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Abstract: In this study, TiN, TiCN, and Ti-diamond-like carbon (Ti-DLC) films were coated on 316 L
stainless steel (AISI 316 L) substrate surface by physical vapor deposition. The biocompatibility of
the three films (TiN, TiCN, and Ti-DLC) and three metals (AISI 316 L, Ti, and Cu) was compared on
the basis of the differences in the surface morphology, water contact angle measurements, CCK-8
experiment results, and flow cytometry test findings. The biocompatibility of the TiN and TiCN films
is similar to that of AISI 316 L, which has good biocompatibility. However, the biocompatibility of
the Ti-DLC films is relatively poor, which is mainly due to the inferior hydrophobicity and large
amount of sp2 phases. The presence of TiC nanoclusters on the surface of the Ti-DLC film aggravates
the inferior biocompatibility. Compared to the positive Cu control group, the Ti-DLC film had a
higher cell proliferation rate and lower cell apoptosis rate. Although the Ti-DLC film inhibited cell
survival to a certain extent, it did not show obvious cytotoxicity. TiN and TiCN displayed excellent
performance in promoting cell proliferation and reducing cytotoxicity; thus, TiN and TiCN can be
considered good orthodontic materials, whereas Ti-DLC films require further improvement.

Keywords: Ti-DLC; biocompatibility; wettability; proliferation; apoptosis

1. Introduction

AISI 316 L is widely used in medical devices such as orthodontic fixed brackets,
because of its excellent machining performance, mechanical properties, corrosion resistance,
and cost effectiveness [1,2]. However, when exposed to human oral saliva, AISI 316 L
undergoes wear and corrosion, such as crevice corrosion, intergranular corrosion, pitting
corrosion, and fretting corrosion [3]. When in contact with human bodily fluids over a long
period of time, corroded stainless steel (SS) releases chromium or nickel ions, which induces
inflammation and cytotoxic effects [4,5]. At the same time, exposed AISI 316 L releases high
concentrations of molybdenum ions, which can pose a threat to human health. Moreover, a
larger irregular surface area of exposed SS allows a greater capacity for bacterial adsorption,
resulting in poor biocompatibility [6].

To overcome these drawbacks, various coating materials have been applied on the SS
surface to reduce application defects and enhance biocompatibility [7]. Such coating mate-
rials include TiN, TiCN, and Ti-DLC, which can be applied by physical vapor deposition
(PVD), chemical vapor deposition (CVD), and other methods. Due to their simple coating
procedure, excellent corrosion resistance, high hardness, and good biocompatibility, TiN
films have been widely used in various medical fields such as human implants and surgical
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instruments, especially as orthodontic materials [8]. This film not only improves wear
resistance and reduces the corrosion rates of the SS substrate, but also inhibits the release
of harmful ions. Thus, the biocompatibility of the SS substrate is significantly improved
subsequently, enhances the serviceability of the orthodontic part. Subramanian et al. [9]
reported that the excellent biocompatibility of TiN/VN multilayer coatings is due to mini-
mal bacterial adhesion on the film surface. Braic et al. [10] analyzed the biocompatibility of
TiN and TiN/TiAlN coatings and found that both coatings showed superior biocompatibil-
ity to uncoated SS substrates, in terms of cell density, cell viability, and cell morphology.
Some researchers have focused on TiCN films, which exhibit higher properties than TiN
films; however, their preparation is much more difficult [11]. Ertuerk et al. [12,13] pointed
out that as a solid solution of TiN and TiC, TiCN combines the advantages of both materials
and exhibits higher hardness, better tribological properties, and better lubrication than
TiN in practical applications. In addition, its non-cytotoxic properties combined with its
mechanical and corrosive properties make TiCN a very effective material for biomedical
applications. Madaoui et al. [14] demonstrated that XC48 steel plated with TiCN in a 3.5%
NaCl solution provided better resistance to uniform and pitting corrosion than bare steel,
and effectively prevents the release of matrix ions. Antunes et al. [15] reported that com-
pared to uncoated AISI 316 L, TiCN-coated parts exhibited no cytotoxicity or genotoxicity.

