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Abstract:    Objective: To determine the adhesion behavior of bone marrow mesenchymal stem cells (MSCs) on a 
titanium surface with a nanostructured strontium-doped hydroxyapatite (Sr-HA) coating. Methods: Sr-HA coatings 
were applied on roughened titanium surfaces using an electrochemical deposition method. Primary cultured rat MSCs 
were seeded onto Sr-HA-, HA-coated titanium, and roughened titanium surfaces, and they were then cultured for 1, 6, 
and 24 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine the 
metabolic condition of the cells. Scanning electron microscopy (SEM) was used to observe the cell morphology. The 
cytoskeletal structure was analyzed using fluorescence actin staining to characterize cell adherence. Quantitative 
real-time reverse transcription polymerase chain reaction (RT-qPCR) was used to analyze the gene expression levels 
of FAK (focal adhesion kinase), vinculin, integrin β1, and integrin β3 after culturing for 24, 48, and 72 h. Results: MSCs 
cultured on the Sr-HA surface showed better cell proliferation and viability. Improvement of cell adhesion and structural 
rearrangement of the cytoskeleton were observed on the Sr-HA surface. The gene expression of FAK, vinculin, integrin 
β1, and integrin β3 was also elevated on the Sr-HA surface. Conclusions: Cell viability, adhesion, cell morphology, and 
the cytoskeletal structure were all upregulated considerably by the titanium surface modified with a Sr-HA coating. 
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1  Introduction 
 

Titanium has been widely used as a biomaterial 
because of its excellent biocompatibility and osse-
ointegration at the bone-implant interface (Branemark, 
1983; Fage et al., 2016). 

In order to accomplish good osseointegration, 
the recruitment of osteogenic cells such as osteoblasts 
and mesenchymal stem cells (MSCs) is essential. 
Adhesion of the cells is the first stage of the interac-

tions between the cells and implants after a bio-
material implantation, which consists of four steps: 
protein adsorption, cell–material contact, attachment, 
and spreading (Anselme, 2000; Uccelli et al., 2008). 
It has been proven that the quality of adhesion is 
critical in modulating the capacity of a cell to prolif-
erate and differentiate (Matschegewski et al., 2010; 
Yim et al., 2010; Seo et al., 2013). It is widely ac-
cepted that MSCs are the first cells to colonize the 
implant surface. MSCs undergo osteoblastic differ-
entiation in response to the microstructure of the ti-
tanium surface. Some studies suggest that the recog-
nition is mediated by integrin receptors, and the in-
tegrin signaling is responsible for surface-dependent 
osteoblastic maturation (Krause et al., 2000; Krishna 
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et al., 2011; Dalby et al., 2014; Kaneko et al., 2014). 
Osteoblasts originate from bone marrow MSCs, so 
the commitment and differentiation of MSCs towards 
osteoblast lineage play an essential role in bone for-
mation (Yang et al., 2015). 

Cell–material interactions are dictated by the 
surface properties of the material, such as chemical 
composition, micro/nano topography, roughness, and 
surface energy (Khang et al., 2012; Zhao et al., 2012; 
Zhou et al., 2013; Sisti et al., 2015). Previous studies 
demonstrated that cell adhesion could be influenced 
by three-dimensional (3D) nanotopography of the 
surface (Kuo et al., 2012; Liu et al., 2012). Compared 
to the 2D counterparts, gold-coated silicon nanopil-
lars and ZnO nanoflowers improved cell adhesion. 
However, conflicting results have been reported that 
randomly oriented and upright crystallites of ZnO and 
SiO2 inhibited cells’ adhesion and spreading (Lee  
et al., 2009; Loya et al., 2010; Park et al., 2010; 
Brammer et al., 2011). Several studies have been 
undertaken to modify and improve the surface of 
titanium by synthesizing a nanostructured bioactive 
material such as hydroxyapatite (HA) coating, which 
would favor positive interactions with osteogenic 
cells (Shi et al., 2013; Zhao et al., 2014; Sirin et al., 
2015; Kumar et al., 2016). In order to improve the 
osteo-conductivity, strontium (Sr) has been intro-
duced into HA to improve the bone–tissue response to 
the material (Fu et al., 2012; Jiang et al., 2015). Sr 
increases osteoblast replication, differentiation, and 
bone matrix mineralization. On the other hand, Sr can 
reduce the osteoclast differentiation and resorbing 
activity. Sr has also been recently reported to direct 
the MSCs’ commitment to the bone lineage (Peng  
et al., 2009; Braux et al., 2011; Yang et al., 2011). 

