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Abstract Magnesium (Mg) alloys have been demon-

strated to be viable orthopedic implants because of me-

chanical and biocompatible properties similar to natural

bone. In order to improve its osteogenic properties, a

porous b-tricalcium phosphate (b-TCP) was coated on the

Mg–3AI–1Zn alloy by alkali-heat treatment technique. The

human bone-derived cells (SaOS-2) were cultured on (b-

TCP)–Mg–3AI–1Zn in vitro, and the osteoblast response,

the morphology and the elements on this alloy surface were

investigated. Also, the regulation of key intracellular sig-

nalling proteins was investigated in the SaOS-2 cells cul-

tured on alloy surface. The results from scanning electron

microscope and immunofluorescence staining demonstrat-

ed that (b-TCP)–Mg–3AI–1Zn induced significant osteo-

genesis. SaOS-2 cell proliferation was improved by b-TCP

coating. Moreover, the (b-TCP)–Mg–3AI–1Zn surface in-

duced activation of key intracellular signalling proteins in

SaOS-2 cells. We observed an enhanced activation of Src

homology and collagen (Shc), a common point of inte-

gration between bone morphogenetic protein 2, and the

Ras/mitogen-activated protein kinase (MAPK) pathway.

ERK1/2 MAP kinase activation was also upregulated,

suggesting a role in mediating osteoblastic cell interactions

with biomaterials. The signalling pathway involving c-fos

(member of the activated protein-1) was also shown to be

upregulated in osteoblasts cultured on the (b-TCP)–Mg–

3AI–1Zn. These results suggest that b-TCP coating may

contribute to successful osteoblast function on Mg alloy

surface. (b-TCP)–Mg–3AI–1Zn may upregulate cell pro-

liferation via Shc and ERK1/2 MAPK signaling in SaOS-2

osteoblasts grown on Mg alloy surface.

1 Introduction

Magnesium (Mg) alloys have been chosen as biomedical

materials due to degradation properties in vivo [1–3] and

excellent mechanical properties compared to other metals

[4]. Mg alloys have good biocompatibility and osteocon-

ductivity in vivo and in vitro [3, 4], but the high corrosion

rate and early inflammatory reaction around implants

in vivo have limited the clinical application of these alloys

[4, 5]. Therefore, there is a need to develop novel micro-

engineered surfaces to provide better biological implants.

Recently, various surface treatments have been applied to

Mg alloys in an attempt to control its corrosion and en-

hance bone formation. However, to date, none of these

surface treatments has generated an interface stable enough

to support bone formation and control degradation of Mg

alloys, especially during the early stages of bone formation.

Surface modification such as through Al coating [6, 7], Ti

coating [8] and heat treatment [9] has been applied to Mg

alloys to improve the corrosion resistance. However, sur-

face biocompatibility was not enhanced. Hence, for Mg

alloys to be useful in the clinic, there is a need to develop

Mg alloys with surface coatings that improves biocom-

patibility. We propose to improve integration of an implant

in bone by altering the interfacial chemistry of biomaterial

with bioactive molecules.
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Calcium–phosphate (Ca–P) coatings have become an

interesting topic in the field of bioengineering, due to their

favorable biocompatibility [10]. Bioactive coatings using

various Ca–P compounds are of importance for modifying

the surface of implanted devices [11]. Ca–P coatings have

been successfully applied to the surface treatment of Ti and

its alloys in order to promote direct attachment of the

surrounding bone and to suppress the release of corrosion

products into the human body [12, 13]. It is now accepted

that bone apatite can be denoted as carbonate hydrox-

yapatite and approximated by the formula (Ca,Mg,Na)10

(PO4CO3)6(OH)2, and its composition is similar to bone

mineral apatite [14]. Due to its good chemical stability,

relative mechanical strength, and bioabsorption rate [15],

b-tricalcium phosphate (b-TCP) coated on Mg alloys might

improve the possibility of applying Mg alloys in the clinic

[16, 17]. The biological apatites are not pure hydrox-

yapatite but contain trace elements including Mg and zinc

(Zn). Mg deficiency significantly and progressively di-

minishes bone formation, leading to osteoporosis [18],

while Zn stimulates bone formation [19] and its deficiency

has been linked to the development of osteoporosis [20].