Furthermore, DLC films have proven to be potential biomedical materials with excel-
lent performance, due to the fact that DLC has a higher hardness, better wear resistance,
and better chemical inertness than TiN and TiCN [16,17]. To overcome the low bonding
strength and high internal stress, DLC films are doped with different metals (Cr, Ti, Zr)
to reduce the difference in the thermal expansion coefficients between the DLC films and
substrates [18,19]. A Ti-DLC film on SS has smaller internal stress, larger film base bonding,
and better mechanical properties such as hardness and toughness. In our previous study,
Ti-DLC had the lowest surface roughness, while exhibiting high hardness and low COF [20].
Moreover, the Ti-DLC coating exhibits high corrosion resistance because the TiC crystals
block the path of corrosive substances through the film [11]. However, a previous study
showed that DLC provides a weak cell adhesion matrix when tested with human mes-
enchymal stem cells, osteoblasts and osteosarcoma cell lines, proving that the compatibility
of Ti-DLC films is debatable [21]. Thus, the application of Ti-DLC films on orthodontically
fixed brackets still faces significant challenges.

To overcome this limitation, in this study, TiN, TiCN, and Ti-DLC films were coated on
the surface of AISI 316 L by using multi-arc ion plating method [11]. Ti, a commonly used
dental implant, and Cu, a powerful antimicrobial metal, were used in the experiment for
comparison. This study aimed to select a material for coating on AISI 316 L metal implants
that would exhibit excellent in-service properties while improving the biocompatibility
of AISI 316 L.

2. Experimental

In this experiment, AISI 316 L (composition given in Table 1) was used as the substrate
material, which was cut into sheets with dimensions of 15 mm × 15 mm × 12 mm. Before
depositing, the flaky substrate was sanded with #80-#2000 silicon carbide sandpaper. The
sheet substrate was polished to a defect-free mirror finish and cleaned ultrasonically with
ethanol for 10 min and deionized water for 5 min to remove surface contamination. The as-
treated sheet substrates were placed into an arc coating equipment (Damp AS700, ProChina
Limited, Beijing, China) to deposit TiN, TiCN, and Ti-DLC films; the three film deposition
parameters were derived from a previous study [20]. The surface morphologies of the
deposited films were observed through field emission scanning electron microscopy (SEM,
FEI, Nova NanoSEM230, FEI Company, Hillsboro, OR, USA). The contact angle of water
on the surface of each sample was measured using a contact angle test system (Orbital
surface tension meter, Ramé-hart Model 250, Ramé-hart Instrument Company, Succasunna,
NJ, USA) at room temperature (27 ◦C). The specific test technique used was the solid drop
method with a drop volume of 2 µL.
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Table 1. Composition of AISI 316 L substrate.

Alloy Main Alloying Elements (wt%)

- Cr Ni Mo N C Mn Fe
AISI 316 L 16.30 14.20 1.3 0.06 0.05 2.03 balance

For this experiment, L929 mouse fibroblasts obtained from the Institute of Advanced
Study of Central South University (Changsha, China) were used to explore the biocompati-
bility of each sample. For cell recovery, frozen tubes containing L929 mouse fibroblasts were
placed in a 37 ◦C water bath and thawed by constant shaking. After an initial observation
of L929 mouse fibroblast viability through pressed microscopy, the cells were cultured in
modified Eagle’s medium (DMEM, Gibco, Life Technologies Corporation, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS). After reaching 80%–90% confluence,
the adherent cells were washed, trypsinized, counted, and re-suspended to seed on the
samples. Each sample was separately inoculated into a 6-well tissue culture plate. The
cellular concentration was 1 × 104 mL−1 in the medium (DMEM with 10% FBS) and the
sample was incubated for 1 week. The culture parameters were as follows: (37 ± 1) ◦C
temperature and 5% CO2 concentration. The samples were evaluated at 24, 48, and 72 h.
The samples containing cells at 24, 48, and 72 h were washed with phosphate-buffered
saline (PBS). After cell fixation, dehydration, and drying, the cell adhesion pattern of each
sample was observed by SEM at three incubation time points.

All sets of samples from the three time points removed from the culture plate were
digested using trypsin and incubated in a 6-well plate for 4 h after adding a CCK-8 reaction
solution at 10 mL/well. The absorbance values at 450 nm of the corresponding seven
groups of the samples after 24, 48, and 72 h of incubation were measured using an enzyme
standardization instrument (ST-360, Dan Ding Shanghai International Trade Co., Ltd.,
Shanghai, China). Cell proliferation was detected using Cell Counting Kit 8 (CCK-8,
Shanghai Beyotime Institute of Biotechnology, Shanghai, China).

