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Titanium nitride (TiN) coatings are commonly used on surgical instruments for its suitable hardness as well as
excellent chemical inertness properties. Silver (Ag), as an antibacterial agent, is implanted into TiN films by
plasma immersion ion implantation (PIII). The changes in the surface characteristics are investigated and rat
calvaria osteoblasts are cultured to evaluate the cytocompatibility. The results indicate that Ag PIII samples
implanted with small amounts of Ag have good cytocompatibility while the desirable surface properties are
preserved.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Owing to their high abrasion-resistant properties, transition metal
nitrides arewidely used as protective coatings in industrial applications.
Titanium nitride (TiN), a representative transitionmetal nitride, has the
extraordinary combination of desirable physical, chemical, and me-
chanical characteristics [1–6]. These remarkable characteristics such as
high hardness (~20–22 GPa) [7] and chemical inertness make it attrac-
tive in applications such as orthopedic prostheses, cardiac valves, and
joint arthroplasty [8–11]. After surgical insertion, infection is one of
the serious complications and may be difficult to treat sometimes
requiring removal [12]. Hence, it is crucial to endow the materials
with the long-term ability to combat bacterial colonization to allow
smooth healing. Silver (Ag) is an effective antibacterial agent capable
of killing antibiotic-resistant bacteria and it shows no local or systemic
side-effect in many in vivo experiments [13]. Wan et al. reported
that the antibacterial activity of the silver implanted sample against
Staphylococcus aureus was improved [14]. To achieve low cytotoxicity,
Zhao et al. suggested that the silver release rate needed to be controlled
[15]. Since the required Ag dose is typically low but long-term Ag
release is required, plasma immersion ion implantation (PIII) is the
an excellent technique to introduce the suitable amount of Ag to a
predesigned depth to facilitate controlled long-term release while
the favorable bulk attributes of the materials are not compromised
[16,17]. Nonetheless, although the antimicrobial effects of Ag are proven,
aul.chu@cityu.edu.hk (P.K. Chu).
the cytocompatibility of the plasma-implanted materials is another
important issue that needs attention. In this work, Ag is introduced into
TiN films by PIII and the surface mechanical and cytocompatibility are
studied.

2. Materials and methods

TiN films were prepared on silicon wafers by magnetron sputtering
at a pressure of 10−4 Pa. After pre-cleaning by argon sputtering, an
Fig. 1. XPS depth profiles acquired from the Ag-PIII TiN film.
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Fig. 2. XPS survey spectra of (a) TiN and (b) Ag-PIII.
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intermediate Ti layer was deposited at room temperature using a high
purity (99.99%) Ti target at an argon flow rate of 20 sccm and 250 W
sputtering power for 5 min. Afterwards, TiN films were deposited in a
gas mixture comprising Ar (10 sccm) and nitrogen (4 sccm) at the
same sputtering power for 4 h. Finally, silver was introduced into the
TiN film by plasma immersion ion implanted (PIII). The silver plasma
was generated from a pure silver cathode (99.99%) using a repetition
frequency of 10 Hz, pulse duration of 400 μs, and pulsed voltage of
25 kV. PIII was under a pressure of 10−4 Pa and conducted for 3 h.

The depth profiles were determined by X-ray photoelectron spec-
troscopy (XPS, Physical Electronics PHI 5802). Al Kα irradiation was
employed and the estimated sputtering rates were 8 nm/min in the
first 17 min and 45 nm/min afterwards based on standards sputtered
under similar conditions. Field-emission scanning electron microscopy
(FE-SEM, FEI/Philips XL30 Esem-FEG) was conducted to examine the
Fig. 3. High-resolution XPS spectra of Ag,
morphology of the surface before and after PIII. The hydrophilicity of
the surface was determined by static contact angle measurements
using distilled water as the medium on a Rame-Hart (USA) instrument
at room temperature. To evaluate the hardness of the TiN film before
and after Ag PIII, an MTS nano-indenter was utilized.