Bone morphogenetic protein 2 (BMP-2), which is

member of the transforming growth factor (TGF)-b su-

perfamily, has profound effects on osteoblast activity [21,

22]. In vitro, BMP-2 increases the colony formation of

normal human bone marrow stromal preosteoblasts and

induces their differentiation into cells with mature os-

teoblastic phenotype [23]. In addition to the effects on

osteoblast growth and differentiation, both BMP-2 and

TGF-b can induce osteoblast chemotaxis, which is essen-

tial for bone formation to occur [24]. In osteoblasts, both

BMP-2 and TGF-b can stimulate the expression of Smad

and c-Fos, an activated protein-1 (AP-1) component [25–

28]. Because Ras is the upstream effector of Fos and mi-

togen-activated protein kinase (MAPK), and AP-1-re-

sponsive element is present in the promoters of major bone

matrix proteins such as type I collagen, osteocalcin, os-

teopontin, and fibronectin, the induction of Ras/MAPK/

AP-1 appears to be an important signal transduction path-

way in mediating some of the effects of BMP-2 and TGF-b
in osteoblasts [25–27]. Growth factor (such as epidermal

growth factor) signaling binding receptor tyrosine kinase or

extracellular matrix binding integrin receptor can activate

Ras protein [25, 26]. The activated Ras can start a series of

signaling cascades. Activation of the Ras pathway has been

associated with cell proliferation and these molecular

events may involve osteogenic signals [26, 28]. In addition,

MAPK pathway activation has been shown to regulate

bone formation. The Ras-MAPK pathway is involved in

differentiation of C3H10T/12 cells [28] whereas extracel-

lularly regulated kinases 1/2 (ERK1/2) mediates BMP-2

stimulation of fibronectin and osteopontin [29]. Thus,

ERK1/2 MAP kinase and p38 MAP kinase differentially

mediate BMP-2 function in osteoblasts. BMP-2 activates

multiple cytoskeletal-associated and intracellular signaling

proteins, such as Src homology and collagen (Shc) [30].

The Shc-Grb2-complex activates Ras, leading to stimula-

tion of the MAPK signaling cascade [31]. The phospho-

rylated ERK1/2 translocates to the nucleus, providing a

link between cytoplasmic signaling molecules and nuclear

proteins. The nuclear target proteins of MAPK include

c-fos and members of the activated protein-1(c-jun) [32].

Hence ERK1/2, Shc, c-fos and AP-1 play an important role

in bone development [26–31].

Whether activation of intracellular signaling cascade

can result from the surface modification of biomaterials

remains unknown. Therefore, in this study, we investigated

the status of important signaling pathways of bone growth

with use of Ca–P coatings and Mg alloys. Our results

suggest that the b-TCP-coated Mg alloy may upregulate

cell proliferation via Shc and ERK1/2 MAPK signaling in

SaOS-2 osteoblasts cultured on Mg alloy surface. The

surface-coated Mg alloy with b-TCP may enhance the

activity of key signalling proteins in human osteoblasts and

that in turn may lead to enhanced protein expression of

extracellular matrix factors at the bone cells–implant

interface.

2 Methods

2.1 Sample preparation

The surface-coated Mg alloy (Mg–3AI–1Zn) with b-TCP

[(b-TCP)–Mg–3AI–1Zn] was generated at the Institute of

Metal Research, Chinese Academy of Science, through a

phosphating process on the naked Mg–3AI–1Zn. The di-

mensions for the samples used in the cell biology ex-

periments are 5 mm in diameter and 1 mm in thickness

following cutting from cast ingots. Samples were sterilized

in epoxyethane for 5 min and dried in air. During the

in vitro experiments, the titanium alloy (Ti–6Al–4V) and

surface-coated Ti–6Al–4V with b-TCP [(b-TCP)–Ti–6Al–

4V] which have the same size were generated by phos-

phating process and used as control.

2.2 b-TCP coating treatment

Samples were cut from Mg–3AI–1Zn or Ti–6Al–4V cast

ingots. The samples were ground and dry polished with SiC

papers successively up to 2000 grits. The polished samples

were ultrasonically rinsed for 10 min in alcohol, dried in a

warm air stream, immersed in a supersaturated Na2HPO4

solution at room temperature for 3 h and then subjected to

heat-treatment at 400 �C for 10 h. After the alkali and heat
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treatments, these were ultrasonically cleaned again in dis-

tilled water for 10 min and then placed into the falcon

tubes which was filled with a mixture of Na2HPO4–12H2O

(23.75 g/L) and Ca(NO3)2 (18.2 g/L) in deionized water at

70 �C for 48 h. The samples were then washed with dis-

tilled water and dried in the air.

