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Osteoblastic cell adhesion on Strontium-
incorporated porous nanostructured TiO2 

coating prepared by micro-arc oxidation

Abstract
Objective: In the present work, strontium (Sr) was incorporated into TiO2 (Sr-TiO2) 
coatings on titanium by Micro-arc oxidation (MAO) technique in the Ca, P, Si-
containing electrolyte to obtain the implant with good bioactivity. 

Methods: The surface topography, phase and element composition were 
characterized by scanning electron microscopy, X-ray diffraction and energy 
dispersive spectrometer, respectively. Osteoblast-like Mg63 cells were cultured on 
the surface of the coatings to evaluate their adhesion behavior.

Results: Obtained results showed that compared with the Sr-free TiO2 coating, 
Sr was successfully incorporated, which did not alter its surface topography and 
phase composition. Adhesion cells on Sr-incorporated TiO2 coating was significantly 
enhanced compared with that on the Sr-free TiO2 coating. 

Conclusion: In conclusion, it is an interesting and promising way to regulate the 
functions of the coatings by introducing desired elements, such as Sr, by micro-arc 
oxidation technique.
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Introduction
Titanium and its alloys have been widely used as orthopedic 
implants because of their excellent biocompatibility and 
mechanical properties. An oxide layer, mainly TiO2, is 
spontaneously formed on the surface of titanium in air or the 
human body, which provides corrosion resistance [1,2]. However, 
TiO2 is not bioactive enough to form a direct bond with juxtaposed 
bone, which may translate into a lack of osteointegration that 
might lead to long-term implant failure [1,2].

Effects of trace elements on biological role have become an 
important topic in the research fields of bone formation and 
organism essential elements recently. The Strontium ion is 
involved in many metallo-enzymes and proteins including alkaline 
phosphatase (ALP) [3]. Depletion or supplementation of dietary 
Strontium has been shown to be responsible for variations in 
body weight, bone length and bone biomechanical properties 

[4], and the positive effect of Strontium on bone metabolism 
has been associated with growth hormone (GH) or insulin-like 
growth factor 1 (IGF-1) [4,5]. In vitro studies have also shown that 

Strontium is an essential trace element for promoting osteoblast 
cell adhesion, proliferation and differentiation, and inhibiting 
osteoclastic (bone resorbing) activity [4,6,7]. For these reasons, 
Strontium incorporated in bioactive glasses [8,9], calcium 
phosphates [10,11], or in other ceramics [12,13] have been 
investigated as potential materials to stimulate bone formation 
and inhibit bone resorption with promising results. However, 
Strontium-containing TiO2 ceramics or coatings have not been 
reported, and the effects of Strontium incorporation on the 
composition, microstructure and biological responses of TiO2 are 
not clear by now. Therefore, in this work, an interest has been 
taken in the preparation and characterization of Sr-containing 
TiO2 coating.

Micro-arc oxidation (MAO) is a plasma-assisted electrochemical 
method, which produces rough, thick and porous nanostructured 
oxide films on titanium [14,15]. Micro-arc oxidized films are 
hard and well-adhered onto metal substrate [14]. Besides, many 
bioactive ions can be incorporated into the micro-arc oxidized 
TiO2 coating by doping the electrolyte [14,15].In this work, 
porous nanostructured Sr-incorporated TiO2 coating (Sr-TiO2) 
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of the culture flasks, and 1/3 of the total cells were transferred 
into a new tissue culture flask.

MTT assay
MTT assay was used to determine cell attachment. Cells were 
seeded at a concentration of 2 × 105 cells/cm2 onto the disks of Ti 
plates, TiO2 and Sr-TiO2 coatings. Cells were cultured on the disks 
for 1, 5, 10 and 24 hours, respectively, in a 37°C incubator with 5% 
CO2. At the pre-determined time points, each disk was transferred 
to wells of a new 24-well plate and 1.5 ml of medium was 
added to each disk. One hundred and fifty microliters of freshly 
prepared 5 mg/ml MTT was added to each well containing the 
disks. The plates were placed in an incubator at 37°C for 3 h. The 
supernatant of each well was removed and acidified isopropanol 
(0.04 M HCl in isopropanol) was added to all wells and mixed 
thoroughly to dissolve the dark-blue crystals. The absorbance 
was measured with a spectrophotometer at a wavelength of 570 
nm with a subtraction of the absorbance at 650 nm. Cell number 
was determined using a linear correlation between absorbance 
and MG63 cell concentration.