In recent years, many studies have highlighted 
the fabrication of strontium-doped hydroxyapatite 
(Sr-HA) on roughened implant surfaces (Aina et al., 
2013; Gao et al., 2016; Tao et al., 2016a). The elec-
trochemical method is capable of depositing Sr into or 
onto HA to form rod-like HA crystallites with a 
hexagonal cross section and diameters of about 90 nm, 
similar to the structure of bone HA (Jiao and Wang, 
2009). Recently, we demonstrated that the Sr-HA 
coating has the potential to enhance implant osse-
ointegration (Fu et al., 2012). 

Given the absence of data on the exact mecha-
nism of how Sr-HA influences the cell–material in-
teraction, the aim of this study was to evaluate the 

effects of electrochemically deposited HA and Sr-HA 
on the adhesion of MSCs. The present study can 
throw light on how Sr-HA influences the cell– 
material interaction and provide important infor-
mation to improve the process. 

 
 

2  Materials and methods 

2.1  Sample synthesis and characterization of the 
coatings 

Commercially pure titanium plates (10 mm× 
10 mm×1 mm) and disks (diameter 20 mm and 
thickness 1 mm) were roughened as previously de-
scribed (Liu et al., 2011). In brief, they were first 
polished by SiC paper, sandblasted by SiC particles at 
a pressure of 4 MPa, and then ultrasonically cleaned 
with ethanol, acetone, and deionized water, in se-
quence. The titanium disks were immersed in a solu-
tion with 0.2% (v/v) HF and 0.4% (v/v) HNO3 for  
10 min at room temperature before they were in a 
solution with 25% (v/v) HCl and 25% (v/v) H2SO4 for 
30 min at 80 °C. Subsequently, they were sprayed 
with water and then washed ultrasonically with de-
ionized water before they were dried by nitrogen gas. 

HA and Sr-HA coatings were synthesized by 
electrochemical deposition (Zhao S.F. et al., 2013). 
Titanium disks were used as the working electrodes to 
deposit HA and Sr-HA while platinum plates were 
used as the counter electrode. Analytical-grade chem-
icals of CaCl2, NH4H2PO4, and SrCl2·6H2O were used 
as the Ca2+, PO4

3−, and Sr2+ sources, respectively. For 
HA, CaCl2 and NH4H2PO4 were dissolved in distilled 
water to form the electrolytes with the concentration 
of Ca2+ 1.2 mmol/L and of PO4

3− 0.72 mmol/L. For 
Sr-HA, SrCl2·6H2O was distilled, and the concentra-
tion of Ca2++Sr2+ was 1.2 mmol/L with the Sr2+/(Sr2++ 
Ca2+) molar ratio of 10%. In order to improve con-
ductivity, 0.1 mol/L NaNO3 was added to the solution. 
The deposition was performed using a direct-current 
(DC) power source operated at 3.0 V at 85 °C for 1 h. 

Field-emission scanning electron microscopy 
(FESEM) was used to examine the morphologies of 
the coatings. Contact angles were measured using the 
static sessile drop method using a face contact angle 
set-up equipped with a camera to determine the hy-
drophilicity. X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS) were used to con-
duct the phase analysis of the synthesized coatings. 
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2.2  Cell cultures 

The animals used in this research were treated as 
approved by the Institutional Animal Care and Use 
Committee of Zhejiang University, Hangzhou, China. 
MSCs were obtained from 4-week-old rats. The de-
tailed cell isolation procedures are described else-
where (Zhao et al., 2012). The cells were cultured in 
Eagle’s alpha minimum essential medium (MEM) 
supplemented with 10% (v/v) fetal bovine serum and 
antibiotics (penicillin 100 U/ml and streptomycin  
100 μg/ml) at 37 °C in a humidified atmosphere in-
cubator with 5% CO2/95% air, and the medium was 
refreshed every 3 d. 

