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Titanium and titanium alloys have found several applications in the biomedical field due to their unique biocompatibility.
However, there are problems associated with these materials in applications in which there is direct contact with blood, for instance,
thrombogenesis and protein adsorption. Surface modification is one of the effective methods used to improve the performance
of Ti and Ti alloys in these circumstances. In this study, fluorinated diamond-like carbon (F-DLC) films are chosen to take into
account the biocompatible properties compared with Ti alloys. F-DLC films were prepared on NiTi substrates by a plasma-based
ion implantation (PBII) technique using acetylene (C,H,) and tetrafluoromethane (CF,) as plasma sources. The structure of the
films was characterized by Raman spectroscopy. The contact angle and surface energy were also measured. Protein adsorption
was performed by treating the films with bovine serum albumin and fibrinogen. The electrochemical corrosion behavior was
investigated in Hanks’ solution by means of a potentiodynamic polarization technique. Cytotoxicity tests were performed using
MTT assay and dyed fluorescence. The results indicate that F-DLC films present their hydrophobic surfaces due to a high contact
angle and low surface energy. These films can support the higher albumin-to-fibrinogen ratio as compared to Ti alloys. They
tend to suppress the platelet adhesion. Furthermore, F-DLC films exhibit better corrosion resistance and less cytotoxicity on their
surfaces. It can be concluded that F-DLC films can improve the biocompatibility properties of Ti alloys.

1. Introduction

Currently, biomaterials such as titanium and titanium alloys
are widely used in biomedical applications, including in-
stents, guide wires, and artificial joints. Previous inves-
tigation of diamond-like carbon (DLC) as a biomaterial
has focused mainly on the biological performance of
DLC coatings [1]. It has been shown that DLC is more
biocompatible and wear-resistant than stainless steel [2],
titanium, and Ti alloys [3, 4]. Moreover, there have been
several reports that cell adhesion on DLC films is related
to surface energy and wettability [5-9]. These reports

suggest that hydrophobic surfaces tend to inhibit blood cell
adsorption. As for hydrophobic property, it is well known
that fluorocarbon polymers present great water-shedding
characteristics. Therefore, several research efforts have been
made to synthesize superhydrophobic films, for instance,
polytetrafluoroethylene- (PTFE-) coated medical devices
have been utilized in clinical applications [10, 11]. However,
PTFE is not suitable for many other applications due to its
weak mechanical properties.

Recently, as an alternative, fluorinated diamond-like
carbon (F-DLC) films fabricated by doping fluorine during
the formation of the DLC films have attracted much



attention because they possess the high hydrophobicity
of PTFE as well as excellent mechanical properties [12,
13]. Moreover, the studies reported that the F-DLC films
possessed good antithrombogenicity [14-17]. In this study,
F-DLC films, fabricated by plasma-based ion implantation
(PBII) using C,H; and CF, as plasma sources, discussed the
biocompatibility properties compared to Ti alloys.

2. Materials and Methods

2.1. Preparation of F-DLC Coatings. All specimens, namely,
nickel-titanium (NiTi), commercially pure titanium (CP Ti),
Ti-6Al-4V, and pure nickel (Ni), were cut to 10 x 35 mm?.
For all specimens, the 10 X 35mm? surface was polished
down to 2000 grit specification and mirror polished with
3 and 1pym diamond paste. NiTi was chosen to deposit
the F-DLC film due to its widespread use as a biomaterial,
for instance, in stents or guide wires. Other specimens
were used to compare the biocompatibility properties with
those of the coated F-DLC films. Fabrication of the F-
DLC films was carried out by PBII system which is shown
schematically in Figure 1. The vacuum chamber is 600 X
630 x 200 mm? in size, with residual pressure approximately
equal to 1 x 107*Pa. The plasma is generated by radio
frequency (13.6 MHz) and the negative high-voltage pulse
power supply connected with the specimen holder. Prior
to PBII, all titanium specimens were ultrasonically cleaned
with acetone, methanol, and distilled water for 20 min,
respectively. The specimens were also sputter cleaned with
Ar* for 20min to remove surface residual contaminants
and surface oxides using a negative-pulsed bias voltage of
10 kV. Using a negative pulsed bias voltage of 20 kV, the DLC
film interlayer was first deposited with CH4 for 60 min to
improve the adhesion between the film and the substrate.
The deposition of the F-DLC films was performed at a
negative-pulsed bias voltage of 5kV, under gaseous mixtures
of C,H, and CF, with the flow rate ratio at 2: 1 and 1: 1 for
180 min. A pulse width of 5 s, a pulse delay of 25 s, and a
pulse frequency of 1 kHz were also utilized during the coating
process. The deposition pressure was set to 2 Pa, and the total
deposited thickness of the films was approximately 500 nm.