2.3 Cells culture

Cell lines SaOS-2 (human osteosarcoma cells) were cul-

tured in a DMEM1640 (Gibco, USA) medium containing

2 mmol/L glutamine, 100 IU/mL penicillin, 100 lg/mL

streptomycin sulphate and 10 % (v/v) FBS. Then, the cells

were incubated at 37 �C with 5 % CO2 in a humidified

incubator. SaOS-2 Cells were seeded on the naked

Mg–3AI–1Zn, Ti–6Al–4V, (b-TCP)–Mg–3AI–1Zn and

(b-TCP)–Ti–6Al–4V samples at a cell density of 1 9 105

cell/mL. Cultures were incubated in six well plates for 24 h

at 37 �C with 5 % CO2 in a humidified incubator. Three

parallel samples were tested in this experiment. After dif-

ferent incubation periods, the samples were washed three

times with phosphate-buffered saline (PBS) to remove non-

adherent cells.

2.4 Fluorescence imaging

SaOS-2 cells were cultured with samples for 24 h, fixed in

4.0 % formaldehyde solution for 15 min, and then used for

immunofluorescence staining. The distinct differences in

the responses of the cells to the different surfaces were

visualized under fluorescence microscopy.

2.5 Measurement of cell proliferation

After an initial overnight incubation, SaOS-2 cells were

washed, and the extent of cell proliferation was determined

by a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium

bromide (MTT) (Sigma-Aldrich) assay. The cells were

washed with PBS, and MTT was diluted using serum-free

medium to obtain a concentration of 0.5 mg/mL. This

concentration was added to the culture and incubated for

3 h. Formazan extraction was performed using iso-

propanol, and the quantity was determined using an en-

zyme linked-immunosorbent assay at 492 nm with four

individual samples per group.

2.6 Immunocytochemistry

The same amount of cell suspension was cultured on nine

sterilized cover glasses in six well plates. The equal total

DMEM media with different sample extracts were added to

the corresponding well plates. Cultured for 24 h, the cover

glasses were washed three times with PBS to remove non-

adherent cells. SaOS-2 cells were fixed 24 h in 4 %

paraformaldehyde phosphate buffer solution. Immunocy-

tochemistry staining was performed using antibodies to

BMP-2. The signal was developed using a Streptavidin–

Biotin complex (SABC) method. Fixed SaOS-2 cells were

pretreated with 0.3 % H2O2 for 30 min at room tem-

perature to block endogenous peroxidase activity. After

washing three times with distilled water, the sections were

blocked with 10 % normal goat serum solution for 40 min

at room temperature, and then the blocking solution was

discarded. The primary antibody (Boster, China) diluted to

0.2 M (1:100) was applied onto the sections, and the sec-

tions were incubated at 4 �C for 48 h in a humidified

chamber. Following incubation, these were washed three

times with 0.1 M PBS for 2 min each and then incubated

with the secondary antibody (biotin-goat anti-rabbit IgG

BMP-2, Boster, China) diluted to 0.2 M PBS (1:100) for

20 min at 37 �C. The sections were washed three times

with PBS for a total 6 min and then exposed to SABC

(Boster, China) for 30 min at 37 �C. After rinsing the

sections three times at 5 min each, visualization of the

antibody staining was accomplished by incubating sections

in 0.03 % 3,3-dia-minobenzidine (DAB; Boster, China) for

5 min. The sections were counterstained with hematoxylin.

For the controls, the above steps were followed with the

primary antibody replaced with PBS. A brown precipitate

denotes positive immunostaining.

2.7 Microstructure

To analyze the microstructure of Mg–3AI–1Zn, Ti–6Al–

4 V, (b-TCP)–Mg–3AI–1Zn and (b-TCP)–Ti–6Al–4V,

samples were removed from the SaOS-2 cell culture, then

fixed in 4 % glutaraldehyde for 4 h. The Ti–6Al–4V and

(b-TCP)–Ti–6Al–4V were used as control. Samples were

dehydrated in ethanol and observed using ssx-550 scanning

electronic microscope (SEM). The chemical composition

was determined by energy dispersive spectrum (EDS). The

area analyzed was determined by random.