2.3  Cell morphology 

The cells of passages 3–5 were used in the ex-
periments. The samples of size 10 mm×10 mm×1 mm 
were placed in 24-well plates, and MSCs were seeded 
on each sample at a density of 3×104 cells/well. After 
culturing for 1, 6, and 24 h, the samples were washed 
with phosphate-buffered saline (PBS) three times, 
and fixed in 2.5% (v/v) glutaraldehyde for 1 h. Then 
the samples were dehydrated by a series of graded 
alcohols, and dried by critical point drying before they 
were gold-sputtered. Finally, their cell morphology 
and attachment of the cells on each surface were an-
alyzed with FESEM. 

2.4  Cell viability 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay was used to determine the 
metabolic condition of the cells (Ni et al., 2011). 
After culturing for 1, 6, and 24 h, MTT (5 mg/ml) 
(Sigma Aldrich, St. Louis, MO, USA) was added to 
each well and the cells were cultured for another 4 h. 
After the culture medium was removed, 100 μl di-
methyl sulfoxide (DMSO; Sigma Aldrich) was added 
to the well and oscillated for 10 min. Then the ab-
sorbance at 490 nm was measured each well. Each 
group contained three samples. 

2.5  Cytoskeleton structure and cell adhesion 

After the samples were incubated for 1, 6, and  
24 h, they were rinsed with the PBS three times to 
remove the non-attached cells. Subsequently, they 
were fixed in 4% (v/v) paraformaldehyde at room 
temperature for 30 min, and washed again with PBS 

three times before they were permeabilized with 0.1% 
(v/v) Triton X-100 for 10 min, and washed three more 
times with PBS. The samples were incubated in bo-
vine serum albumin blocking agent (1%) for 30 min. 
Fluorescein isothiocyanate (FITC)-phalloidin (5 μg/ml) 
(Sigma Aldrich) was added to the samples before they 
were incubated at 37 °C for 60 min. Subsequently, the 
samples were washed three times with PBS and  
incubated in Hoechst 33258 (1 μg/ml; Beyotime, 
Shanghai, China) for 3 min at room temperature. 
After the samples were rinsed with PBS three times, 
they were added with anti-fade fluorescence mount-
ing medium. Then the samples were analyzed with a 
fluorescence microscopy to randomly capture images 
of three areas on a sample. The images were studied 
using the ImageJ software to count the number of 
adherent cell nuclei. The average number of adherent 
cell nuclei was calculated. 

2.6  Gene expression by real-time PCR analysis 

Gene expression of vinculin, FAK, integrin β1, 
and integrin β3 of the MSCs cultured on Sr-HA-, 
HA-coated titanium disks and the roughened surface 
after 24, 48, and 72 h was evaluated using quantitative 
real-time reverse transcription polymerase chain re-
action (RT-qPCR). Total RNA was isolated from the 
MSCs cultured at each time point using the TRIzol 
reagent according the manufacturer’s instructions. 
One microgram of total RNA from the cells on each 
sample was reversed-transcribed into complementary 
DNA using PrimeScript™ RT Master Mix (Perfect 
Real Time). RT-qPCR for gene expression of vinculin, 
integrin β1, integrin β3, and FAK was performed in 
96-well plates using a CFX Connect real-time system 
with RealMasterMix (Probe). The primer sequences 
are listed in Table 1. Data analysis was carried out 
using Bio-Rad CFX Manager. β-Actin was used as the 
housekeeping gene. The RT-qPCR was run in a CFX 
Connect real-time system using universal thermal 
cycling parameters. Quantitative analyses were car-
ried out using the recommended software (Bio-Rad 
CFX Manager). Each sample was run in triplicates. 

2.7  Statistical analysis 

All analysis results are expressed as mean± 
standard deviation (SD). The data were analyzed 
using SPSS 14.0. At each point, a one-way analysis of 
variance (ANOVA) test was carried out to determine  
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the statistical significance. A P-value of <0.05 was 
considered to be significant, and a P-value of <0.01 
was considered to be highly significant. 