2.2. Characterization of the Film Structure. The structure
of the F-DLC films was analyzed by Raman spectroscopy
(JASCO NRS-1000 DT) at an excitation wavelength of
532nm and with a spot size of 4 ym. Raman spectroscopy
is a fast and nondestructive tool for characterization of
amorphous carbons. All carbons demonstrate common
features in their Raman spectra in the 800—2000 cm ™! region,
the so-called D and G peaks, which lie at approximately 1360
and 1560 cm~!, respectively [18, 19]. The D peak represents
the breathing modes of sp? atoms in rings. The G peak is
caused by the bond stretching of all pairs of sp? atoms in both
rings and chains [18, 20]. The Raman spectra were fitted with
Gaussian line shapes, and the background was subtracted. All

fitting parameters were recorded to characterize the structure
of the films.
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FIGURE 1: Schematic of the PBII apparatus used in this experiment.

TaBLE 1: Surface energy data of liquids used for calculation.

Surface energy (mN/m)

Liquid v ) o )

Distilled water 29.1 1.3 42.4 72.8
Ethylene glycol 30.1 0 17.6 47.7
Diiodomethane 46.8 4 0 50.8

y4: dispersion force component, y?: polar force component, y": hydrogen-
bonding force component, y: total surface energy.

2.3. Contact Angle Measurement and Surface Energy Calcu-
lation. The contact angle () was measured under atmo-
spheric conditions at room temperature with a contact angle
meter (Kyowa Interface Science Co., Ltd.) using distilled
water, ethylene glycol, and diiodomethane as the tested
liquids. A droplet of the tested liquids with a volume of
1 uL was released onto the surface of a specimen. For each
surface, at least five droplets were measured. The surface
energy of the specimen was calculated based on the measured
contact angles using the extended Fowkes theory according
to Kitazaki and Hata [21, 22] as shown in

VY (W e ) [t
W= | W W | [ s,
W) \ie Wie e/ |y drcoste)

2
(1)

where ys and y; are the surface energy of the solid and the
liquid, and the superscripts d, p, and h refer to the dispersion
force, polar force, and hydrogen-bonding force components,
respectively. In (1), A, B, and C represent the three liquids
used in the experiment. A is distilled water, B is ethylene
glycol, and C is diiodomethane. The surface energy data
of the liquids used for calculation by the extended Fowkes
theory are shown in Table 1. The contact angles for each of
the liquids are represented by cos 0.

2.4. Protein Adsorption Test. Plasma protein adsorption tests
were performed by treating the specimen with bovine serum
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TaBLE 2: Chemical components of Hanks’ solution.

Component Concentration (g/L)
KCl 0.4
KH,PO4 0.06

NaCl 8
NaHCO; 0.35
NazHPO4'2H20 0.06
D-glucose 1

Phenol red 0.01

albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) and
fibrinogen (Sigma-Aldrich, St. Louis, MO, USA). The speci-
men was initially incubated with 5% sodium dodecyl sulfate
(SDS) for 12 hours to completely remove protein contam-
ination. After incubation, three cloning cylinders (0.6 mm
diameter) were sealed on the specimen using parafilm. Fol-
lowing the sealing procedure, 100 yL of BSA (0.25 mg/mL)
was added into each cloning cylinder and the specimen was
incubated at 37°C for 60 min. After incubation, 10 yL of the
BSA (0.25mg/mL) was transferred into the 96-well plate,
and then its concentration was determined using a Bradford
protein assay (Bio-Rad, Hercules, CA, USA). The solution
was then incubated at room temperature for 60 min before
the absorbance at 595 nm was measured using a microplate
reader (Infinite 200 Tecan, Austria). The concentration of
each protein was calibrated using the corresponding standard
curve. The absorbed protein amount was determined by
subtracting the nonadsorbed protein amount from the initial
protein amount. Measurements were performed in triplicate
for each cloning cylinder. The adsorption of fibrinogen was
also measured using the same procedure.