2.8 Western blot analysis

SaOS-2 cells were cultured onto the different biomaterial

surfaces for 2 h in 25 cm2 flasks. These were cultured in

serum-deprived media, wherein the 10 % serum was re-

placed with 1 % serum. These were then washed three

times with cold phosphate buffer saline (PBS). Cells were

lysed and freeze-thawed in RIPA buffer (150 mM NaCl,

50 mM Tris–HCl, pH 7.5, 1 % deoxycholate, 0.1 % SDS,

1 % Triton X-100) containing protease inhibitors (Com-

plete, Roche Diagnostics, Germany). Reduced proteins

were resolved by 10 % Tris–HCl polyacrylamide gel
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electrophoresis (Bio-Rad Gels) and transferred onto a ni-

trocellulose membrane (Amersham, Freiburg, Germany).

The membranes were blocked overnight in Tris–buffered

saline containing 5 % skim milk and 0.05 % Tween-20

(TBST). Shc and c-fos were detected with a rabbit poly-

clonal antibody (Transduction, 610081) (1:1000), total

ERK1/2 was detected with a mouse monoclonal antibody

(transduction, 61003) (1:1000), and phosphorylated ERK1/

2 was detected with a goat polyclonal antibody (Santa

Cruz-7972) (1:1000). Blots were again washed three times

with TBST as described above, and immunoreactive bands

were visualized using the ECL plus Western blotting de-

tection reagents (Amersham Pharmacia Biotech Inc, Pis-

cataway, NJ, USA). The antibody-bound protein intensities

were analyzed using a Chemi-imager-5500 V 2.03 elec-

trophoresis gel image system.

2.9 Statistical analysis

SPSS 16.0 was used to analyze all the statistics. Differ-

ences between two groups were analyzed by the separate

variance estimation t test. Differences among more than

two groups were analyzed by an analysis of variance

(ANOVA). The statistical significance was defined as

P\ 0.05.

3 Results

3.1 Material properties of (b-TCP)–Mg–3AI–1Zn

alloy

Figure 1 shows the surface microstructure and the EDS

result of Mg–3AI–1Zn, (b-TCP)–Mg–3AI–1Zn, Ti–6Al–

4V and (b-TCP)–Ti–6Al–4V incubated with SaOS-2 cells

for 24 h. A porous and netlike surface structure was ob-

served clearly on the surface of the (b-TCP)–Mg–3AI–

1Zn. Small cracks were also found on the surface of the

Mg–3AI–1Zn, which were due to dehydration during the

SEM sample preparation. The EDS analysis on a small area

of the alloys, as shown in Fig. 1, indicates that the layer of

(b-TCP)–Mg–3AI–1Zn and Mg–3AI–1Zn was mainly

composed of O, P, Ca, and Mg. More P and Ca elements

were observed on the surface of the (b-TCP)–Mg–3AI–1Zn

than of the Mg–3AI–1Zn.

3.2 Morphology of cells grown on (b-TCP)–Mg–

3AI–1Zn alloy

SaOS-2 cells cultured for 24 h on Mg–3AI–1Zn, (b-TCP)–

Mg–3AI–1Zn, Ti–6Al–4V and (b-TCP)–Ti–6Al–4V were

processed for immunofluorescence staining, including

Fig. 1 Surface microstructure (SEM) and EDS results of (b-TCP)–Mg–3AI–1Zn. The Mg–3AI–1Zn, (b-TCP)–Mg–3AI–1Zn, Ti–6Al–4V and

(b-TCP)–Ti–6Al–4V alloys were incubated with SaOS-2 cells for 24 h, and then surface structures were analyzed using SEM and EDS
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sample preparation, fixed, blocking, primary antibody in-

cubation, secondary antibody incubation, detection of

proteins, multiple staining and other steps (Fig. 2). With

the Mg–3AI–1Zn, only a few cells were observed on the

surface after 24 h of cell culture. With the (b-TCP)–Mg–

3AI–1Zn, many cells were observed after only 24 h of cell

culture. The cells spread and connected together and cov-

ered most of the sample (Fig. 2). The cells displayed a

flattened morphology with numerous filamentous exten-

sions. More cells were observed on the surface of the (b-

TCP)–Mg–3AI–1Zn than Mg–3AI–1Zn, indicating a better

cell response to the (b-TCP)–Mg–3AI–1Zn. With the Ti–

6Al–4V and (b-TCP)–Ti–6Al–4 V, the cells were spindle-

like and displayed a strong adhesion to the substrate after

24 h culture. A longer duration of the culture incubation

did not change the cell morphology. Based on the resulting

cell morphology, the (b-TCP)–Mg–3AI–1Zn elicited a

better cell response than the Ti–6Al–4V in the 24 h culture

because the cells on the surface of the (b-TCP)–Mg–3AI–

1Zn spread and connected with each other.