The sample was cut into 1 cm × 1 cm for cell culturing. The MC3T3-
E1 cells were cultured in a Dulbecco's Modified Eagle Medium (DMEM,
GIBCO, cat. no. 12100-046) supplemented with 10% fetal bovine serum
(FBS, GIBCO, cat. no. 10270-106). The osteoblasts were seeded at a
density of 3 × 104 cells per well on 24-well tissue culture plates and in-
cubated in a humidified atmosphere of 5% CO2 at 37 °C. Themorphology
of the cells was examined by double fluorescence staining. After incuba-
tion for 24 h, the osteoblasts were fixed with 2% paraformaldehyde and
immunofluorescently stainedwith the cytoskeleton protein f-actinwith
phalloidinfluorescein isothiocyanate (Sigma). After the nuclei were
counter-stained with 4′,6′-diaidino-2-phenylindole (DAPI), pictures
were taken on a digital camera (Carl Zeiss Axio Observer Z1). The cell
counting kit-8 (CCK-8 Sigma) was employed to quantitatively evaluate
the cell viability. After culturing for 5 h, 1 day, and 3 days, the samples
were rinsed twice with sterile PBS to remove weakly attached and
unattached cells. They were transferred to 24-well tissue culture plates
with a culture medium of 10% CCK-8. After culturing for 4 h, the optical
density (OD) was measured at 450 nm on a power wave microplate
spectrophotometer (BioTek, USA). The statistical analysis was per-
formed based on the one-way ANOVA analysis.

3. Results and discussion

Fig. 1 shows the elemental depth profiles of the Ag-PIII TiN film. The
maximum Ti concentration of 62% is found at a depth of about 760 nm
and the nitrogen concentration is over 30% up to a depth of 700 nm.
The atomic concentration of Ag is about 1% up to a depth of about
50 nm. Hence, the thickness of the TiN film is approximately 700 nm
and the presence of Ag is confirmed.
Ti, N and O: (a) TiN, and (b) Ag-PIII.



Fig. 4. Surface morphology of the TiN film: (a) control and (b) after Ag-PIII.
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To reveal the chemical composition, XPS survey spectra of TiN and
Ag-PIII TiN film are display by Fig. 2a and b respectively. The spectrum
of TiN sample is dominated by the Ti2p signal at 459 eV as well as O1s
signal at 513 eV, and two small peaks due to Ti2s at 566 eV and N1s at
397 eV. The oxygen signal may originate from different sources, includ-
ing surface contamination, partial oxidation of the surface during
storage and handling. It indicates that main product in the surface of
the TiN film is titanium oxide. After Ag-PIII, a new signal of Ag3d at
369 eV is observed, which reconfirmed the existent of the Ag element.

The high-resolution XPS spectrum of Fig. 3 is used to determine the
nature of the chemical bonding associated with transformation on the
surface of TiN film before and after Ag plasma treatment [2,3,18].
Fig. 3a presents the high-resolution XPS spectra of Ti2p, N1s and O1s
from the TiN film. With sputtering, the Ti2p peak shifts from the TiO2

in the near surface to TiN. The data disclose that an oxide layer is present
on top of the TiN film. After Ag-PIII, the film is composed of three layers.
The outermost layer (within 10 nm) is consisted of Ag and TiO2, the
interlayer (to the depth of around 50 nm) is a mixture of Ag and TiN,
and the substrate is TiN film. The results are consistent with the data
as observed in Figs. 1 and 2.

The SEM images acquired from the TiN films before and after Ag PIII
are depicted in Fig. 4. As shown in Fig. 4a, the surface of the control
sample is composed of uniformly-distributed and hill-shaped particles
with a size of approximately 40 nm. After Ag PIII (Fig. 4b), many smaller
particleswith dome-tops are observed from the surface due to energetic
bombardment by Ag ions [19].