2.5. Electrochemical Corrosion Behavior. Corrosion resistance
was measured with a standard three-electrode electro-
chemical cell. A saturated calomel electrode (SCE) was
used as the reference electrode with a graphite counter
electrode. The potentiodynamic experiment was conducted
using a computer-controlled potentiostat (PGSTAT302N,
AUTOLAB). The specimen was pressed into a holder with
a PTFE gasket, which ensured that only the front part of the
specimen would come in contact with the electrolyte. The
corrosion resistance was examined in a Hanks’ solution at
37 +0.2°C (pH 7.4). The composition of the Hanks’ solution
is given in Table 2. After the specimen had been immersed
in the experimental solution for an hour under open-circuit
conditions, polarization experiments were conducted at a
rate of 20 mV/min.

2.6. Cytotoxicity Test. Two methods were employed to test
the cytotoxicity of these alloys. The cytotoxicity of the spec-
imen was first evaluated using the Dulbecco modified eagle
medium (DMEM, Invitrogen, OR, USA) dilution method.
1929 fibroblast cells (mouse fibroblasts) at a density of 2,000
cells/well grown on a 96-well plate were cultured with an
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FIGURE 2: Raman spectra of the F-DLC films.

extraction medium obtained from the incubated specimen
with DMEM for 7 days at 37°C. The cell viability was deter-
mined using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay following the standard
procedure (Molecular Probes, V-13154). The absorbance at
570 nm of formazan was measured using a microplate reader
(Infinite 200 Tecan, Austria). Measurements were performed
in triplicate on cells seeded onto a 96-well plate, and the
percentage of cell viability was measured daily.

In the second method, 1929 fibroblast cells were cultured
on the specimen. The culture was incubated with a fluores-
cence probe, following the standard procedure (Molecular
Probes, L-3224). The specimen was then immediately viewed
using fluorescence microscopy (Olympus BX60, Center
Valley, PA, USA). Images were acquired using a 40x objective
lens.

3. Results and Discussion

3.1. Film Structure by Raman Spectroscopy. A previous
study [23] reported that F-DLC films deposited using a
negative pulsed bias voltage of 5kV and a gas flow rate
ratio of C;H,:CF4 at 2:1 and 1:1 have better hardness,
good adhesive strength, and a lower friction coefficient as
compared to those deposited at 15 kV and equivalent gas flow
rate ratio. Therefore, the F-DLC films at a negative-pulsed
bias voltage of 5kV and gas flow rate ratio of C;H,: CFy
at 2:1 and 1:1 (represented F-DLC 2:1 and F-DLC 1:1)
were chosen to deposit and evaluate the biocompatibility
properties of F-DLC films.

The Raman spectra of the F-DLC films are shown in
Figure 2. The results show the Raman spectra of F-DLC 2:1
and F-DLC 1: 1. The position of the G peak is related to the
bond-angle disorder or the sp®> bonding content, while the
Ip/IG ratio is proportional to the ratio of sp?/sp® [24, 25].
These two factors play a major role in determining the
Raman spectra. In particular, the ratio of sp?/sp” is one of
the most important factors governing the quality of the DLC
films. Generally, the likelihood that the properties of the
DLC films resemble those of diamond increases when this
ratio is low. From Figure 2, the F-DLC films fabricated in
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TaBLE 3: Contact angle and surface energy of uncoated compared with coated specimens.
Specimen . Contact angle (°) ) Surface energy (mN/m)
Distilled water Ethylene glycol Diiodomethane e yP yh yr

CPTi 80.4 58.0 50.1 29.2 5.6 2.7 37.5
Ti-6Al-4V 79.3 57.5 45.7 29.8 8.4 2.6 40.8
NiTi 84.5 59.1 49.9 324 2.0 1.4 35.8
NiTi-coated F-DLC 2: 1 81.4 50.9 24.5 43.3 3.1 0.4 46.8
NiTi-coated F-DLC1:1 85.3 55.5 32.2 41.7 1.8 0.2 43.7

y4: dispersion force component, y?: polar force component, y": hydrogen-bonding force component, 7 total surface energy.

this experiment demonstrate a broad spectrum composed
of a D band (1360 cm™!) and a G band (1560 cm™!) similar
to the peaks observed in conventional DLC films. The G
peak of the F-DLC films shifts from 1542 cm™~! (F-DLC 2:1)
to 1546cm™! (F-DLC 1:1), while the Ip/Ig ratio increases
from 0.47 to 0.50 with an increase in the fluorine content.
The microstructure is altered due to an increase in fluorine
content because the G peak position shifts to a higher level,
while the Ip/Ig ratio increases. These results indicate an
increase in the number or the size of graphitic domains [26],
that is, an increase of sp> bonds (a decrease in sp> bonds) and
the formation of sp? clusters.