Flow cytometry was conducted to detect the rate of apoptosis after staining with
Annexin V-FITC/PI Apoptosis Double Staining Kit (bioworlde, BD0062-3, Bioworld Tech-
nology, Nanjing, China). All samples were digested using trypsin. Cell suspensions were
prepared after washing with PBS and placed in flow-through tubes. Annexin V-FITC/PI
was then added, and the samples were incubated at 25 ◦C for 15 min while being protected
from light. The apoptosis rate was calculated on the basis of detection by flow cytometry,
which was taken as the sum of the percentages of Q2 (late apoptotic cells) and Q3 (early
apoptotic cells).

Tests related to biocompatibility must be repeated at least three times to ensure re-
producibility. The data obtained from the experiments were statistically analyzed using a
relevant software, and the measures conforming to the normal distribution were expressed
as x ± s. One-way ANOVA was used to compare means between groups, and the least
significant difference method was used for two-way comparison. The test level was set at
p < 0.05. Biocompatibility evaluation criteria for relevant in vitro cytotoxicity tests are in
accordance with ISO 10993-5.

3. Results and Discussions
3.1. Surface Characteristics

The surface morphologies of the films are shown in Figure 1. The surface of the SS
substrate was basically smooth and flat, but there were some tiny pores with irregular
shapes, which was mainly due to the cutting and polishing effect. After deposition, few
pores were observed on the surfaces of the TiN and TiCN films, while some micro-sized
TiC particles were observed. The Ti-DLC film exhibited the lowest porosity, but several
flaky defects and clusters were observed on its surface. The adhesion of the three films to
the substrate is firm [20]. The thicknesses of the TiN, TiCN, and Ti-DLC films were 2.05,
4.10, and 4.48 µm, respectively; further information about the film layer characteristics
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and properties can be obtained from previous studies [20]. The SEM images depicting
the morphology of the TiC particles of TiCN and Ti-DLC are shown in Figure 2. The TiC
particles in the TiCN film were nearly spherical, and their diameters were 1–2 µm; however,
TiC clusters on the Ti-DLC films exhibited irregular shapes. Their diameters were in the
sub-micrometer or nanometer range. The number of TiC clusters on the Ti-DLC films was
significantly higher than that on the TiCN films.
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(b) Ti-DLC.

According to our previous results on XRD [20], peaks of C and TiC were observed in
both the TiCN and Ti-DLC films, but the latter was more pronounced, indicating that more
TiC was formed. From our previous experimental results of Raman spectroscopy [20], the
response intensity for sp2-hybridized C in Ti-DLC films was approximately 50 times higher
than that for sp3-hybridized C. It was found that a certain amount of sp3-hybridized C was
present in the Ti-DLC films, and the D peak area was significantly larger than the G peak
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area (ID/IG = 2.79). This indicates that the proportion of sp2-hybridized C was higher than
that of sp3-hybridized C.

Figure 3 shows the water contact angle images of all the samples. The water contact
angle strongly affects cell adhesion and cell activity [22]. As shown in Figure 3a, SS is
hydrophobic, which may be related to its surface porosity and roughness. The TiN and
TiCN films substantially improved the wettability of the AISI 316 L substrates. Both films
exhibited strong hydrophilicity. Similar results were reported by Khan et al. for TiN [23]
and Sunthornpan et al. for TiCN [24]. When AISI 316 L was coated with a Ti-DLC film,
the water contact angle increased to 96.1◦ ± 0.4◦ and showed significant hydrophobicity,
which is mainly due to the chemical properties of DLC. Graphite and other sp2 carbon
materials are recognized as hydrophobic materials with a water contact angle of ~90◦, even
when the surface is smooth [25,26]. Some researchers have reported that the surfaces of
these materials are susceptible to the adsorption of hydrocarbon contaminants from the
air environment [27]. The water contact angle of sp3-dominated diamond was slightly
lower than that of graphite [28]; however, the proportion of sp2-hybridized C in the Ti-DLC
films was found to be higher than that of sp3-hybridized C. More importantly, the water
contact angle of the Ti-DLC film was greater than 90◦. This phenomenon can be attributed
to the following three factors. (1) The hydrocarbon contaminants in the air cause Ti-DLC to
have a larger water contact angle [29]. (2) As Ti-DLC films contain more sp2 phases and
sp2-hybridized C have sharp structures on the surface. These sharp structures are arranged
in a jagged pattern to give the film layer a large water contact angle. (3) The presence of a
large number of TiC nanoclusters with irregular shapes and rough surfaces increased the
surface roughness of the Ti-DLC film and thus a large water contact angle.
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3.2. Biocompatibility Assay
3.2.1. Cell Adhesion Morphology