Fluorescence staining
MG63 cells were seeded on Sr-TiO2 coatings, TiO2 coatings and Ti 
plates in 24-well plates at a seeding density of 1 × 104/cm2 cells 
well-1. After culturing for 5 and 10 h, acridine orange staining 
was used to directly count the cells. In brief, samples for acridine 
orange staining were fixed in 95% ethanol for 15 min. After 
air drying, samples were stained in 0.1 mg/ml acridine orange 
(Sigma, USA) for 2 min. After rinsing with PBS, the samples were 
observed under a fluorescence microscope.

Cell morphology
Cells were seeded on Ti plates, TiO2 and Sr-TiO2 coatings at a 
density of 1 × 104/cm2 in alpha MEM supplemented with 10% 
PBS and were cultured under standard cell culture condition 
for 10 h. The samples then were washed with Phosphate buffer 
saline (PBS) and double-distilled water respectively, and fixed 
with 2.5% glutaraldehyde buffered by PBS. Then the samples 
were dehydrated in a graded series of alcohol (50%, 70%, 90% 
and 100%) and amyl acetate following critical-point drying. The 
morphology of the adhered cells was observed using SEM.

Actin cytoskeleton
Each material was incubated with 1 × 104 cells. Cells adherent to 
the disks for 10 h were fixed by incubation in 3.7% formaldehyde 
dissolved in PBS for 10 min at room temperature. The disks were 
washed three times with PBS and treated with 1% Triton X-100 
in PBS for 5 min to permeate the cell membranes. After being 
rinsed gently with PBS, the disks were blocked for 10 min with 
1% heat-denatured bovine serum albumin (prepared by heating 
at 80°C for 5 min), and the actin cytoskeleton was subsequently 
labeled by incubation to FITC-phalloidin(Sigma) for 40 min at 
37°C. Then the disks were rinsed in PBS for three times. Samples 
were examined with a microscope Olympus BX 51 equipped with 
epifluorescence (Olympus, France).

was prepared by MAO in a novel Ca, P, Sr-containing electrolyte. 
Adhesion behavior of osteoblast-like MG63cells on the novel Sr-
TiO2 coating is also discussed.

Materials and methods
Preparation of samples
Commercially pure Ti plates of 10 × 10 × 1 mm3 in size were used. 
The polished Ti plates were mechanically polished by SiC abrasive 
sandpapers. For TiO2 coating, the Ti plates were anodized in an 
electrolyte containing 0.05 mol/L glycerophosphate disodium 
solt pentahydrate (C3H7Na2O6P.5H2O, GP) and 0.1 mol/L Calcium 
acetate monohydrate [(CH3COO)2Ca.H2O,CA]. While for Sr-
TiO2 coating, 0.04 mol/L Sr(CH3COO)2·2H2O was added into the 
electrolyte mentioned above. The current density, frequency, 
duty circle and duration time were fixed at 16.5 A/dm2, 800 
Hz, 10% and 4 min, respectively. The schematic diagram of the 
experimental set up is shown in Figure 1. After MAO treatment, 
the samples were washed with deionized water and dried in 
air. The surface characterization of MAO-treated samples was 
performed by scanning electron microscopy (Philips XL30 FEG-
SEM) , X-ray diffraction (XRD, D/MAX-2550, Rigaku, Japan) and 
energy-dispersive X-ray spectrometry (EDS) attached to electron 
probe X-ray microanalysis system (EPMA, JAX-8100, Japan).

Cell culture
The mouse osteosarcoma cell line MG63 subclone 14 cells used 
in this work was purchased from Shanghai Chinese Academy of 
Science. MG63 cells were cultured in alpha MEM medium with 
glutamax (Gibco BRL) supplemented with 10% fetal calf serum 
(SCF, Eurobio) in a humidified atmosphere of 95% air-5% CO2 at 
37°C. The culture medium was renewed every two days. When 
cells reached confluence, a trypsin-EDTA solution (0.5 g/L trypsin 
and 0.2 g/L EDTA, Gibco) was used to detach cells from the bottom 

Figure 1 Surface micrographs of polished TiO2 (a,c) and Sr-
TiO2(b,d) (bar=10 μm for a,b; bar=100 nm for c, d).
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Statistical analysis
One way ANOVA and Tukey’s multiple comparison tests 
were performed to detect significant (p ≤ 0.05) effects of the 
experimental variables. Results were analyzed using Student’s t 
test with a sample numbers of at least four samples. Error bars 
represent mean ± standard deviation. The level of significance 
was set at p=0.05.

