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Abstract Cathodic arc deposition technique was used to

deposit zirconia (ZrO2) films and titania (TiO2) films on

titanium (Ti) disks respectively. The surface topography

was characterized by scanning electron microscopy and

atomic force microscopy. The element composition of the

films was detected by X-ray photoelectron spectroscopy.

The phase of films was identified by thin film X-ray dif-

fraction. The biological behavior of osteoblast-like MG63

cells cultured on Ti, TiO2 and ZrO2 was investigated and

the possible signaling molecules involved was studied by

the gene expressions of integrin b1, extracellular related

kinase 1/2 (ERK1/2), and c-fos. The results indicated that

both the TiO2 and ZrO2 films were amorphous. Scanning

electron microscopy study showed that the adhesion of

MG63 cells on TiO2 and ZrO2 films was significantly

enhanced compared to Ti. The CCK8 assay indicated that

the TiO2 and ZrO2 films promoted the proliferation of MG-

63 cells. The alkaline phosphatase (ALP) activity test and

the production of type collagen I (COLI) by immunofluo-

rescence showed that both the TiO2 and ZrO2 films can

enhance ALP activity and COLI expression of MG-63

cells. In addition, the ALP activity on ZrO2 films was

higher than on TiO2 films at day 4, which indicate ZrO2

films may lead to promotion of a more osteoblastic phe-

notype of MG-63 cells than TiO2 films. Real-time poly-

merase chain reaction analysis demonstrated that The gene

expression of integrin b1, ERK1/2, and c-fos was higher on

TiO2 and ZrO2 films than on Ti. The present work suggests

that the amorphous ZrO2 films produced by cathodic arc

deposition may be favorable for orthopedic implant appli-

cations and worth further study.

1 Introduction

The prolonged lifespan and greater expectation towards the

quality of life have lead to an increase in the number of

artificial joint replacement. Titanium (Ti) and its alloys are

currently the most widely used materials as a component of

articular prosthesis due to their excellent biocompatibility,

good chemical stability and superior mechanical properties.

The clinical success of an implant is strongly affected by

the process of direct apposition of bone tissue to the

implanted material, which is known as osseointegration

[1]. In the past few decades, a number of techniques based

on surface modification aimed at improving the biocom-

patibility and osseoconductivity of Ti-based implants have

been suggested [2–8].

Depositing a bioactive coating on orthopedic implants is

an attractive method that is of great interest for biomedical

applications since it can retain the key bulk properties of

the material while modifying the surface to improve

osseointegration and biocompatibility. However, the main

drawbacks of these coatings are their low bonding strength

and poor chemical stability, which will result in delami-

nation and degradation of the coatings and lead to implant

failure eventually. Thus, modifying the implant with bio-

active thin films may be an attractive method, because such
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thin films may provide close contact of the implant with

bone after coating dissolution, which would avoid an

interphase between the bone and implant substrate, possi-

bly improving the osseointegration of the implant. Various

techniques can be used for preparing thin films on Ti and

its alloys. Among them, plasma-assisted filtered cathodic

arc deposition (FCAD) is characterized by a very high

percentage of vapour ionization, the emission of ions that

are multiply charged, and the high kinetic energy of the

emitted ions, which can produce good quality films that are

structurally uniform, dense and adherent to the substrate

[9, 10]. The plasma environment can generate a wide range

of subnanosized building units [11] and the electromag-

netic and mechanical filtering techniques can remove

unwanted macroparticles and neutral atoms. Thus, the fil-

tered cathodic arc deposition turn out to be a very efficient

method for synthesis and processing of advanced nano-

structured films [12].

TiO2 coatings have been shown to enhance biocompat-

ibility and bioactivity of the Ti and its alloys [13–17].

Amin et al. [18] deposited TiO2 thin films onto silicon

substrates using filtered cathodic arc deposition, and the

TiO2 thin films can induce carbonated apatite to form on

the surfaces in simulated body fluid.

During the past few decades zirconia (ZrO2) ceramics

have increasingly attracted attention on account of its

remarkable properties such as good chemical and thermal

stability, mechanical properties, high corrosion resistance,

and good biocompatibility. ZrO2 coatings and films for

biomedical application have also attracted much attention.