 
 

3  Results 

3.1  Synthesis and structure characterization 

Figs. 1a and 1b show the SEM micrographs of 
the titanium surfaces after being sandblasted and 
treated with acids. The surface texture comprised pits, 
with each pit formed from many micropits. After 
electrochemical deposition, homogeneous coatings 
were synthesized on to the roughened surfaces. The  
porous morphology of the titanium surface can still be 
observed. These coatings were characterized by 
rod-like crystallites with a hexagonal cross section 
(Figs. 1c and 1d). When the Sr2+ was incorporated, the 
crystallites had a smaller diameter (Figs. 1e and 1f). 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

The measured contact angles of water droplets 
on the roughed surface, HA and Sr-HA are 40.5°±1.4° 
(n=9), 5.8°±0.6° (n=9), and 4.1°±1.1° (n=9), respec-
tively. There was a significant difference between the 
roughened surface and the HA and Sr-HA. This in-
dicated that the nanorod-structure could improve 
hydrophilicity compared to the roughened surface. 

Table 2 shows the atomic percentage of Ca, P, C, 
O, and Sr in each coating. The majority of elements of 
the HA and Sr-HA coatings were Ca, P, C, and O, 
while Sr can only be detected in the Sr-HA coating 
with the atomic percentage of 0.67%. 

The typical XRD patterns of different synthe-
sized coatings are shown in Fig. 2. This confirmed 
that the deposits were composed of HA crystallites, 
and Sr was incorporated into the HA. With the addi-
tion of Sr element, the diffraction peaks shifted to 
lower 2θ values, which indicates an increase in lattice 
parameters. The crystallinity of HA decreased, as 
evidenced by the broadening of the HA diffraction 
peaks. However, the peak positions have not changed,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Rat gene primer sequences for RT-PCR 

Gene Sequence (5'→3') 
Vinculin  F: GATGCTGGTGAACTCAATGA 

 R: CGAATGATCTCGTTAATCTC 
Integrin β1 F: AAGTGGGACACGGGTGAAAA 

 R: AGAGCCCCAAAGCTACCCTA 
Integrin β3 F: TGACCCGCTTCAATGACGAA 

 R: ATGGGTCTTGGCATCAGTGG 
FAK F: CCAGGACGGTCTGTGTTTCA 

 R: CATCGCTCCGACAGCATTTG 
β-Actin F: GCAGGAGTACGATGAGTCCG 

 R: ACGCAGCTCAGTAACAGTCC 

Table 2  Atomic percentages of Ca, P, O, C, and Sr in 
the HA and Sr-HA coatings using XPS test 

Atom 
Atomic percentage (%) 

HA Sr-HA 
Ca 10.18 6.89 
P 12.23 9.57 
O 26.45 25.06 
C 39.25 42.58 
Sr 0 0.67 

Fig. 1  SEM micrographs of the roughened surfaces (a, b), HA surfaces (c, d), and Sr-HA surfaces (e, f) 
The porous structures appeared on the roughened surface 



Fu et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2017 18(9):778-788 782

which indicates that the amount of Sr substitution was 
very small. 

3.2  Cell adhesion and viability 

Fig. 3a shows the number of MSCs on different 
titanium surfaces after 1, 6, and 24 h of incubation. 
The number of cells increased markedly with the time 
of incubation. At each time point, the number of ad-
herent cells was found to be significantly higher on 
the Sr-HA- and HA-coated surfaces than on the 
roughened surface. However, the number of the cells 
adhering to the HA coating and Sr-HA coating showed 
no significant difference at 1 and 6 h. After incubation 
for 6 and 24 h, all coatings to some extent showed an 
increase in the number of the adherent cells. As 
shown in Fig. 3b, the MTT assay shows the same 
trend as the counting assay. The metabolic activity of  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

adherent cells on the Sr-HA and HA coatings was 
much higher than that on the roughened surface, 
demonstrating that Sr-HA and HA coatings had no 
toxicity on MSCs and had a marked impact on the 
proliferation at the early period. The results also in-
dicate that Sr-HA and HA coatings had better bio-
compatibility than the roughened titanium surface. 

