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Abstract

The Tca-8113 epithelia-like cells were cultured on TiO2 film deposited on glass by dc reactive magnetron sputtering. Surface properties of the
TiO2 film including surface roughness and wettability were characterized and discussed in dependence on sputtering power. XRD showed that the
deposited films were amorphous. Cell behaviors including adhesion, spreading and proliferation on the TiO2 film were observed and analyzed as a
function of the surface property of TiO2 film. The study provides a potential application of reactive plasma technology to improve the
cytocompatibility of Ti/Ti6Al4V as dental and orthopedic implants, since it is possible to design and optimize the nanostructure of the deposited
film for better bio-function by adjusting process parameters in deposition.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The ideal biomaterial should induce rapid, predictable and
controlled healing of host tissues [1]. The surface of an implant
plays a critical role in determining biocompatibility and, ulti-
mately, integration because it is in direct contact with the
tissues [2,3]. A long-standing hypothesis asserts that four ma-
terial-related factors can influence events at bone–implant
interfaces, that is, implant surface composition, surface energy,
surface roughness, and surface topography [4]. While surface
features are to directly influence tissue repair, their character-
istics must also take into consideration cellular and molecular
ranges of activity [5]. It has been demonstrated that different
cell types respond to nanotopography [6]. Cell/matrix/substrate
interactions associated with cell signaling occur in the nano-
scale level. Such signaling regulates cell attachment, spreading,
migration, differentiation, and gene expression [7–11]. In-
creased cellular responses have been reported in cell cultures
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grown on nanophase ceramics [12–16], polymer with nanoto-
pography [17–19], and nanometer diameter carbon fibers [20].

Titanium (Ti) implants have been used widely and success-
fully for various types of bone-anchored reconstructions, and
many researches on the relationship between titanium surface
properties and cell behaviors have been reported [21–26]. The
biocompatibility of titanium as an implant materials is attribute
to surface oxide spontaneously formed in air and/or physiolog-
ical fluids, and it is believed that cellular behaviors, e.g. adhe-
sion, spreading and proliferation are greatly affected by
roughness, hydrophilicity, morphology of the oxide on titanium
[21]. It has been reported that the surface roughness (Ra: 0.05–
1.2 μm) of the ground titanium has highly significant influence
on the initial adhesion of osteoblast like cells and optimal cell
adhesion occurs on the specimen with neither rougher nor
smoother surface roughness [22]. A recent research by Webster
et al. demonstrates that the conventional synthetic titanium
currently applied in the clinics exhibit micro-rough surface
and are smooth at the nanoscale, well, bone-forming cells are
actually accustomed to interacting with surfaces of nanometer
roughness [27]. So it is important to fabricate the materials with
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surface roughness in nanoscale for biomedical application.
Reactive plasmas have been reported as a versatile nanofabri-
cation tool to fabricate many nanostructures such as semicon-
ducting nanostructured film and low dimensional quantum
structures, ordered array of carbon nanotips, cluster assembled
crystalline TiO2 films, and nanostructured hydroxyapatite bio-
compatible coating [28,29]. In this paper, we studied cell beha-
viors on the nanostructured TiO2 films with different surface
properties, which were deposited on glass substrate by dc
reactive magnetron sputtering.

2. Materials and methods

2.1. Preparation of nanostructured TiO2 films

The nanostructured TiO2 films investigated in this study
were produced by the reactive dc magnetron sputtering meth-
od as shown in Fig. 1. The purity of the titanium target fixed
on the magnetron cathode was 99.9% with a diameter of 50
mm (FHR Anlagenbau GmbH). The local magnetic field
measured in the discharge region above the target was in
the range 2500−2800 G. The 32 mm×24 mm×1 mm glass
substrate was mounted on the substrate stage with a distance
of 110 mm away from the cathode. Before being placed in
the vacuum system, the glass substrates were ultrasonically
cleaned in the acetone, the ethanol and the de-ionized water
in sequence for 15 min individually, and then dried. The
sputtering gas Ar and the reactive gas O2 with a purity of
99.999% were introduced to the chamber separately and
controlled by the standard mass flow controllers (Beijing
Jianzhong Machine Co. Ltd.). Through a throttle valve, the
gas pressure was adjusted. The ZDF-2 AK compound vacu-
um meter (Beijing Xinhua vacuum instrument factory) was
used to monitor the vacuum pressure in the chamber.
Fig. 1. Schematic diagram of the dc magnetron sputtering facility: 1) substr
Prior to the deposition, the vacuum chamber was evacuated
with a turbomolecular pump to less than 2×10−3 Pa, once the
desired vacuum was reached, the target was sputter cleaned for
15 min with argon. During the deposition, the flow rates of
argon and oxygen were kept constant at 30 sccm and 4 sccm
respectively, corresponding to a total pressure of 0.3 Pa. Vary-
ing the sputtering power, the TiO2 films were deposited at 20 W
(T20), 40 W (T40), and 80 W (T80), respectively.
2.2. Surface characterization