It was reported that ZrO2 films fabricated by micro arc

oxidation [19] and plasma spraying [20] were bioactive in

vitro, and ZrO2 coating prepared by dip coating in colloidal

suspension can improve dental implant osteointegration in

vivo in rabbits [21].

ZrO2 thin films deposited on Si wafers using plasma-

assisted cathodic arc deposition has also been proved to be

bioactive and cytocompatible [22]. But ZrO2 films deposited

by cathodic arc deposition for surface modification of Ti

substrates are rarely reported. Whether the biocompatibility

and bioactivity of ZrO2 films prepared by cathodic arc

deposition are better than that of TiO2 films is unknown.

Cell signaling affects cell adhesion, proliferation and

differentiation. To understand osteoblast responses to the

implant material, it is important to understand the cell

signaling pathways induced by osteoblast-implant inter-

actions. However, the molecular mechanisms leading to

osteoblat behavior on cathodic arc deposited ZrO2 films

and TiO2 films are not fully understood.

Integrins are transmembrane receptors which bind the

cell to extracellular matrix (ECM) and elicit signals that are

transmitted into the cell [23]. The integrin-ECM interaction

activates the mitogen-activated protein kinase (MAPK)

signal transduction pathway and other various intracellular

signaling cascades, which play a pivotal role in mediating

osteoblast activity [24, 25].

In this work, ZrO2 and TiO2 films were respectively

deposited onto Ti disks by filter cathodic arc deposition.

The adhesion, proliferation and differentiation of osteo-

blasts on ZrO2 films and TiO2 films were systematically

studied and compared. Then we studied the gene expres-

sion of possible signaling molecules involved in the

MAPK/ERK pathway.

2 Materials and Methods

2.1 Material Preparation

Two kinds of titanium disks (diameter = 5.8 and 31 mm

respectively, thickness = 3 mm) were obtained from pure

commercial titanium. The Ti disks were mechanically

polished and cleaned in acetone, alcohol, and deionized

water in sequence and dried in air.

The as-deposited films were fabricated in the laboratory

of Shanghai Institute of Ceramics using a filtered cathodic

arc system [22]. The samples were processed with depo-

sition using filtered Ti cathodic arc plasma sources for

TiO2 films and Zr cathodic arc plasma sources for ZrO2

films in oxygen atmosphere. In deposition, the pulse

duration of cathodic current was 2,000 ls and the fre-

quency was 70 Hz. The direct current voltage of 50 V and

a bias of -450 V were superimposed to the sample during

deposition. The working pressure was 9 9 10-3 Pa and the

deposition time was 60 min. After the deposition treat-

ment, the samples were washed with deionized water and

dried in air.

The surface morphology of the films was observed by

scanning electron microscopy (SEM, FEI-QUANTA

200-FEG, FEI, American) and atomic force microscopy

(AFM, SPI3800N, SEIKO, Japan) (The surface of the

titanium disks used as the substrate of the films was too

rough to meet the demand of AFM observation. So we

deposited TiO2 and ZrO2 films on silicon wafers instead for

AFM observation.). The phase of films was identified by

thin film X-ray diffraction (TF-XRD, D/MAX-2550,

Rigaku, Japan) using a Cu Ká radiation source (1.5148Å)

at 40 kV and 100 mA with a glancing angle fixed at 1�.
The elemental composition of the films was determined

using x-ray photoelectron spectroscopy (XPS, MicroLab

310-F) with monochromatic Al Ka radiation.

2.2 In Vitro Cell Culture

Human osteosarcoma cell line MG63 was used in this

work. MG-63 cells were cultured in DMEM medium
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(supplemented with 10 % fetal calf serum, FCS, Eurobio)

at 37 �C in a moist 5 % CO2 atmosphere. The culture

medium was replaced every 3 days. After reaching con-

fluence, the cells were released by a trypsin–EDTA solu-

tion (0.5 g/L trypsin and 0.2 g/L EDTA, Gibco) and

transferred into a new tissue culture flask.

2.3 Cell Morphology

Samples with 5.8 mm in diameter were placed in 96-well

plates. 5 9 103 cells were seeded on each sample and

cultured under standard cell culture condition for 24 h.

Then samples were washed with Phosphate buffer saline

(PBS) and fixed with 2.5 % glutaraldehyde buffered by

PBS for 2 h at room temperature (RT). They were then

successively dehydrated in graded alcohols (30, 50, 70, 90,

and 100 %), critical point-dried, sputter-coated with gold

and examined using SEM (SL-30, Philips, Holland).