3.3  Cell morphology 

All groups displayed healthy adherent cells on 
titanium surfaces, as shown in Fig. 4. At 1 h, there 
was significant difference in cell morphology on all 
surfaces. Cells did not spread completely on the 
roughened surface. Only a few short cytoplasmic 
bridges of MSCs could be observed on the HA-coated 
surface. Cells on the Sr-HA surface exhibited a well- 
spread morphology with many cytoplasmic bridges 
across the crystallites and had a polymorphic shape. 
However, the cell shapes changed dramatically after 
24 h of spreading. On the roughened surface, the cells 
presented as flattened structures with a distinct, 
spread morphology; however, the cells on HA and 
Sr-HA surfaces were distributed over the coatings and 
formed cytoplasmic bridges of variable thickness, 
suspended above the peaks and depressions. Com-
pared to the roughed surface, HA and Sr-HA surfaces 
presented numerous protoplasmic processes of MSCs. 

3.4  Fluorescence staining of MSCs’ cytoskeleton 

Fluorescence staining was performed to analyze 
the effects of the titanium surfaces on the MSCs’ 
cytoskeleton, as shown in Fig. 5. On HA and Sr-HA  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  XRD patterns of HA and Sr-HA coatings 
a.u.: arbitrary unit; deg: degree (°); Ti: titanium; HAP:  
hydroxyapatite 

Fig. 3  Counting (a) and MTT (b) assays of MSCs cultured on roughened titanium surface, HA coating, and Sr-HA 
coating after 1, 6, and 24 h of incubation 
Data are expressed as mean±SD with n=9. ## P<0.01, # P<0.05, compared with the roughened titanium surface (control); 
&& P<0.01, & P<0.05, compared with the HA  
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surfaces, the FITC-conjugated, phalloidin-stained 
MSCs revealed distinct and well-defined stress fibers 
and actin-containing micro-filaments after 24 h of 
culture (Figs. 5d and 5f). The cells on the roughened 
surface displayed weakly and poorly structured actin 
filaments (Fig. 5b). Cell–cell contacts and numerous 
filapodia-like processes were observed on all groups 
after 24-h incubation; however, they were not obvious 
after 1-h incubation (Figs. 5a, 5c, and 5e). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5  Effects of different coatings on gene expres-
sion of integrin β1, integrin β3, FAK, and vinculin 

To investigate the effect of MSCs’ adherence on 
the Sr-HA surface, the gene expression of integrin β1, 
integrin β3, FAK, and vinculin was analyzed using 
biochemical and molecular approaches. As shown in 
Fig. 6, at each time point the mRNA expression of 
integrin β1, integrin β3, FAK, and vinculin in cells 
was substantially upregulated on Sr-HA coating  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  SEM images of MSCs’ adherence and morphology on the roughened surface (a, b), HA (c, d) and Sr-HA (e, f) 
coatings after 1 h (a, c, e) and 24 h (b, d, f) of incubation 

Fig. 5  Actin (green) and nucleus (blue) fluorescence images of MSCs on the roughened surface (a, b), HA (c, d) and 
Sr-HA (e, f) coatings after 1 h (a, c, e) and 24 h (b, d, f) of incubation 
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compared to MSCs cultured on roughened surfaces. 
At 24 h, the HA group also had a significantly higher 
gene expression levels of integrin β1, vinculin, and 
FAK compared to the roughened group, though in-
tegrin β1 showed no significant difference at 48 and 
72 h between HA and the roughened surface. At 72 h, 
the gene levels of integrin β3 and vinculin showed no 
differences between HA and Sr-HA surfaces. 

 
 

4  Discussion 
 

In our present study, we produced nanostructed 
HA and Sr-HA coatings on a titanium surface using 
an electrochemical process and investigated the  
MSC adhesion to the different coatings. The results 
showed that the process successfully produced a thin 
coating on the porous titanium surface, and the Sr-HA 
coating evidently enhanced the adhesion of rat MSCs 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

at the early stage compared to the roughened surface 
and HA coating. 

