The Ols peak originating from titanium oxides also
decreased as a result of carbon contamination (Fig. 1A). The
magnified Cls profiles of a disk stored for 4 wk (untreated
disk), a C/Ti (0.7) disk, and a C/Ti (1.0) disk showed similarities
in shape and typical hydrocarbon waveforms, indicating that
natural hydrocarbon contamination was successfully simulated
(Fig. 1B). The viability of the osteoblastic cells was not
decreased on the oil-varnished glass plates, even compared with
the cells cultured on the polystyrene plates (Fig. 1C), indicating
that the cytotoxic molecules were not contained in the machine
oil or were virtually eliminated in this experimental condition.
The contact angle increased as the carbon amount increased;
thus, the wettability changed with the increased hydrophobicity
of the surface (Fig. 1D). The C/Ti (0.7) and (1.0) surfaces were
hydrophobic, as shown in the images, and exhibited a contact
angle of > 70° for a 10 pL H,O drop (Fig. 1E).

Decreased Cell Attachment Because of Carbon
Contamination

The adsorption rate of albumin, a protein that is important for
the attachment of cells to biomaterials, was 70% lower on the C/
Ti (1.0) surface than on the C/Ti (0.3) surface after 3 hr of incu-
bation (Fig. 2A). After 6 hr of incubation, the expression of
vinculin, a focal adhesion protein, had also decreased according
to the amount of carbon, with a decrease of 50% observed for
the C/Ti (1.0) surface relative to the C/Ti (0.3) surface.
Quantitative analysis of cell attachment in the WST-8 assay
showed a 60% reduction in the amount of cells on the C/Ti (1.0)
surface relative to that on the C/Ti (0.3) surface after 6 hr of
culture (Fig. 2C). The negative effect of carbon contamination
on cell attachment was evident even after 24 hr, with a 50%
decrease observed in cell density (Fig. 2C). Fluorescent micro-
scopic images of osteoblastic cells stained with calcein con-
firmed this effect (Fig. 2D).

Suppression of Spreading of Osteoblastic Cells by
Carbon Contamination

Fluorescent microscopic images of the osteoblastic cells after
being stained with rhodamine-phalloidin showed that the cells
on the C/Ti (0.3) disk were larger, with cytoskeletal stretching
and actin fiber formation, whereas most cells on C/Ti (1.0) sur-
faces were rounded and exhibited neither cytoskeletal stretching
nor actin fiber formation after 12 hr of incubation (Fig. 3A). The
3 different C/Ti conditions were significantly different with
regard to cytomorphometric parameters such as cell area, cell
perimeter, and Feret’s diameter, the results of which supported
the qualitative observations (Fig. 3B).

Decreased Osteoblastic Differentiation

The osteoblastic phenotype, as represented by ALP activity,
decreased in a concentration-dependent manner according to
carbon accumulation. The total ALP activity on the C/Ti (1.0)
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Figure 1. Surface characterization of the carbon-contaminated titanium surfaces used in this study. (A) C/Ti changes in the XPS profile for the C1s,
Ti2p, and OTs elements. (B) Magnified C1s profile for a disk stored for 4 wk (untreated), C/Ti (0.7) disk, and C/Ti (1.0) disk. (C) Cellular viability
of MC3T3E1 cells on the carbon-varnished glass plates and the polystyrene plates evaluated by WST-8 colorimetry after 24 and 72 hr of culture.
(D) Hydrophilicity changes after carbon contamination were evaluated as the contact angle of 10 ul of H,O. Data have been expressed in terms
of mean = SD values (n = 5). *p < .05, indicating a statistically significant difference among three different C/Ti titanium surfaces. (E) Side-view
images of 10 ul of H,O dropped onto titanium disks have also been presented.

surface decreased by 50% relative to that on the C/Ti (0.3) sur-
face at day 10 (Fig. 4A). The mineralization capability of cul-
tured osteoblastic cells was examined by colorimetry-based
quantification of calcium deposition at day 20 (Fig. 4B), and a
40% reduction was observed for C/Ti (1.0) relative to C/Ti (0.3)
culture.