Figure 4 shows the morphology of L929 mouse fibroblasts after 24, 48, and 72 h of
culture for each sample group. As can be seen from the graph, as the incubation time
increased, the blank group exhibited better cell growth morphology than the others. The
cells were mainly shuttle-shaped and spread well on the surface of the culture plate. For the
24–72 h culture time, it was found that the number of cells kept on increasing, and the cell
spreading status improved with increasing culture time. The L929 cells grew well on the
surface of the TiCN and TiN films and SS substrates, among which the cells on TiCN spread
maximally on the surfaces of the culture plates. Cell adhesion for the Ti group was slightly
weaker than that for the other three film samples. The cells on the Ti-DLC surface had
the worst spreading status among those on the three films; this result was similar to that
observed for the positive Cu control group. The difficulty in cell adhesion on the Ti-DLC
surface is due to its hydrophobicity. More importantly, the Ti-DLC film contains more
sp2 phases, and sp2-hybridized C typically has sharper structures on its surface. These
sharp structures directly affect the forces between the polar groups of the cellular proteins



Coatings 2022, 12, 1073 6 of 12

and the surface of the material, resulting in weak cell adhesion patterns on the Ti-DLC
surface. Although it has rarely been proven that a higher sp2 ratio negatively affects the
cell adhesion of DLC-type coatings, nanodiamond (NCD) and other carbon-based films
exhibit similar results. Wang et al. [30] deposited micro-diamond (MCD) and NCD on the
surface of a TC4 alloy and found that a higher content of the sp2 phase in NCD resulted in
a lower cell adhesion morphology and reduced cell activity in L929.
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3.2.2. CCK-8 Results

Figure 5 shows the absorbance OD values of the culture solution measured at 450 nm
for each group at 24, 48, and 72 h of incubation. As shown in Figure 5, the cell counts
measured in the SS and TiN groups were similar to those in the blank group for the
three studied culture times. The TiN group had the highest number of viable cells and
exhibited better biocompatibility than the other groups. The TiCN group had a slightly
higher number of cells than the Ti group, especially at 72 h. This indicates that the growth
of the cells on the surfaces of SS, TiN, and TiCN was not significantly inhibited and better
cell proliferation was demonstrated. The number of cells on the Ti-DLC surface was
significantly lower than that on the Ti surface, but much greater than that on the Cu surface.
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The cell proliferation rate is one of the key factors used to determine the biocompati-
bility of films. Figure 6 shows the relative cell proliferation rate of each sample cultured
for 24, 48, and 72 h. Moreover, it is evident from the figure that the cell proliferation rate
curves of the SS and TiN groups almost completely overlap. This indicates that there was
no difference between the inhibitory effects of SS and TiN on the cells. The cell proliferation
rate of the TiCN group was slightly lower than those of the SS and TiN groups. Among
the three films, the Ti-DLC group exhibited the lowest cell proliferation rate. The TiN and
TiCN groups have higher cell proliferation rates, possibly because they have lower surface
roughness and a smaller water contact angle, which is favorable for cell adhesion and
growth. The low cell multiplication rate for the Ti-DLC sample was mainly due to its high
hydrophobicity. It has been experimentally demonstrated that as the water contact angle
increases, the wettability of the material decreases, preventing the cells from attaching to
its surface, swelling, and growing well. Eventually, the number of cells, proliferation rates,
and differentiation levels are reduced [31].
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3.2.3. Flow Cytometry Results

The results of the flow cytometry tests are presented in Table 2. The apoptosis rate
was the sum of the Q2 and Q3 quadrant percentages on a two-dimensional scatter plot.
Figures 7 and 8, respectively, show the cell flow diagram and total apoptosis rate of each
sample at 24, 48, and 72 h of incubation.

Table 2. Flow cytometry test results.