3.2. Contact Angle and Surface Energy. Contact angle and
surface energy have great potential utility. They can charac-
terize and predict the wettability of materials. The contact
angle and surface energy results of uncoated Ti alloys and
coated F-DLC films are shown in Table 3. Both uncoated
and coated F-DLC films demonstrate a hydrophobic surface
with a water contact angle of approximately 80°, while the
surface energy values of the F-DLC films are higher than
those of the uncoated specimens. This phenomenon may
occur due to the higher surface roughness of the films.
Owing to fluorine incorporation, the films become more
hydrophobic with a reduction in surface energy. The total
surface energy (yT) of the F-DLC films is estimated as the
sum of the dispersion component, the polar component, and
the hydrogen-bonding component. As the fluorine content
in the DLC films increased, the total surface energy decreased
(46.8 mN/m to 43.7 mN/m). The reduction in the surface
energy was largely ascribed to the decrease in the dispersion
component. It is mainly caused by the decrease of —C—
CF bonds and the increase of —CF and —CF, bonds on
the surface, and therefore the reduced surface energy of
the film [27, 28]. The surface energy is influenced by the
difference in the forces between atoms and molecules at the
interface [29]. The polar component is controlled by several
intermolecular forces, permanent and induced dipoles, and
hydrogen bonds [29, 30]. The hydrogen bonding force is
an indicator of the ability to form hydrogen bonds at the
surface. The wettability, that is, hydrophobic or hydrophilic,
is also related to the hydrogen bonding at the surface [31].
In general, the wettability of a surface is controlled by the
chemical structure of the film at the surface and the surface
roughness. However, Yao et al. reported that the chemical
structure of the film is a more dominating factor as compared
to the surface roughness in influencing the surface energy

of F-DLC [32]. The increase in hydrophobicity of the F-
DLC was attributed not only to the higher incorporation of
fluorine but also mostly to the presence of CF, groups on the
surface [13].

3.3. Biocompatibility Test by Protein Adsorption Measurement.
When an artificial surface is in contact with blood flow, quick
adsorption of plasma proteins occurs. Platelets adhere to
the implant via a layer of adsorbed proteins [33-35]. The
rate and extensiveness of this process depend on the type of
proteins adsorbed on the surface of the biomaterial [33-35].
Usually, the first proteins that are adsorbed on the surface of
the biomaterial are albumin, fibrinogen, and fibronectin. The
adsorption of albumin retards the adhesion and activation
of platelets, while the adsorption of fibrinogen promotes
platelet adhesion and activation. The adsorbed fibrinogen is
converted into insoluble fibrin polymer, which finally results
in the formation of a thrombus [36, 37]. Dion et al. reported
that the ratio of albumin to fibrinogen is important when
assessing the adhesion of blood platelets to artificial surfaces
and that a higher ratio indicates a lower number of adhering
platelets [38, 39].

In this study, Figures 3(a) and 3(b) show the protein
albumin and fibrinogen adsorption results for uncoated
Ti alloys and coated F-DLC films. It is clearly observed
from Figure 3 that the F-DLC films exhibit higher albu-
min adsorption and lower fibrinogen adsorption than the
uncoated specimens. The albumin-to-fibrinogen ratio in
coated specimens, as shown in Figure 4, indicates that the F-
DLC films can prevent the formation of a thrombus better
than the uncoated specimens. It is well known that surface
physics (surface topography and surface energy) influences
the cellular response [40]. Ma et al. reported that higher
surface energy results in enhanced cell viability and increased
albumin-to-fibrinogen adsorption ratio [36]. The results in
Table 3 comply to the findings of Ma et al.; that is, higher
surface energy results in an increased albumin-to-fibrinogen
ratio, which causes reduced thrombosis formation [41-43].

3.4. Electrochemical Corrosion Behavior. The term “biocom-
patibility” may be simply defined as the ability of a material
to be accepted by the body. Because all materials generate
a “foreign body reaction” when implanted in the body, the
degree of biocompatibility is related to the extent of this
reaction. Therefore, biocompatibility is directly related to the
corrosion behavior of the material and its tendency to release
potential toxic ions [44].
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F1GURE 3: The adsorption of (a) albumin protein and (b) fibrinogen protein between Ti alloys and F-DLC films.
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FIGURE 4: The ratio of albumin to fibrinogen adsorption between
Ti alloys and F-DLC films.