DISCUSSION

To our knowledge, this is the first study to evaluate the adverse
biological effects of carbon deposition on the osteoconductivity
of titanium. Recent studies have reported that ultraviolet treat-
ment (Att et al., 2009) or gamma-ray irradiation (Ueno ef al.,

2012) could increase the bioactivity of the titanium surface and
simultaneously remove the hydrocarbon. Although the negative
effect of carbon deposition on cellular response seems to be sug-
gested, it might possibly be only presumptive evidence, but may
not infer a mechanism of the relationship between these 2 phe-
nomena. In addition, some researchers have reported that carbon
was highly biocompatible because of the presence of this ele-
ment in the human body (Couvrat et al., 1995) and carbon has
been widely applied to biomaterials (Martins-Junior et al.,
2013). Further, surface treatment changes not only chemical
composition but also other properties such as surface energy or
electrostatic potential (Hori ef al., 2010), making the interpreta-
tion of the mechanism of biological enhancement complicated.
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Therefore, there is a need to clarify the
cause-and-effect relationship between
cellular activity and experimentally regu-
lated hydrocarbons.

Calcium deposition, which is repre-
sentative of osteoconductivity, decreased
by 40% on C/Ti (1.0). ALP activity, a
marker of differentiation, also decreased
by 50% on C/Ti (1.0). Therefore, the
bone-titanium integration of a carbon-
coated surface may be reduced by half
compared with that for a freshly prepared
surface. The reduction seen in vitro in
osteoconductivity resulted from a
decrease in protein adsorption, a decrease
in osteoblastic cell attachment, and sup-
pression of cell spreading, which are
closely inter-related processes. For
instance, decreased protein adsorption
may have decreased cell attachment via
decreased interactions between proteins
and cellular integrins. Decreased cell
attachment may have decreased osteo-
blastic differentiation through reduced
cell-to-cell interactions. The cytoskele-
ton, which consists of actin fibers/
filaments, maintains the cellular shape
and is responsible for resisting tension
(Endlich and Endlich, 2006; Mierke,
2009). As seen in the microscopic images
at 24 hr of incubation, actin fibers
emerged earlier and were arranged in a
more advanced manner in osteoblastic
cells on surfaces with a low C/Ti ratio
than on C/Ti (1.0) surfaces. The reduc-
tion in osteoblast adhesion to carbon-
contaminated surfaces was associated
with decreased expression of vinculin,
which is involved in linkage among cell
adhesion molecules, integrins, and actin
filaments and plays a key role in initiating
and establishing cell adhesion, cell shape
formation, and cytoskeletal development
(Humpbhries et al., 2007, Wen et al.,
2009). The observed down-regulation of
vinculin provides a molecular explana-
tion for how the adhesion of osteoblasts
to carbon-contaminated titanium surfaces
is suppressed. There may also have been
an indirect effect of inhibited cytoskeletal
development. In addition, cell attachment
on C/Ti (1.0) titanium disks did not reach
or even approach the level of cell attach-
ment observed on C/Ti (0.3) surfaces
after a longer cultivation time of 24 hr,
which  implies that the initial
difference in biological potential may
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Figure 2. Protein and cell offinity to titanium surfaces. (A) Albumin adsorption fo titanium
surfaces during 3 hr of incubation. (B) Vinculin expression in cells on titanium surfaces after
6 hr of incubation. (C) Initial attachment of osteoblastic cells evaluated by WST-8 colorimetry
affer 6 and 24 hr of culture. Data have been expressed in terms of mean + SD values (n = 5).
*p < .05, indicating a statistically significant difference among three different C/Ti titanium
surfaces. (D) Fluorescent microscopic images of osteoblastic cells stained with calcein after
6 hr of culture on titanium samples.
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Figure 3. Initial spreading and cytoskeletal arrangement of osteoblastic cells 12 hr after
being seeded onto 3 different C/Ti titanium surfaces. (A) Representative fluorescent
microscopic images of cells stained with rhodamine phalloidin for actin filaments.
(B) Cytomorphometric evaluations of cell area, cell perimeter, and Feret's diameter were
performed with an image analyzer. Data have been expressed in terms of mean + SD values
(n = 5). *p < .05, indicating a statistically significant difference among the 3 different C/Ti
titanium surfaces.
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Figure 4. Suppression of osteoblastic function on carbon-contaminated
titanium surfaces. (A) Total alkaline phosphatase (ALP) activity
measured by a colorimetry-based assay on culture day 10. (B)
Mineralizing capability of osteoblasts evaluated by total calcium
deposition at culture day 20. Data have been expressed in terms of
mean + SD (n = 5). *p < .05, indicating a statistically significant
difference among the 3 different C/Ti titanium surfaces.

determine the subsequent bioactivity of titanium, potentially
influencing osseointegration.