Results
The surface morphologies of TiO2 and Sr-TiO2 coatings at low 
magnification (2000X) are shown in Figures 2 (a,b). It can be 
investigated that both samples are porous with pore size about 
3-5 μm. These pores are well separated and homogeneously 
distributed over the coating surfaces. Figures 2 (c,d) show the 
surface morphologies of TiO2 and Sr-TiO2 coatings at higher 
magnification (50,000X), respectively. It is observed that at a 
higher magnification, both the coating are fully covered by the 
nano-grains with the size about 30-50 nm. No obvious differences 
in morphology are observed between TiO2 and Sr-TiO2 coatings. 

Figure 3 shows the element compositions of the micro-arc oxidized 
coatings determined by ED’s spectrum. Compared with the EDS 
spectrum of TiO2 coating (Figure 3a), a obviously feature peak 
of Sr was clearly observed in that of Sr-TiO2 coating (Figure 3b), 
indicating that Sr was successfully introduced into the coating. 
The XRD patterns of the TiO2 and Sr-TiO2 coating are displayed 
in Figure 4. Only anatase phase was detected in both micro-arc 
oxidized coatings, indicating that the phase composition of the 
TiO2 coating was not altered apparently after the incorporation 
of Sr. Figure 5 shows the MTT result of the cells cultured on Ti 
plates, TiO2 and Sr-TiO2 coatings for 1, 5, 10 and 24 h. During 
the incubation of first 1 h after the cell plating, most of cells 
attached onto each substrate, and no significant difference was 
observed (p>0.05). The result of MTT assay indicated a quicker 
increase in cell quantity on Sr-TiO2 coatings when compared with 
Ti plates and TiO2 coatings. At 5, 10 and 24 h, it was observed 
that the cell quantity on TiO2 coatings was more than that on Ti 
plates (p<0.05), but less than that on Sr-TiO2 coatings (p<0.05). 
Therefore, Sr-TiO2 coatings surface could be more favorable for 
the attachment of osteoblasts. The attachment of MG63 cells on 
the Sr-TiO2 coatings, TiO2 coatings and Ti plates is also directly 
characterized by acridine orange staining assay on hour 5 and 
10 after cell seeding (Figure 6). Within the first 5 h of culture, 
the visible cells number on the Sr-TiO2 coatings, TiO2 coatings 
and Ti plates kept increasing, indicating that cells attach on 
these three types of substrates. However, MG63 cells apparently 
attach faster on the Sr-TiO2 coatings, as shown by the markedly 
higher osteoblastic number on hours 5 and 10. Figure 7 shows 
osteoblastic morphology on three substrates. It can be detected 
that MG63 cells cultured on the Sr-TiO2 coatings, TiO2 coatings and 
Ti plates for 10 h show different morphologies. Apparently, after 
seeded on Sr-TiO2 coatings for 10 h, cells display more spread-out 
morphology, highly connecting with the surface, when compared 
with that on TiO2 coatings and Ti plates. Fluorescence micrographs 
of actin stress fibers in the cells on all the three substrates after 
incubation 10 h are shown by Figure 8. After 10 h of incubation, 
osteoblasts on Ti plate exhibited the weak formation of actin 
fibers within their cytoplasm. Conversely, well-defined actin 
stress fibers distributed through the body of cells cultured on 
TiO2 and Sr-TiO2 coatings. With the stronger actin cytoskeleton 
in cells adhering to Sr-TiO2 coating, the cells are stiffer and resist 
detaching shear forces acting on them more efficiently.

Discussion
Adhesion belongs to the first phase of cell/material interaction 
and the quality of this stage influences the capacity of cells to 
proliferate and differentiate itself on contact with the implant. 
Surface chemistry and topography play an important role in cell 
adhesion on biomaterial [15,21]. In this work, MAO technique is 
used to create a porous nanostructured Sr-containing TiO2 coating 
on Ti plate. The initial adhesion of osteoblast-like MG63 cells on 
the modified Ti plates, as well as its possible signal transduction 
pathway, is evaluated. The term “attachment” in the biomaterial 
domain occurs rapidly and involves short-term events like 
physico-chemical linkages between cells and materials involving 
ionic forces, van der Walls forces, etc. [15]. The importance 
of cell-substratum attachment for cellular proliferation and 

Figure 2 EDS spectra of TiO2 (a) and Sr-TiO2 (b) coatings. 