2.4 Counting Kit-8 Assay

Cell proliferation was assessed using a Cell Counting Kit-8

(CCK-8, Dojindo, Japan). Samples with 5.8 mm in dia-

meter were placed in 96-well plates. 1 9 104 cells were

dispensed on each sample and incubated for 1, 4, 7,

10 days. At predetermined time points, samples were

washed three times with PBS to eliminate non-viable cells.

The cells on the samples were incubated with 10 ll of

CCK-8 solution for 3 h in the incubator. Then the optical

density was measured using a microplate reader at a

wavelength of 450 nm. Three samples were tested in each

group for each incubation time and the resulting absor-

bance for each of the samples was averaged. The experi-

ment was run in triplicate.

2.5 Alkaline Phosphatase Activity Assay

Alkaline phosphates (ALP) activity assay was carried out

from the culture supernatant. Cells were cultured on ZrO2 and

TiO2 thin films as well as Ti disks as mentioned in cell pro-

liferation assay. After incubated for 1, 4, 7 and 10 days, the

supernatant was collected and assayed for ALP activity

immediately using a commercial kit (Jiancheng Technology,

Nanjing, China) according to the manufacturer’s instructions.

Three samples were tested in each group for each incubation

time and the ALP activity for each of the samples was aver-

aged. The experiment was run in triplicate.

2.6 Type I Collagen Fluorescence Immunostain

Samples with 5.8 mm in diameter were placed in 96-well

plates. 5 9 103 cells were seeded on each sample and

cultured under standard cell culture condition for 4 days.

The cells were fixed with 4 % paraformaldehyde for

10 min, washed three times with PBS, permeabilized with

0.1 % Triton X-100 for 5 min and blocked with blocking

solution (1 % bovine serum albumin in PBS) for 60 min at

RT. The cells were subsequently incubated with polyclonal

rabbit anti-collagen I antibody (Novus, USA) for 12 h and

washed with PBS. Then the cells were labeled with FITC

conjugated goat-anti-rabbit IgG antibody (Bioworld tech-

nology, USA) for 1 h. The nucleus was counterstained with

DAPI (Molecular Probes, Invitrogen, USA) for 5 min.

Immunostained cells were visualized using fluorescence

microscope (Axiovert 40 CFL, Zeiss, German). 6 immu-

nofluorescence images for each group were analyzed by

Image-Pro Plus 6.0 software (IPP, Media Cybernetics Inc.,

Silver Spring, MD). The green channel (FITC stain for

COLI) was measured and the measurement parameters

included area and IOD (integrated optical density). COLI

expression was quantified by mean density (mean staining

intensity = IOD sum/area sum).

2.7 Real-time Polymerase Chain Reaction (PCR)

Analysis

Samples with 31 mm in diameter were placed in 96-well

plates. 2.5 9 105 cells were dispensed on each sample and

cultured for 6, 24 h and 4, 7 days. The cells on each disk

were lysed using Trizol Reagent (Invitrogen, USA) and

lysates were collected by pipetting and centrifugation.

Total cellular RNA was isolated using Trizol Reagent

according to the manufacturer’s instruction and collected

by ethanol precipitation. Total RNA was quantified using

UV spectrophotometry (Beckman DU-600).

First-strand complementary DNA (cDNA) was generated

from each total RNA sample using an Invitrogen Superscript

First-strand Synthesis system in a standard 20 ll reaction,

then was amplified to generate products corresponding to

mRNA encoding integrin b1, extracellular related kinase 1/2

(ERK1/2), and c-fos. Glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) was used as the housekeeping gene. The

oligonucleotide primers used in the amplification reaction

were 50-GCGCGTGCAGGTGCAATGAAG-30 and 50-TG

TCCGCAGACGCACTCTCC-30 for integrin b1; 50-GGC

CGAGGAGCCCTTCACCT-30 and 50-CACTCCGGGCT

GGAAGCGTG-30 for ERK1; 50-AACAGGCTCTGGCCC

ACCCA-30 and 50-ATGGTGCTTCGGCGATGGGC-30 for

ERK2; 50-CTGTGGCCCCATCGCAGACC-30 and 50-CG

CTCGGCCTCCTGTCATGG-30 for c-fos; 50-ACCACAGT

CCATGCCATCAC-30 and 50-TCCACCACCCTGTTGCT

GTA-30 for GAPDH. Real-time PCR was performed using

Maxima SYBR Green qPCR Master Mix (Fermentas,

Canada) in a real-time PCR System (Applied Biosystems

7500, Bioscience Corporation, USA). Relative mRNA abun-

dance was determined by the 2-DDct method and reported
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as-fold induction. GAPDH abundance was used for nor-

malization. Experiments were performed independently in

triplicate.