One-Way
ANOVA

Mean Diff Significant

24 h 48 h 72 h 24 h 48 h 72 h

Blank vs. SS −1.52333 −1.79667 −1.71000 0.156N 0.106Y 0.013Y
Blank vs. Cu −20.30333 −20.80333 −23.36333 0.000Y 0.000Y 0.000Y
Blank vs. TiN −1.17000 −1.04333 −1.45667 0.380N 0.560Y 0.014Y

Blank vs. TiCN −0.89 −1.12 −1.73667 0.666N 0.484Y 0.003Y
Blank vs. Ti-DLC −10.31 −11.87 −12.13 0.000Y 0.000Y 0.000Y

Blank vs. Ti −5.98 −6.73333 −7.02333 0.000Y 0.000Y 0.000Y
SS vs. Cu −18.78000 −19.00667 −21.65333 0.000Y 0.000Y 0.000Y
SS vs. TiN −0.35333 0.75333 0.25333 0.994N 0.873N 0.989Y

SS vs. TiCN −0.63333 0.67667 −0.02667 0.897N 0.892N 1.000Y
SS vs. Ti-DLC −8.78667 −10.07333 −10.42000 0.000Y 0.000Y 0.000Y

SS vs. Ti −4.45667 −4.93667 −5.31333 0.000Y 0.000Y 0.000Y
Cu vs. TiN 19.13333 19.76000 21.90667 0.000Y 0.000Y 0.000Y
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Table 2. Cont.

One-Way
ANOVA

Mean Diff Significant

24 h 48 h 72 h 24 h 48 h 72 h

Cu vs. TiCN 19.41333 19.68333 21.62667 0.000Y 0.000Y 0.000Y
Cu vs. Ti-DLC 9.99333 8.93333 11.23333 0.000Y 0.000Y 0.000Y

Cu vs. Ti 14.32333 14.07000 16.34000 0.000Y 0.000Y 0.000Y
TiN vs. TiCN 0.28000 −0.07667 −0.28000 0.998N 1.000N 0.982N

TiN vs. Ti-DLC −9.14000 −10.82667 −10.67333 0.000Y 0.000Y 0.000Y
TiN vs. Ti −4.81000 −5.69000 −5.56667 0.000Y 0.000Y 0.000Y

TiCN vs. Ti-DLC −9.42000 −10.75000 −10.39333 0.000Y 0.000Y 0.000Y
TiCN vs. Ti −5.09000 −5.61333 −5.28667 0.000Y 0.000Y 0.000Y

Ti-DLC vs. Ti 4.33000 5.13667 5.10667 0.000Y 0.000Y 0.000Y

Note: 24 h: F = 518.300, p < 0.0001; 48 h: F = 501.597, p < 0.0001; 72 h: F = 2103.81, p < 0.0001.
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As can be seen from Figure 8, the blank group had a lower apoptosis rate than the
experimental group. The apoptosis rate in the SS group was slightly higher than that
in the TiN and TiCN groups but still had a lower apoptosis rate compared to the other
experimental groups. This is because the SS surface reacts readily with air to produce a
smooth and dense oxide film dominated by oxides of iron and chromium. This film has
a certain corrosion resistance, but is still weaker than that of copper and titanium. When
placed in harsh environments, such as Cl- and acidic environments, this film is highly
susceptible to pitting corrosion over the long term. Corroded SS releases Cr or Ni ions
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when present in the oral cavity over time, which in turn causes inflammation and cytotoxic
effects [3].

The apoptosis rates of the TiN and TiCN groups were similar at the three time points
of 24, 48, and 72 h, and their apoptosis rates were the lowest among the experimental
groups. Compared with the apoptosis rate at 24 h, the rate of the TiN film increased by
0.04% at 48 h and 0.69% and 72 h. In contrast, the apoptosis rates of the TiCN films tested
at 48 and 72 h increased by 0.32% and 0.63%, respectively. The total apoptosis rate in the
SS, TiN, and TiCN groups was less than 5% at all three time points. SS releases harmful
ions and thus exhibits a higher rate of apoptosis than TiN and TiCN. TiN has a uniformly
dense passivation film and good wettability, which are favorable for cell adhesion and
multiplication. As a result, the TiN film exhibited lower apoptosis. Our previous studies
have shown that TiC crystals enable TiCN films to exhibit higher corrosion resistance by
blocking corrosive substances from penetrating the film path [11]. The high corrosion
resistance and hydrophilicity of the TiCN film resulted in the lowest apoptosis rate.