Fig. 5 shows the water contact angles on the TiN and Ag-PIII films.
The contact angles on the samples before and after Ag-PIII are
101.6 ± 1.2° and 99.7 ± 4.0°, respectively. Each data point represents
the average of five measurements conducted on different parts of each
Fig. 5.Water contact angles with the inset at the lower right corner being the representa-
tive water droplet image (side-view) on the Ag-PIII sample.
specimen for statistical accountability. The results indicate that the sam-
ples are hydrophobic (contact angle larger than 90°) and the Ag PIII
sample shows slightly enhanced hydrophilic properties (smaller con-
tact angle). Shibuichi et al. reported that the hydrophobic characteristics
were enhanced when the surface roughness increased [20]. Our results
reveal similar surface morphologies before and after Ag PIII and conse-
quently similar hydrophilicity.

The load–displacement curves and hardness values are shown in
Fig. 6. The load–displacement curves of the control and Ag-PIII samples
are almost the same and the hardness values of the TiN film before and
after Ag-PIII are 20.5 GPa and 20.1 GPa, respectively. The reproducibility
of the nanoindentation measurements is determined by repeating the
tests four times and the error bar represents one standard deviation.
There is no significant difference in the hardness of the samples before
and after PIII. A surface with high hardness property presents more
abrasion resistance which bodes well for biomedical applications such
as joint arthroplasty [9]. According to XPS, the relatively small Ag
concentration does not affect the hardness of the TiN films.

Fig. 7 displays the double-stained osteoblast morphology on the Ag-
PIII and TiN sample after culturing for 1 day as observed by fluorescent
microscopy at different magnifications. The blue spots stand for the
nuclei of the attached cells and green parts are microtubules. Fig. 7a
reveals that the overall surface areas of Ag-PIII sample are covered by
osteoblasts and Fig. 7b is the magnified figure showing most of mem-
branes flattened spreading and morphology of the osteoblasts. Fig. 7c
displays that the surface of TiN is partly covered by osteoblasts and
the magnified figure, Fig. 7d, shows most osteoblasts do not spread
well even if they adhere on TiN sample. The surface of Ag-PIII is fully
covered by cells indicating that it is suitable for osteoblast adhesion.
Moreover, many osteoblasts on the Ag-PIII sample have the flattened
membranes with an irregular polygonal shape indicative of effective
osteoblast attachment and spreading.
Fig. 6. (a) Load on the sample as a function of displacement into surface and (b) hardness
of TiN and Ag-PIII specimens.



Fig. 7.Morphology of attached MC3T3-E1 cells after 24 h. (a) Ag-PIII sample, (b) magnified image of Ag-PIII sample, (c) TiN sample, and (d) magnified image of TiN sample.
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Fig. 8 displays the osteoblasts viability after culturing for 5 h, 1 day,
and 3 days. The OD value on the Ag-PIII sample is higher than that on
the untreated sample at each time point, suggesting improved osteo-
blast attachment and growth throughout the period. The interactions
between cells and materials affect cell attachment and spreading and
influence the subsequent cell performance [21]. The higher quantities
of osteoblasts on the Ag-PIII sample are believed to arise from the
good adhesion ability which results in a higher degree of cell prolifera-
tion [22]. In this study, the good behavior of osteoblasts reveals the
cytocompatibility of TiN plasma-implanted with the proper fluence of
Ag. Hence, PIII is a safe technique to introduce Ag into TiN films and
other material systems to obtain good surface cytocompatibility and
antimicrobial properties while the desirable bulk properties of the
materials are preserved.
Fig. 8.Cell viability assay of rat calvaria osteoblasts cultured on the TiN andAg-PIII samples
for 5 h, 24 h, and 3 days.
4. Conclusion

Ag is introduced into TiN films by plasma immersion ion implanta-
tion and the surface properties and cytocompatibility are studied.
After Ag PIII, many fine TiN particles are observed from the surface
and the hydrophilic properties are improved slightly although it is still
considered hydrophobic. The hardness of the TiN film is about 20 GPa
and does not change significantly in spite of the Ag PIII treatment. The
osteoblasts seeded on the treated sample exhibit a polygonal shape
and cover a large area. The good cell attachment observed from the
Ag-PIII sample promotes better cell proliferation compared to the
control sample. Our results indicate that the Ag-PIII TiN film not only
has good cytocompatibility, but also retains the excellent hardness
property.
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