2.8 Statistical Analysis

The data were expressed as mean ± standard deviation for all

experiments. One way ANOVA and multiple comparison

tests were performed to evaluate differences among groups.

A p value\ 0.05 was considered statistically significant.

3 Results

3.1 Surface Characterizations of the Samples

Figure 1 shows SEM view images of Ti disks (Fig. 1a), TiO2

(Fig. 1b), and ZrO2 (Fig. 1c) films. The surface of Ti disks

displayed smooth morphology with a few micro pores and

grooves. The deposited TiO2 and ZrO2 films seem to be

uniform, dense and smooth. There was no significant differ-

ence in surface morphology between TiO2 and ZrO2 films.

Figure 2 shows the AFM views of TiO2 and ZrO2 films

deposited on silicon wafers. The result indicates that both

the TiO2 and ZrO2 films deposited by filtered cathodic arc

deposition have a nanostructured surface. The Ra values of

TiO2 and ZrO2 films are 0.054 and 0.256 nm, respectively.

Figure 3 shows the full range XPS spectra (0–1,200 eV)

analysis of the TiO2 (a) and ZrO2 (b) films. We can see that

C1s, O1s, Ti2p, Ti3p and Ti3s peaks are observed in XPS

spectra of TiO2 films, while C1s, O1s, Ti3p, Zr3d, Zr3p,

Zr3s, and Zr4s peaks are observed in XPS spectra of ZrO2

films. The results may indicate that the TiO2 and ZrO2

films are respectively distributed on the Ti disks.

Figure 4 shows the thin film XRD patterns of the TiO2

and ZrO2 films. No TiO2 and ZrO2 peaks were found,

indicating that both the TiO2 and ZrO2 films were amor-

phous. The diffraction peaks of titanium substrate were

clearly observed for both TiO2 and ZrO2 films.

3.2 Morphology of Osteoblasts

Figure 5 shows the morphologies of osteoblastic cells

attached on titanium disks (a, d), titania films (b, e) and

zirconia films (c, f) for 24 h at 2009 (a, b, c) and 2,0009

(d, e, f) magnification. After cultured for 24 h, cells on Ti

disks were sparse and displayed round or elongated mor-

phology. However, cells on TiO2 and ZrO2 films showed

polygonal shaped and appeared more spreading and flat-

tened than on Ti disks. Cellular edge extended larger

lamellipodia and longer filopodia from cellular edge than

on Ti disks. No obvious difference in cell morphology was

observed between osteoblasts on TiO2 and ZrO2 films.

3.3 CCK-8 Assay Result

Figure 6 shows CCK-8 assay result of the cells cultured on

Ti disks, TiO2 and ZrO2 films for 1, 4, 7, and 10 days. At

day 1, CCK-8 value on all surfaces appeared similar. After

4 and 7 days of incubation, cell proliferation on TiO2 and

ZrO2 films was higher than that on Ti disks (p \ 0.05). At

day 10, there was no significant difference in cell prolif-

eration on all the surfaces. No significant difference in cell

proliferation was observed on ZrO2 films when compared

with TiO2 films at each time point (p [ 0.05).

3.4 ALP Activity

Figure 7 shows the ALP activity of MG63 cells on all the

surfaces at various time points. At day 1, there was no

significant difference in ALP activity on all the surfaces

(p [ 0.05). However, by days 4, 7 and 10, the ALP activity

Fig. 1 Surface morphologies of the Ti disks (a), titania films (b) and zirconia films (c)
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was significantly higher on ZrO2 films than that on Ti disks

(p \ 0.05). After 7 and 10 days of culture, the ALP activity

showed significantly higher on TiO2 films than on Ti disks

(p \ 0.05). The ALP activity on ZrO2 films presented higher

than on TiO2 films at each time point, but statistically sig-

nificant difference was only observed at day 4 (p \ 0.05).