3.3 Effect of (b-TCP)–Mg–3AI–1Zn on cell

proliferation

The cell proliferation was determined by MTT assay after the

(b-TCP)–Mg–3AI–1Zn was incubated with SaOS-2 cells for

24 h. The cell activity represented by the cell number was

found to increase with culture time, indicating that a cell

could attach and proliferate on the surface of the samples.

With the Mg–3AI–1Zn, we observed a decrease in cell

proliferation, indicating that the Mg–3AI–1Zn does not

promote cell growth and proliferation. In contrast to the Mg–

3AI–1Zn, incubation with (b-TCP)–Mg–3AI–1Zn resulted

in a statistically significant increase in cell proliferation at all

time intervals (P\ 0.05) (Fig. 3), indicating that the (b-

TCP)–Mg–3AI–1Zn has a significantly better surface

bioactivity than the Mg–3AI–1Zn. No statistically sig-

nificant difference in the cell number between the Mg–3AI–

1Zn and the Ti–6Al–4 V was observed.

3.4 BMP-2 is modulated in response to b-TCP

coating

In this study, the BMP-2 protein in SaOS-2 cells cultured for

24 h with alloys was determined by immunocytochemistry

staining. As shown in Fig. 4, the cells cultured with the Mg–

3AI–1Zn exhibited the weakest signal for BMP-2 staining.

An elevated level of BMP-2 expression was observed when

SaOS-2 cells were cultured with (b-TCP)–Mg–3AI–1Zn.

The ability to induce BMP-2 expression by the various

samples was as follows: (b-TCP)–Mg–3AI–1Zn[ (b-

TCP)–Ti–6Al–4V[Ti–6Al–4V[Mg–3AI–1Zn (Fig. 4).

3.5 Levels of Shc and c-fos signaling proteins were

enhanced in response to b-TCP coating

SaOS-2 cells cultured for 2 h with Mg–3AI–1Zn, Ti–6Al–

4V, (b-TCP)–Ti–6Al–4V or (b-TCP)–Mg–3AI–1Zn were

analyzed for levels of specific signaling proteins by west-

ern blot. SaOS-2 cells showed a marked increase in the

expression of all three Shc isoforms (p66, p52, p46) in

SaOS-2 cells cultured with (b-TCP)–Mg–3AI–1Zn

(Fig. 5). The order of increased activation of signaling

protein was as follows: (b-TCP)–Mg–3AI–1Zn[ (b-

TCP)–Ti–6Al–4V[Ti–6Al–4V[Mg–3AI–1Zn. As seen

in Fig. 5, the extent of activation of c-fos protein in cells

was higher with (b-TCP)–Mg–3AI–1Zn than controls.

3.6 b-TCP treatment up-regulated the activation

of ERK1/2 in SaOS-2 cells

SaOS-2 cells cultured for 2 h with Mg–3AI–1Zn, Ti–6Al–

4V, (b-TCP)–Ti–6Al–4V or (b-TCP)–Mg–3AI–1Zn were

analyzed for the activation of ERK1/2 MAP kinase by

western blot. As seen in Fig. 6, the level of p-ERK1/2 was

higher in cells cultured with (b-TCP)–Mg–3AI–1Zn and

(b-TCP)–Ti–6Al–4V than in cells cultured with Mg–3AI–

1Zn (P\ 0.05). However, the activation of total ERK1/2

Fig. 2 Scanning electron micrographs of SaOS-2 cells cultured on the alloy surfaces used for immunofluorescence staining. The cells on

surfaces were analyzed by immunofluorescence staining
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MAP kinase did not change in SaOS-2 cells cultured with

different alloys.