Some previous studies reported the biocompatibility of car-
bon deposited onto titanium substrates (Ianno et al., 1995;
Mitura et al., 1996). Those authors suggested the better biocom-
patibility of carbon-coated titanium due to its high corrosion
resistance, low friction, decreased wear metal particles, smooth-
ness, or high mechanical strength. In those studies, crystalline
diamond-like carbon adhered strongly to titanium substrates via
sputtering and dense plasma methods. Although the method of
carbon coating is quite different from ours, our present study
showed the inconsistent results of low biocompatibility with
osteoblasts by carbon deposition. One important thing was that
these past studies did not perform biological experiments such
as in vitro cellular response, though the targets of the studies
were orthopedic prostheses or cardiovascular surgery. Therefore,
issues such as the attachment and initial behavior of other cell
types need to be addressed in future studies; the biological
responses of mesenchymal stem cells and fibroblasts to carbon-
coated titanium will be of particular interest.

Titanium constantly absorbs organic impurities, such as
polycarbonyls and hydrocarbons, from the atmosphere, water,
and cleaning solutions (Kilpadi ez al., 2000; Serro and Saramago,
2003). The frequent detection of high levels of carbon on tita-
nium surfaces indicates that such contamination may be
unavoidable (Massaro et al., 2002; Buser et al., 2004). Previous
reports have suggested a link between surface hydrocarbons and
the hydrophilicity of titanium; the contact angle of H,O has been
found to increase with increased absorption of hydrocarbons
(Takeuchi et al., 2005). Oxygen species derived from O, under
air, which effectively increase hydrophilicity, are covered by
hydrocarbon adsorption. It is thereby likely that the wettability
declines by adsorption of organic molecules onto titanium diox-
ide surfaces. This phenomenon is consistent with the results of
the present study, as indicated by elevation of the Cls peak
accompanied by a reduction in the Ti2p and Ols peaks, as con-
firmed by XPS analysis. Generally, wettability is governed by
the number of surface hydroxyl (OH) groups (Takeda et al.,
1999). One study demonstrated that increased OH groups
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increased wettability and both cell adhesion protein adsorption
and cell attachment (Arima and Iwata, 2007). A recent study
also reported that protein immobilization was enhanced with an
increased number of OH groups on TiO, surfaces (Kim et al.,
2009). Further, active surface OH groups dissociate in aqueous
solution and form electric charges, which are governed by the
pH of the surrounding solution (Boehm, 1971; Westall and
Hohl, 1980). The electric charges play an important role in the
immobilization of molecules such as cell adhesion protein
(Gongadze et al., 2011). Thus, for the present study, functional
OH groups may be inhibited by hydrocarbon masking, resulting
in the reduction of the initial biological capacity of titanium,
accompanied by the increase of contact angle.

In this study, untreated titanium disks were not used as a
control because the C/Ti values for untreated disks varied from
0.2 to 0.7. This finding is consistent with the previous result
measuring chemical composition from different implant sur-
faces, as mentioned in the Introduction (Morra et al., 2003). The
results of the present study suggest that the amount of hydrocar-
bons adsorbed onto titanium surfaces at the time of implantation
is crucial for determining the initial affinity for osteoblasts and
consequently increasing the amount of bone-titanium integra-
tion. The titanium implants currently used clinically and experi-
mentally have been found to be contaminated by hydrocarbons
(Massaro et al., 2002; Morra et al., 2003; Takeuchi et al., 2005).
The progressive accumulation of organic molecules on titanium
surfaces cannot be avoided under ambient conditions and may
explain the relatively low values of bone-titanium contact men-
tioned previously (Weinlaender et al., 1992; Berglundh et al.,
2007). Detailed analyses of the surface energy, electric charge,
and other physicochemical properties are also required to iden-
tify the mechanism underlying osseointegration; however, the
results of this study suggest that removal of hydrocarbons may
be an important step in promoting the bioactivity and osseointe-
gration of titanium. Some studies have reported that ultraviolet
treatment (Att et al., 2009), gamma-ray irradiation (Ueno ef al.,
2012), or storage in physiological saline solution (Buser et al.,
2004; Zhao et al., 2005) could promote osteoblastic differentia-
tion and growth factor production, thereby enhancing bone-
implant integration while maintaining low carbon contamination
of the implant surface. These methods can be used to decompose
carbon or to prevent hydrocarbon contamination on titanium
surfaces. An optimal method for surface enhancement needs to
be developed to achieve better osseointegration.
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