Figure 5 shows the potentiodynamic polarization curves
of Ti alloys and F-DLC films in Hanks’ solution. In general,
the samples with a lower current density and a higher
potential indicate better corrosion resistance. It can be clearly
observed from a shift of the whole polarization curve towards
the region of lower current density and higher potential that
E-DLC films significantly improve the corrosion resistance of
the Ti alloys. For the F-DLC films, the whole polarization
curve moves to the region of higher potential and lower
current density with an increase in the fluorine content,
indicating that the corrosion resistance of the F-DLC films
increases with increasing fluorine content. Additionally, the
polarization curves of F-DLC films indicate the unstable
value. These results are mainly due to the high surface
roughness of the films.

The enhancement in the corrosion resistance of the
coated specimens may be attributed to the reduced electrical
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FiGure 5: The potentiodynamic polarization curves of Ti alloys and
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FiGURE 7: Morphology of L929 fibroblast cell attached on (a) F-DLC 2: 1, (b) F-DLC 1:1, (¢) NiTi, (d) CP Ti, and (e) Ti-6Al-4 V captured

by fluorescence microscope using a 40x objective lens.

conductivity caused by the chemical inertness of the F-
DLC films in comparison to the uncoated specimens. The
low electrical conductivity of the F-DLC films reduces the
electron transport and the electrical charge exchange at the
surface, which are the cause of the electrochemical corrosion
[45]. Thus, the F-DLC films can act as a passive barrier
to prevent aggressive ions in the corrosion solution from
attacking the Ti alloy substrates.

3.5. Cytotoxicity. A cytotoxicity test is a screening method
to determine whether a material has any toxic effect on
living cells due to leachable components before employing
it in a medical device. Figure 6 shows the cytotoxicity of
specimens compared with NiTi, which was proven to be
highly biocompatible due to the formation of a passive
titanium oxide layer (TiO,) [46, 47] similar to that found
on Ti alloys [48]. It is clearly observed from Figure 7 that
there was no difference in the viability of 1929 fibroblast
cells among the specimens except for pure nickel (Ni). The
1929 fibroblast cells grown on Ti alloys and F-DLC films
had approximate viabilities between 80 and 110% along
the experiment, but Ni had viability below 2-20%. There
was no indication that the F-DLC coating was dissolved
or toxic to the L1929 fibroblast cells because there was no
loss of cell integrity due to the coating. These results from
the cytotoxicity experiments showed that the F-DLC coating
provides a nontoxic surface on which the 1929 fibroblast
cells were able to attach, grow, and divide in a normal
manner, as shown in the fluorescence microscopy (Figure 7).
Furthermore, Ma et al. reported that the surface energy
increased with increasing surface roughness resulting in
enhanced cell viability [36]. In this experiment, however, the

TABLE 4: Average surface roughness of specimens.

Specimen Average roughness (Ra, ym)
CPTi 0.098
Ti-6A1-4V 0.123
NiTi 0.089
NiTi-coated F-DLC 2: 1 0.259
NiTi-coated F-DLC 1:1 0.249

surface roughness of the Ti alloys and the F-DLC films was
in the range 0.1-0.3 ym (Table 4) which was not significantly
different. Additionally, the surface chemistry (fluorine con-
tent) had no effect on cell viability and attachment because
there was no anomaly in cell characteristics, as shown in
Figure 7. Due to the aforementioned reasons, the surface
roughness, surface energy, and surface chemistry did not
influence cytotoxicity on the surface of the Ti alloys and the
F-DLC films.

4, Conclusion

Fluorinated diamond-like carbon (F-DLC) films were suc-
cessfully prepared on Ti alloys by the PBII technique. The
films were investigated for their biocompatibility proper-
ties using contact angle measurement, protein adsorption,
corrosion behavior, and cytotoxicity. F-DLC films possess
a hydrophobic surface due to an increase in the contact
angle. Though it is expected that the surface energy should
decrease in comparison with the uncoated specimens, it
demonstrates higher values. This may have occurred due
to the higher surface roughness of the films. In addition,
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the F-DLC films possess a higher albumin-to-fibrinogen
ratio than the uncoated specimens, which indicates that the
films can suppress platelet adhesion preventing thrombosis
on their surfaces. F-DLC films also exhibit better corrosion
resistance than the uncoated specimens due to their lower
electrical conductivity and their chemical inertness. Due to
the aforementioned reasons, the F-DLC films seem to be
highly biocompatible with less cytotoxicity than uncoated
specimens. F-DLC films can thus be of great significance
when used in biomedical applications.
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