3.5 Fluorescence Microscopy of COLI

Figure 8 shows fluorescence microscopy of COLI in the

cells cultured for 4 days. Osteoblasts cultured on ZrO2

films (Fig. 7c) and TiO2 films (Fig. 7b) produced more

COLI than on Ti disks (Fig. 7a). No obvious difference in

COLI production was observed between cells on TiO2 and

ZrO2 films. Mean density of COLI immunofluorescence on

TiO2 and ZrO2 films was significantly higher than on Ti

disks (p \ 0.05) (Fig. 7d).

3.6 Real-Time PCR Results

Figure 9 shows integrin b1 (Fig. 9a), ERK1 (Fig. 9b),

ERK2 (Fig. 9c) and c-fos (Fig. 9d) Quantitative PCR

results of the MG63 cells cultured on all surfaces. After 6,

24 h and 4 days of culture, integrin b1 mRNA expression

was significantly higher on ZrO2 and TiO2 films than on Ti

disks (p \ 0.05). At day 7, no statistically significant dif-

ference in integrin b1 mRNA expression on all surfaces was

observed (p [ 0.05). Integrin b1 mRNA expression on

ZrO2 films presented higher than on TiO2 films at each time

point, but the difference was not statistically significant

(p [ 0.05). After incubated for 6 and 24 h, ERK1 mRNA

expression was significantly higher on ZrO2 than on Ti

disks (p \ 0.05). At 6 h, ERK1 mRNA expression was

significantly higher on TiO2 films than on Ti disks

(p \ 0.05). At days 4 and 7, no significant difference in

ERK1 gene expression was observed on all the surfaces

(p [ 0.05). After 6, 24 h and 4 days of incubation, ERK2

mRNA expression on ZrO2 and TiO2 films was significantly

higher than on Ti disks (p \ 0.05). At day 7, ERK2 mRNA

expression showed no significant difference on all the sur-

faces (p [ 0.05). There was no statistically significant dif-

ference in ERK2 mRNA expression level between ZrO2 and

TiO2 films at each time point (p [ 0.05). After cultured for

6, 24 h and 4 days, c-fos mRNA appeared significantly

higher on ZrO2 and TiO2 films than on Ti disks (p \ 0.05).

At day 7, c-fos mRNA expression on ZrO2 films was sig-

nificantly higher than on Ti disks (p \ 0.05). c-fos mRNA

expression level showed no significant difference between

ZrO2 and TiO2 films at each time point (p [ 0.05).

Fig. 2 Surface views of the

TiO2 and ZrO2 films deposited

on silicon wafers using filtered

cathodic deposition obtained by

AFM

Fig. 3 Full range XPS spectra of titania film (a) and zirconia film (b)

Fig. 4 Thin film XRD patterns of the TiO2 and ZrO2 films

Biointerphases (2012) 7:60 Page 5 of 10
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4 Discussion

The clinical success of an implant is strongly affected by

osseointegration of the implant with juxtaposed bone

which depends directly on the interactions between bone

matrix and osteoblasts with the biomaterial. The surface

characteristics of the implant material have important

effects in determining bone adaptation to the implant. In

this work, we deposited amorphous TiO2 films and ZrO2

films on Ti disks respectively by cathodic arc deposition.

Then we evaluated the adhesion, proliferation and differ-

entiation of MG63 osteoblastic cells on Ti disks, TiO2

films, and ZrO2 films and studied possible molecular

Fig. 5 Morphology of MG63 cells attached on titanium disks (a, d), titania films (b, e) and zirconia films (c, f) for 24 h at 9200 magnification

(a, b, c) (bar = 50 lm) and 92,000 magnification (d, e, f) (bar = 10 lm)

Fig. 6 CCK-8 result of MG63 cells cultured on Ti disks, titania films

and zirconia films for 1, 4, 7, and 10 days. Asterisks show significance

at p \ 0.05

Fig. 7 ALP activity of MG63 cells cultured on Ti disks, titania films

and zirconia films for 1, 4, 7, and 10 days. Asterisks show significance

at p \ 0.05
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Fig. 8 Immunofluorescence labeling of COLI (green) and Nucleus (blue) of MG63 cells cultured on Ti disks (a), titania films (b) and zirconia

films (c) for 4 days (bar = 100 lm) and mean density of COLI immunofluorescence analyzed by IPP (d). Asterisks show significance at

p \ 0.05

Fig. 9 Integrin b1 (a), ERK1

(b), ERK2 (c) and c-fos

(d) mRNA expression of MG63

cells cultured on Ti disks, titania

films and zirconia films for 6,

24 h and 4, 7 days. Asterisks
show significance at p \ 0.05
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mechanism that would affect the biological behavior of the

cells.