4 Discussion

Research on Mg alloys as biodegradable materials has been

conducted extensively. However, the alkalization caused by

the in vivo corrosion of Mg alloys remains a critical obstacle

in its possible application as biodegradable implant materi-

als. One way to reduce the corrosion of Mg alloys is surface

modification. Mg–3AI–1Zn alloy is likely to degrade the

corrosion of naked Mg alloy in aqueous solution, especially

in a solution containing chloride ions. In Mg alloys, Al can

effectively improve resistance to corrosion and lower the rate

of degradation. For biomaterials, a surface coating is an ef-

fective surface modification to improve the surface

Fig. 3 Effect of different surfaces on cell proliferation. After SaOS-2

cells were incubated with different alloys for 24 h, the cell

proliferation was determined by MTT assay. Hash shows statistical

significance at P\ 0.05 (n = 5), compared with Mg–3AI–1Zn group

Fig. 4 BMP-2 expression in

SaOS-2 cells cultured with

different surfaces. The SaOS-2

cells were incubated with

different alloys for 24 h.

Photomicrographs shown in a,

b, c and d represent cells

cultured with the Mg–3AI–1Zn,

Ti–6Al–4V, (b-TCP)–Mg–3AI–

1Zn and (b-TCP)–Ti–6Al–4V

alloys, respectively. A brown

precipitate denotes positive

immunostaining (Color figure

online)
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bioactivity. Therefore, it is possible to reduce the corrosion

of Mg alloy and improve its surface bioactivity by selecting a

proper surface treatment. This paper is an extension of a

previous study in which we successfully showed that surface

TCP coating of biomaterials potentiates bone growth in vitro

[33]. Because of its chemical similarity to natural bone, b-

TCP has been known to be a biocompatible and bioactive

material. Despite its biologically favorable properties, TCP

cannot withstand the rigors of orthopedic applications. To

overcome the problems related to the unfavorable me-

chanical properties of TCP, coatings have been applied

consisting of various metallic substrates. The metallic sub-

strate acts as the load-bearing material, and TCP coating

provides a bioactive surface, promoting rapid bony adapta-

tion, reduced healing time and delayed metallic ion diffusion

as a biological barrier [34].

The present study introduced the concept of surface

treatment coating with b-TCP onto Mg alloy, where we

demonstrated the successful surface modification to alter

surface characteristics of implants [33]. In this study, the

microstructure of the Mg alloy coated with b-TCP shows that

the coating layer is porous with a net-like surface structure,

as shown in Fig. 1. SEM results indicate that the layer is

mainly composed of O, P, Ca, Mg and a little Al. When Mg

alloy is immersed in a phosphating bath, Mg dissolves and

turns into Mg2?. Mg2? could react with any negative ions in

the phosphating bath, such as PO4
3-. The release of calcium

ion (Ca2?), PO4
3- and Mg2? might have some effect on cell

proliferation and growth [35]. According to the fluorescent

images in Fig. 2, more new cells, which are compact and

uniform, were observed on the surface of the (b-TCP)–Mg–

3AI–1Zn after a 1-day culture, indicating that the (b-TCP)–

Mg–3AI–1Zn is more compatible than other coated alloys

for bone growth at the early incubation process. These results

demonstrate that b-TCP coating improves the surface

bioactivity of Mg alloy significantly.

Numerous growth factors have been implicated in the

repair of fractures, so the expression of bone growth

factors can be used to evaluate osteogenesis at the inter-

face between implant and bone. Among those growth

factors, BMP plays crucial roles in normal skeletal de-

velopment as well as in bone healing, and is able to ac-

tivate transcription of genes involved in cellular migration,

proliferation and differentiation [21–25]. It was reported

that endogenous BMP-2 is an indispensable osteogenic

stimulus for initiation of fracture healing in mice [27].

Immunocytochemical results revealed that at the early

incubation process, the b-TCP coated Mg alloy can induce

BMP-2 expression to a level that is significantly higher

Fig. 5 Effect of b-TCP coating on the expression of Shc and c-fos.

Shc expression in SaOS-2 cells cultured for 2 h on control cells with

Mg–3AI–1Zn, Ti–6Al–4V, (b-TCP)–Ti–6Al–4V or (b-TCP)–Mg–

3AI–1Zn alloys. Equal amounts of total proteins were resolved by

10 % Tris–HCl polyacrylamide gel electrophoresis and analyzed by

immunoblotting with anti-Shc and anti-c-fos antibodies. The max-

imum expression level for the three isoforms (66, 52 and 46) of Shc

and c-fos expression was observed when SaOS-2 cells were cultured

with alloys. Actin expression served as the loading control

Fig. 6 Total ERK1/2 and phosphorylated ERK1/2 (p-ERK1/2)