The surface topography of the different TiO2 film was ob-
served by atomic force microscopy, in which the root-mean-
square roughness (RMS) was calculated from the AFM data by
an Image analysis software (Nanoscope®III). Measurements
were run in triplicate for each specimen.

The films deposited on silicon substrates with the same
sputtering conditions described above were characterized
by using X-ray diffraction (XRD, Rigaku D/max 2550
VB/PC, Rigaku, Tokyo, Japan) with CuK alpha radiation
(λ=0.154056 nm) from 10° to 80° with 2θ mode.

Aqueous wettability of the deposited TiO2 film was analyzed
by measuring the equilibrium contact angle, which was run in
triplicate per specimen type and repeated at three different times.
2.3. Cell experiments

The Tca-8113 epithelia-like cells in TMI 1640 medium
supplemented with 10% small bovine serum were seeded at a
density of 1.5×104 cells/cm2 onto the surfaces of the speci-
mens (T20, T40 and T80) in the 6 well plates and kept in
standard cell culture conditions (that is, a 37 C, humidified,
5% CO2/95% air environment) for 2 h, 6 h, 16 h, 32 h and 64 h.
ate stage; 2) glass substrates; 3) Ti targets; 4) dc powered cathode [29].
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After each prescribed time period, the surfaces of the specimens
were examined with inverted microscope (Nikon TE300) and
pictures reflecting the cell behaviors on the surfaces were
captured for further analysis.

3. Results and discussion

3.1. Surface features

Atomic force microscopy images shown in Fig. 2 dis-
played the surface structures of the films deposited at the
sputtering power of 20 W, 40 W and 80 W, respectively. All
the surfaces were characteristic of the porous structure with
surface roughness decreasing as a rise of sputtering power.
The roughness (RMS) of glass substrate was measured as
1.26 nm by AFM. The film thickness of sample T80 was
Fig. 2. AFM images (operated with Nanoscope®III software) of titanium oxide
layer deposited on glass by dc reactive magnetron sputtering. T20, T40, and
T80 corresponds, respectively, to the film deposited at sputtering power of 20
W, 40 W and 80 W.
about 75 nm from ellipsometry. But the film thickness of
sample T20 and T40 can not be obtained from ellipsometry
probably due to the high roughness of the film.

It was obvious that surface structure depended on the
deposition power, which could be described in the theory
of charged clusters (TCC) [30–32]. According to TCC, a
thin film was a self-assembly of nanometer sized charged
clusters that nucleated in the gas phase, the sizes of the
clusters played an important role in the surface structure of
the film, and the film deposited with the small cluster was
smoother than that deposited with large cluster. The size of
the cluster was related to the agglomeration and charging
process in the gas phase; prior to charging, the cluster
induced by gas phase nucleation could grow by the agglom-
eration, once charged by electrons in the plasmas, the cluster
could not grow due to columbic repulsion, which limited the
size of the cluster effectively. With sputtering power increas-
ing, electron density increased, so probability of cluster
being charged was increased, and thus the size of cluster
was limited, and finally contributed to form a smooth and
compact film. Due to the liquid-like property of small clus-
ters, the diffusion distance on the surface for the small
cluster was long with respect to that for large clusters,
which also contributed to the sputtering power dependence
of surface roughness. Therefore, surface feature in depen-
dence on the sputtering power could be summarized with a
schematic diagram drawn in Fig. 3, at the high sputtering
power, small clusters in gas phase were induced and depos-
ited on the surface with long diffusive distance, which
resulted in a smooth and compact surface with high density
of small poles distributing over the surface; on the contrary,
large clusters in gas phase induced at low power were
deposited onto the surface with short diffusive distance,
and finally led to a rough and loose surface with low density
of large poles distributing over the surface.