The first phase of cell-material interaction involves cell

adhesion and spreading. This first phase controls the sub-

sequent cell–matrix interaction and cell differentiation

upon contact with the implant [26, 27]. SEM observations

from our work showed that the attachment and spreading of

MG63 cells on ZrO2 and TiO2 films are more pronounced

than those on Ti disks after 24 h of culture and filopodia

extensions from the cells to the substrate are more abun-

dant on ZrO2 and TiO2 films than on Ti disks. These results

suggest that both ZrO2 films and TiO2 films are more

preferential for cell attachment and spreading behavior

than Ti disks.

Osteoblast proliferation plays an important role in the

process of new bone formation. CCK-8 assay reflects the

cell metabolic activity, which is linked with cell prolifer-

ation during the exponential phase of growth in vitro. Our

study indicates that cell proliferation appeared higher at

early time points on ZrO2 films and TiO2 films than on Ti

disks.

ALP has been widely recognized as an important early

marker for osteoblast differentiation [28]. The level of ALP

activity is an indicator of osteoblast differentiation [29, 30].

Our results showed that ALP activity of MG63 cells on

ZrO2 and TiO2 films is higher than on Ti disks at day 4, 7

and 10, which reflected more rapid induction of osteo-

blastic phenotype of MG63 cells on ZrO2 and TiO2 films.

Higher ALP activity on ZrO2 films than on TiO2 films at

day 4 indicates that the amorphous ZrO2 films may lead to

promotion of a more osteoblastic phenotype of MG-63

cells than TiO2 films and further study is needed to testify

this.

Furthermore, we investigated the production of COLI by

fluorescence immunostaining. COLI is an important mar-

ker of the osteoblastic differentiation. In this study, oste-

oblasts on ZrO2 and TiO2 films produced more COLI

compared to Ti disks at day 4, indicating promotion of a

more osteoblastic phenotype of MG-63 cells on ZrO2 and

TiO2 films. COLI is a molecule of extracellular matrix and

can be secreted by osteoblast. In general, osteoblasts syn-

thesize procollagen inside the cells during early culture

stage. After cultured for 10–12 days, plenty of collagen is

secreted to extracellular matrix. In our work, the cells were

cultured for 4 days and the COLI was found inside the

cells. The reason that the collagen was not secreted may be

the culture time is too short.

Osteoblasts interact with their substrate initially via

integrins binding to proteins adsorbed on the surface of a

biomaterial and later, to proteins in their secreted ECM.

When an implant is placed in a defect or in culture med-

ium, proteins such as vitronectin or fibronectin will adsorb

to the surface of the implant material [31]. Integrins then

bind to these ECM proteins and become cluster in the plane

of the cell membrane. After clustering, various protein

tyrosine kinases, including focal adhesion kinase (FAK),

Src family kinases, are activated. Finally, cytoskeleton and

multiple signaling molecules will be recruited and acti-

vated [32], leading to promotion of the actin filaments

assembly and stimulation of the mitogen activated protein

kinase (MAPK) pathway [23]. Among the integrin family,

integrin b1 seems to be one of the main cell surface

receptors to interact with ECM molecules or scaffolds [26,

33, 34].

Surface properties of the substrate can influence protein

adsorption and integrin expression on a biomaterial [32,

35], resulting in different signaling pathways. Finally, the

difference will affect the regulation of cell adhesion,

motility, proliferation, and differentiation [36, 37].