The apoptosis rate in the Ti control group is significantly higher than the three experi-
mental groups mentioned above, and there is a significant difference (p < 0.01). Although
Ti has a relatively low water contact angle, water contact angle measurements were per-
formed under pure water conditions and short-term action. When Ti is placed in the culture
solution for a long time, its passivation film is disrupted and breaks into TiO2 particles.
This leads to a reduction in the hydrophilicity of the Ti surface, and adhesion decreases due
to the continuously increasing surface roughness. McGuff et al. [32] studied histological
specimens of septic granuloma and peripheral giant cell granuloma in two patients with
peri-implant mucosal enlargement in the oral cavity. They found that broken Ti particles
caused these reactive lesions. The highest apoptosis rate was observed in the positive
Cu control group. In particular, the total apoptosis rate in the positive Cu control group
was as high as (26.09 ± 0.75)% when the cells were cultured for up to 72 h. Cu releases
large amounts of Cu ions when it is placed in the culture solution for a long time. High
concentrations of Cu ions can cause cellular inhibition and toxicity in humans [33].

The Ti-DLC group had the highest apoptosis rate among the three films, with a total
apoptosis rate in the range of 10%–15% at the three time points. The water contact angle
of Ti-DLC was 96.1◦ ± 0.4◦, which indicates hydrophobicity and suggests that it is not
conducive to cell reproduction and growth. In contrast, the sp2 phase is more abundant
in Ti-DLC, and the sp2 phases with sharp structures are distributed in a sawtooth shape.
By disrupting the cell structure, the Ti-DLC films exhibited more pronounced apoptosis
than the other experimental groups [34,35]. Nevertheless, the relevant experimental data
show that the cell proliferation rate detected on the surface of the Ti-DLC film at the three
culture times was significantly higher than that of the positive Cu control group (p < 0.05),
while the apoptosis rate was significantly lower than that of the Cu group (p < 0.01). This
indicates that Ti-DLC does not inhibit cell proliferation or promote apoptosis similar to
heavy metals. Moreover, the apoptosis rate of Ti-DLC was only approximately 5% higher
than that of Ti at the three culture times. Pure Ti is commonly used for dental implants.
Therefore, it is possible to reduce the apoptosis rate of Ti-DLC to that of Ti by improving the
preparation process. Thomsonet et al. [36] assessed cytotoxicity by measuring the activity
of β-N-acetyl-D-glucosaminidase in a culture medium of primary peritoneal macrophages
from DLC-surfaced mice. The results showed no significant difference in enzyme levels
between coated and uncoated pores, and no evidence of cell damage to macrophages on the
DLC film surface. It can be concluded that Ti-DLC is not cytotoxic, but less biocompatible
than TiN and TiCN films. Our previous studies have shown that Ti-DLC films exhibit the
most stable electrochemical properties with excellent corrosion resistance in the presence
or absence of artificial saliva and at different concentrations of Cl- and H+ [11]. Therefore,
Ti-DLC films still hold promise for exploration and development in the biomedical field.
The biocompatibility of Ti-DLC can be enhanced by improving the preparation method to
reduce hydrophobicity and by enhancing the surface properties or reducing the sp2 phase
to allow for a better cell attachment state.
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4. Conclusions

The biocompatibility of the TiN, TiCN, and Ti-DLC films deposited on AISI 316 L sub-
strates was compared to determine the most suitable bio-coating material for orthodontic
dentistry. The main findings of this study are as follows:

(1) TiN and TiCN had small water contact angles and exhibited significant hydrophilicity.
However, Ti-DLC had a relatively large water contact angle and exhibited hydropho-
bic behavior. The hydrophobicity is mainly due to the large ratio of sp2 phases. The
presence of jagged sp2 phases and TiC nanoclusters aggravated hydrophobicity.

(2) TiN exhibited the highest cell value-added rate among the three film samples, fol-
lowed by TiCN. Ti-DLC exhibited the lowest cell proliferation rate due to its high
hydrophobicity and sharp sp2 phase shape.

(3) TiN and TiCN films had lower apoptosis rates than SS because of their excellent
corrosion resistance. However, the biocompatibility of Ti-DLC is slightly inferior to
that of Ti, but significantly better than that of Cu, mainly because of the hydrophobic
nature of Ti-DLC. However, Ti-DLC did not exhibit significant cytotoxicity.

(4) The overall biocompatibility of Ti-DLC was slightly lower than that of the Ti control. Ti-
DLC still has potential in the biomedical field, but its preparation must be improved to
reduce the amounts of sp2-hybridized C and TiC nanoclusters and surface roughness.

(5) The presence of TiC nanoclusters with irregular shapes increased the surface rough-
ness of the film with TiC. Thus, a large water contact angle is obtained, which is
detrimental to cell adhesion and reproduction.
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