XRD showed that these TiO2 films were all amorphous (the
XRD figures were not shown). This result corresponded to the
result from other works [31–33] that the deposited films are
generally amorphous if the substrate is not heated during the
deposition and the distance between the substrate and target is
large. It was reasonable, therefore, that the effect of different
crystal phase of TiO2 on cell behavior was not discussed in this
paper.

Wettability is often used as one of surface properties,
which can be characterized by water contact angle. Fig. 4
displayed that equilibrium water contact angles of different
sample together with the corresponding RMS roughness to
illustrate the relationship between the roughness and the
wettability of the surface. It could be seen that the contact
angle increased from about 46° to 80° with the surface
roughness decreasing from about 19 to 5 nm. The result
could be explained in terms of surface energy, which played
an important role in the wettability of a surface, and the
surface with high surface energy was usually characteristic
with hydrophilicity. According to the illustration of the film
formation at different sputtering power given in Fig. 3, a
higher deposition power leaded to a smoother surface with



Fig. 3. Schematic diagram of film formation process in dependence on sputtering power based on the theory of charged clusters (TCC) [32].

6158 W. Zhou et al. / Surface & Coatings Technology 200 (2006) 6155–6160
less surface defects and lower surface energy, as a conse-
quence, resulted to a more hydrophilic surface as shown in
Fig. 4, vice verse.
Fig. 4. Magnitude of RMS roughness and water contact angle for each specimen
(T20: P=20 W; T40: P=40 W; T80: P=80 W).
3.2. Cell experiments

Fig. 5 illustrated cell morphology on each specimen (T20,
T40 and T80) indicated by microscopic picture on at the cultur-
ing time of 6 h, 16 h, and 64 h, respectively. For culturing time
of 6 h, the cells attached onto the surface, which did not spread,
were all in spherical appearance as shown in Fig. 5 (6 h). After
culturing for 16 h, there were three kinds of cells attached on all
the specimens as shown in Fig. 5 (16 h): a) not spread: cell were
still spherical, protrusions were not yet produced; b) partially
spread: cells began to spread laterally with at one or more side;
c) fully spread: at this stage, the extensions of plasma membrane
were completely confluent [21]. It was also shown in Fig. 5 (16
h) that the percentage of fully spread cells among attached cells
was higher for sample T20 and T40 than that for T80, and
among them, T20 possessed the highest percentage. The result
reflected dependence of cell spreading on surface property
someway. Combined with the wettability properties of the dif-
ferent specimens given in Fig. 4, it could be assumed that cell
easily spread on hydrophilic surface, surface energy played an



Fig. 5. Tca-8113 cell morphology on each sample (T20, T40 and T80) as a function of time: (a) after culturing for 6 h; (b) after culturing for 16 h; (c) after culturing for
64 h.
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important role in cell spreading. In this regard, further investi-
gation was necessary. After culturing for 64 h, cells on each
sample fully spread as shown in Fig. 5(64 h), and cells on
sample T40 and T80 were much more dense than that on sample
T20 (with the highest roughness).