ERK1 and ERK2 are two isoforms of MAP kinase

superfamily and are not only essential for osteoblast

growth and differentiation, but also important for osteo-

blast adhesion, spreading, migration, and integrin expres-

sion [38, 39]. Activated ERK1 and ERK2 translocate to the

nucleus and phosphorylate the activator protein-1(AP-1)

transcription factors. c-fos, a member of the AP-1 tran-

scription factor complex, is associated with bone cell’s

growth and differentiation and has much effect on osteo-

blasts and osteoclasts during the normal development and

bone diseases [40, 41]. Our results demonstrated that

integrin b1, ERK1, ERK2 and c-fos gene expression was

enhanced in cells cultured on TiO2 and ZrO2 films at early

time points of culture. This is in agreement with the find-

ings of Zreiqat et al. [42], who found that human bone-

derived cells (HBDC) can bind directly to the implant

surface and integrin b1 expression was modulated as a

result of magnesium ions modification of the underlying

bioceramic substrata. Zreiqat et al. [43] also found that

modifying Ti-6Al-4V with CHAP or Mg upregulated

integrin b1, ERK and c-fos expression of HBDC which

may potentially contribute to successful osteoblast function

and differentiation.

Gene expression is not equal to cell signaling and acti-

vation of the ERK/MAPK pathway is characterized by the

phosphorylation and not the up-regulation of their own

gene expression. But difference in gene expression of

signaling molecules can to some extent partially reflect the

change in signaling transduction and has been used to study

the signaling transduction pathways in previous work [24].

Our results indicate that the change in integrin b1, ERK

and c-fos gene expression in cells on TiO2 and ZrO2 films

may potentially have an effect on the biological behavior

of MG-63 cells. There may be other signaling pathways

can regulate the ERK1/2 gene expression, and this pathway

has other more prominent target genes. Our present work is

a preliminary research to test the hypothesis that that the
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ZrO2 films and TiO2 films may promote osteogenesis

partially through integrin b1 mediated MAPK signaling

pathway. We will investigate the induction of different

signaling pathways by investigation of the phosphorylation

in our further study.

The finding that integrin b1 gene expression is up-reg-

ulated in better adhering cells is in contrast to other liter-

ature [44], which describes that integrins are up-regulated

in non-adherent MG63 cells. Differences between studies

in integrin expression may be the result of cell source, or in

vivo versus in vitro characterization. There are also tech-

nical reasons for differences, including the detection

technique, method for fixation and permeabilization, anti-

body specificity, and immunostaining conditions [32].

The enhanced biological behavior of osteoblasts on

ZrO2 films may be due to the surface properties of the

amorphous ZrO2 films. The surface charge of the ZrO2 is

generally regarded to be negative [22, 45]. Filtered catho-

dic arc deposition is a very efficient method for producing

nanostructured films and the AFM result indicated that the

TiO2 and ZrO2 films deposited by filtered cathodic arc

deposition have a nanostructured surface. Previous

research has found finer nano-crystalline particles have

higher surface charge densities than larger ones [46]. Thus,

the nanostructured surface of the amorphous ZrO2 film may

have higher negative surface charge. Proteins that have a

number of positively/negatively charged residues are

expected to show a high affinity for the negatively/posi-

tively charged surface of a material. Han et al. [47] found

that negatively charged TiO2 coating has beneficial effect

on cell adhesion, proliferation and differentiation. Zhang

et al. [48] also found that negatively charged phosphate

groups developed on zirconia surface by hydrothermal

treatment in phosphoric solutions could enhance marrow

cell response. Therefore, in this work, the nanostructured

surface of the amorphous ZrO2 film may be the key factor

to promote the adhesion, proliferation and differentiation of

osteoblasts.

5 Conclusions

Amorphous TiO2 and ZrO2 films were deposited on Ti

disks respectively by cathodic arc deposition. Both the

TiO2 and ZrO2 films could not only stimulate the adhesion,

proliferation of MG-63 cells, but also enhance induction of

osteoblastic phenotype of MG-63 cells. In addition, the

ALP activity of MG63 cells on ZrO2 films was higher than

on TiO2 films at day 4, which indicate that ZrO2 films may

promote more osteoblastic phenotype of MG-63 cells than

TiO2 films. Moreover, the TiO2 films and ZrO2 films could

both increase integrin b1, ERK1/2, and c-fos gene

expression. These results suggest that the amorphous ZrO2

film produced by cathodic arc deposition may be a prom-

ising biomaterial that can enhance adhesion, proliferation

and differentiation of osteoblasts in vitro and worth further

study.
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