expressed in SaOS-2 cells cultured for 2 h on control cells, with

Mg–3AI–1Zn, Ti–6Al–4V, (b-TCP)–Ti–6Al–4V or (b-TCP)–Mg–

3AI–1Zn. Immunoreactivity of p-ERK1/2 was expressed as a ratio to

b-actin. Equal amounts of total protein were resolved by 10 % Tris–

HCl polyacrylamide gel electrophoresis and analyzed by im-

munoblotting with anti-total ERK1/2 and p-ERK1/2 antibodies
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than that with the naked Mg alloy after 4 h culture. These

results demonstrated that the b-TCP coated Mg alloy has

positive effects on osteoblast growth and proliferation in vitro.

We previously found that SaOS-2 cells can bind directly

to the implant surface, and the behavior of these cells can

be modulated by surface chemistry modification of the

underlying substrata [33]. This was in agreement with

findings from others [36, 37]. Moreover, Jansen and col-

leagues [23] reported that BMP-2 promotes osteoblastic

differentiation. Processes involving intracellular signalling

pathways that connect with the cytoplasmic domains of

BMP-2 can result in rapid activation or inactivation of li-

gand-binding functions, possibly mediated through changes

in receptor conformation [38]. Binding of BMP-2 to ex-

tracellular matrix proteins results in the activation of sig-

nalling pathways in osteoblasts [39]. We showed here that

activation of Shc is enhanced when SaOS-2 cells were

cultured on the b-TCP modified Mg alloy. Shc, an adaptor

protein, is a common point of integration between BMP-2

and Ras/MAPK pathways [40]. Its activation leads to ac-

tivation of these intracellular signalling pathways [41]. The

Ras/MAPK signal transduction pathway is one of the best

characterized pathways. Biological studies were conducted

to assess the polymer’s biological properties, like sup-

porting the cell attachment and proliferation, and inflam-

mation response. The results showed that the bovine aortic

endothelial cells had very good attachment and prolif-

eration performance on coating surface [42]. MAPK has

been reported to regulate growth and differentiation of

bone cells, [29] and its activity is stimulated in osteoblasts

when the cells adhere to type I collagen [30, 31]. MAPK

acts as an important mediator of the cellular response to

various extracellular stimuli [32]. Previous reports indi-

cated that blocking ERK1/2 activation suppresses os-

teoblast proliferation and differentiation. Once activated,

ERK1/2 engages numerous downstream targets, culmi-

nating in changes in gene expression and cell behavior

[29–31].Our data demonstrate that the level of phospho-

rylated ERK versus total ERK is increased by osteoblast

adhesion to the (b-TCP)–Mg–3AI–1Zn, suggesting that

surface chemistry modification of biomaterials modulates

osteoblastic cell responses through activation of the ERK/

MAPK pathway. This is in agreement with findings from

others, in that this pathway modulates osteoblast adhesion

to biomaterials [39]. Yamashita et al. [29] demonstrated

that ERKs played an important role in outside-in signal

transduction regulating osteoblast growth and differen-

tiation. It is also important in inside-in signal transduction

modulating integrin levels on the cell surface and con-

sequently, cell adhesion, spreading and migration. Our

data demonstrate that surface chemistry modification al-

ters the activation of ERK1/2 in SaOS-2, which may

subsequently lead to enhanced bone cell proliferation.

AP-1 is one of the most widely studied transcription

factors, and c-fos has been implicated as a key molecule

in cell proliferation and signal transduction. Our results

demonstrated that c-fos expression was induced in SaOS-

2 cells cultured on the b-TCP modified Mg alloy. Others

have also demonstrated that c-fos expression is associated

with osteoblast proliferation in vitro [26–28]. While

Mg–3AI–1Zn did not induce any changes in cellular re-

sponses under current experimental conditions, further

experiments are underway to determine the effect of

b-TCP and Mg2? on cell behavior using longer incuba-

tion times with the cell cultures and on expression of

various proliferative and differentiation markers.

Taken together, the current data suggest that surface

chemistry modification of Mg alloy with the bioactive

b-TCP is likely to have a role in modulating the extracel-

lular signals in the bone microenvironment, thereby

potentially contributing to successful osteoblast function.

Further studies are currently underway to understand how

different biomaterials and their surface modification elicit

distinct signaling pathways in osteoblasts, which may

prove beneficial in the design of new implant materials.
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