Fig. 6 showed Tca-8113 cell density on each specimen at the
culturing time of 2 h, 6 h, 16 h, 32 h and 64 h. For culturing time
Fig. 6. Time course of Tca-8113 cell density on TiO2 films for each specimen
(T20, T40 and T80). Tca-8113 in TMI 1640 medium supplemented with 10%
small bovine serum were seeded at a density of 1.5×104 cells/cm2 onto the
surfaces of the specimens (T20, T40 and T80) in the 6 well plates and then
placed in standard cell culture conditions (humidified, 5% CO2/95% air envi-
ronment) for 2 h, 6 h, 16 h, 32 h and 64 h.
of 2 h, cell density on the T40 was apparently higher than that on
T20 and T80, and the cell density on sample T20 was lowest.
After culturing for 6 h, the cell densities on T40 and sample T80
increased faster than that on sample T20, and there was no
statistical difference concerning cell densities on T40 and T80
among the culturing time of 6 h, 16, and 32 h, while cell density
on T20 behaved in a different way, which increased greatly for
culturing time increasing from 6 to 16 h, and kept nearly un-
changed for culturing time increasing from 16 to 32 h. As
culturing time increasing from 32 to 64 h, cell density on T20
increased from 1750 to 2200 cells/cm2, cell density on T40
increased from 1800 to 3500 cells/cm2, and cell density on
sample T80 increased from 1600 to 3400 cells/cm2, and cell
density on sample T20 was lowest in comparison with that on
T40 and T80, but there was no obvious difference between T40
and T80 for cell density at 64 h.

Statistical analysis of cell density at 2 h and 6 h mainly
reflected the initial process of cell attachment, and it was the
surface with medium roughness and wettability (T40) that per-
formed best in the process of cell attachment. The interaction
between the outmost surface of a biomaterial and its environ-
ment was a highly dynamic process, in which direct cell adhe-
sion and indirect cell adhesion induced by protein previously
adsorbed onto the surface were two competing processes. Nor-
mally, direct cell adhesion tends to occur on hydrophilic sur-
faces but inefficiently on hydrophobic surfaces [34]. However,
the amount of adsorbed protein on hydrophobic surfaces is
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higher than on hydrophilic surfaces [35,36]. Therefore, the
hydrophobic surface favored indirect cells adhesion through
interaction with protein previously adsorbed onto the surface
although it impeded cells themselves adhere onto the surface
directly. However, the hydrophilic surface, which was good for
cell direct adhesion onto surface, actually played a negative role
in the protein adsorption followed by indirect cell adhesion. So
it was reasonable that there was a balance point between the two
competing processes and thus the initial cell attachment process
was enhanced by the surface with favorite roughness and wet-
tability, that is, a surface neither too smooth and hydrophobic
nor too rough and hydrophilic. The evolution of cell density
with culturing time from 6 to 32 h implied that the amount of
cell attached on all the samples stabilize after culturing for a
certain time which was different for the different specimen, and
came earlier for the surface that favored cell adhesion. The time
course of cell density on each specimen from 32 to 64 h indicated
that cell proliferation was a function of surface property, and the
smooth and hydrophobic surface favored cell proliferation more
than the rough and hydrophilic surface, which might be due to
the fact that protein preferred to adsorb on the hydrophobic
surface than on the hydrophilic surface. For details, more inves-
tigations on the evolution of cell density with time in depen-
dence on surface structure and property were underway.

4. Conclusions

In this study, amorphous TiO2 film with different surface
roughness in nanometer scale was deposited by dc reactive
magnetron sputtering for biocompatibility investigation. It
was found that the film deposited at high sputtering power
was smoother than that deposited at low sputtering power.
The influence of sputtering power on surface structure was
explained by TCC. Water contact angle measurements illustrat-
ed that the rough surface was more hydrophilic than smooth
surface, which was explained in terms of surface energy.

Tca-8113 epithelial-like cells were cultured on the different
film for biocompatibility investigation. It was observed that cell
attachment, cell spreading and cell proliferation highly depended
on the surface property (roughness and wettability). The initial
cell attachment after culturing for 2 h and 6 h indicated that cell
preferred to attach on the surface with suitable surface property,
i.e. neither smooth and hydrophobic nor rough and hydrophilic.
After culturing for 16 h, cell spreading was observed to be related
to the surface structure, the percentage of the fully spread cell
among the attached cells was higher on the rough surface than the
smooth surface. After culturing for 64 h, cells on each surface
fully spread, and cell density increased remarkably compared to
that after culturing for 32 h due to cell proliferation process which
was also a function of surface structure that the smooth surface,
compared with rough surface, favored cell proliferation.

It was concluded that the surface could be designed to
influence cell initial attachment, cell spreading and cell proli-
feration, and dc reactive magnetron sputtering method could be
a potential method to improve the cytocompatibility of titani-
um-based implants by depositing a layer of TiO2 with suitable
nanostructure.
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