Figure 3 XRD patterns of TiO2 and Sr-TiO2 coatings..
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differentiation is widely recognized [15,17,18,20,21]. In this work, 
the highest number of MG63 osteoblastic cells attach on Sr-TiO2 
coating, and the number of cells attached on Ti plates is lowest 
(shown as Figure 5). This phenomenon indicates that attachment 
of MG63 cells on Sr-TiO2 coating is superior to that on Ti plate and 

TiO2 coating. Surface chemistry of the biomaterials can greatly 
influence the cell attachment [16,18]. It has been reported 
that Sr can increase the activity of 1α,25-dihydroxyvitamin D3-
dependent promoters in osteoblasts, which is well known to play a 
critical role in calcium and phosphate homeostasis across the cell 
membrane [22,23]. Therefore, it is possible that the Sr released 
from Sr-TiO2 coating may contribute to extracellular pH changes 
by influencing Ca2+-H+ exchange across the cell membrane, causing 
the structural alteration of the cell transmembrane proteins (such 
as integrins). The altered transmembrane proteins may easily 
interact and bond with proteins adsorbed on the Sr-TiO2 coatings 
from the culture medium, promoting the attachment of MG63 
cells onto the surface. Surface topography is another factor that 
plays an important role in cell attachment [15,20,21]. Although a 
comparison of various studies revealed few consistent trends in 
the effects of surface topography on initial cell attachment [15], 
the most commonly observed trends are that porous structure is 
beneficial to osteoblastic attachment [24,25]. The porous Sr-TiO2 
coating can facilitate the adsorption of proteins in the culture 
medium by providing a larger contact area at sample-medium 
interface, which are favorable for promoting the osteoblastic 
MG63 cell attachment. Spreading on biomaterial is an important 
step for essential biological properties of osteoblasts [15]. 
Surface chemistry of the biomaterials can significantly influence 
the osteoblastic spreading [16,18]. It has been reported that 
incorporating Sr into HA coating could promote the spreading 
of osteoblast [26]. Zhu et al. also demonstrated that osteoblasts 
were significantly more flatten on Sr-containing coating [27]. In 
this present work, we have observed that after seeded on Sr-
TiO2 coatings for 10 h, cells display more spread-out morphology, 
highly connecting with the surface, when compared with that 
on TiO2 coatings and Ti plates (as shown by Figure 7). The Sr 
released from Sr-TiO2 coating could bind with oxygen, forming a 
Sr network structure on the surface, which is capable of holding 
elements of the proteins together in an organised fashion, thus 
contributing to the architecture of connective tissue. It is possible 
that these proteins are adsorbed onto the bound Sr network, 
promoting better osteoblastic spreading via interaction with the 
integrins on MG63 cells and, in turn, triggering certain specific 
signals, which could have a stimulatory effect on the bone 
mineralization process [6,7,28]. This possibility is supported by 
our findings that MG63 cells display more mature cytoskeleton 
organisation on Sr-TiO2 coatings when compared to the polished 
Ti plates and TiO2 coatings (as shown by Figure 8). However, the 
precise mechanism by which Sr affects osteoblastic spreading 
should be further investigated. Surface topography is another 
factor playing an essential role in osteoblastic spreading [15,19-
21]. Some researchers have stated that bone cells spreaded 
more flatten on nanostrucured porous coatings as compared to 
rough ones [15]. On the other hand, contrary conclusions bave 
been induced by other researchers [20,21]. A simple conclusion 
will be difficult to be executed for the relationship between the 
surface topography and osteoblastic spreading. In the present 
work, we investigate that the spreading of MG63 cells cultured 
on porous TiO2 and Sr-TiO2 coatings for 10 h is more pronounced 
when compared to that on polished Ti plates (shown as Figure 6), 
suggesting that spreading is promoted by the surrounding porous 
nanostructures.

Figure 4 MG63 cells attachement on Sr-TiO2 coatings, TiO2 
coatings and Ti plates. Results are expressed in cell/cm2 
in function of culture time shows significance at p<0.05. 

Figure 5 Acridine orange staining assay of cells cultured for 5 
and 10 h on Ti plates(a,d) ,TiO2 coatings (b,e) and Sr-
TiO2 (c,f). (a,b,c for 5 h; d,e,f for 10 h).

Figure 6 SEM micrographs showing morphology of cells cultured 
for 10 h on Ti plates (a) ,TiO2 coatings (b) and Sr-TiO2 (c).
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Conclusion
In this work, Sr was successfully incorporated into porous 
nanostructured TiO2 coating by the MAO technique, and surface 
characteristics of the Sr-containing TiO2 coating, such as phase 
composition, as well as the porous nanostructure, were not 
altered apparently as compared to Sr-free TiO2 coating. In vitro 

experimental evidences were reported that the Sr-TiO2 coating 
was advantageous to MG63 cell adhesion.
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Figure 7 Fluorescence micrographs of actin stress fibers of cells cultured for 10 h on Ti plates (a), TiO2 coatings (b) and  Sr-TiO2 
coatings (c). 
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