With the purpose to further improve the bone 
implant contact as compared to using pure HA, Sr- 
doped calcium phosphate coatings on titanium sur-
face have been prepared using different methods. The 
Sr-doped HA coating can be prepared by compression 
molding technique, plasma spraying technique, wet 
chemical synthesis, hydrothermal preparation, sol-gel 
route, and other means (Wong et al., 2009; Abert  
et al., 2014; Cox et al., 2014; Xu et al., 2014; Omar  
et al., 2015). They reported that with the incorpora-
tion of Sr into HA, not only the mechanical properties 
but also the bioactivity of the samples was improved. 
The electrochemical deposit method has been used in 
our study to produce a Sr-doped HA coating on the 
roughened surface. These coatings were characterized 
by oriented rod-like crystallites with a hexagonal 
cross section. The coatings have high crystallinity  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Integrin β1 (a), integrin β3 (b), FAK (c), and vinculin (d) gene expression of MSCs on roughened titanium 
surface, HA coating, and Sr-HA coating after 24, 48, and 72 h of incubation 
Data are expressed as mean±SD with n=9. ## P<0.01, # P<0.05, compared with the roughened titanium surface (control); 
&& P<0.01, & P<0.05, compared with the HA 
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and high wettability with decreased contact angle. 
The chemical structure of the coating can be con-
trolled by changing the pH, temperature, and compo-
sition of the electrolyte, as well as the current density 
and deposit time. This technique did not destroy the 
porous surface of the titanium and the porous mor-
phology of the titanium surface was still visible after 
electro-chemical deposition, because the coating was 
very thin. Moreover, the rod-like Sr-HA produced by 
this process was similar to the natural HA in bone, 
which was important for osseointegration. 

Cell adhesion to a biomaterial is achieved via the 
formation of focal adhesion. The focal adhesion 
markers, vinculin and FAK (focal adhesion kinase) 
can be used to identify FA (focal adhesion) contact 
and the cytoskeleton. The characterization of FA can 
provide evidence on how topography affects cell 
adhesion (Seo et al., 2013). When cells arrive at the 
titanium surface, they express a variety of integrins 
and bind to intracellular linker proteins of focal ad-
hesion such as vinculin on one side and to extracel-
lular anchoring ligands on the other side (Lim et al., 
2007; Yim et al., 2010; Madamanchi et al., 2014). In 
our present study, we found that the Sr-HA surface 
could greatly promote the gene expression levels of 
FAK, vinculin, integrin β1, and integrin β3 in the 
early stage of the MSC adhesion, and their levels 
increased with time. Krause et al. (2000) suggested 
that the integrin signaling is responsible for surface- 
dependent osteoblastic maturation. Knockdown of the 
integrin β1 in osteoblasts impairs the ability to rec-
ognize micro structured titanium surfaces. The results 
of fluorescence staining showed that on HA and 
Sr-HA surfaces, the FITC-conjugated, stress fibers 
and actin-containing micro-filaments were detected 
after 24 h of incubation. Cell–cell contacts and nu-
merous filapodia-like processes were visible in all 
24-h samples, but were not clearly seen in 1-h sam-
ples. The high gene expression can result in cyto-
skeletal changes. The changes in cytoskeletal tension 
have a direct effect on cell morphology, as evidenced 
by actin staining (Wang et al., 2013). It has been 
confirmed that a highly organized cytoskeleton with 
stress fibers is associated with strong cell adhesion 
and, if the cell–material adhesion is weak, it fails to 
spread or form any stress fibers (Zhuang et al., 2014). 
One possible reason for the results in our study is that 
when Sr is incorporated into HA, the structure of HA 

is altered, with the diameter of the crystallites be-
coming much smaller and the crystallites become 
closer to that of natural HA in the bone. The Sr-HA 
coating in this study endows the titanium surface with 
higher wettability and a decreased contact angle. A 
3D nanotopography, when compared to the rough-
ened surface, shows enhancement of the cellular at-
tachment and direct modulation of cell adhesion and 
subsequently mediation of the secretion of anchoring 
proteins and the formation of focal adhesion (Park  
et al., 2012; Aina et al., 2013; Guo et al., 2013; 
Kaygili et al., 2015; Lindahl et al., 2015). The other 
reason is that Sr, like calcium, acts as a receptor. The 
XRD results indicated that Sr-HA has higher crystal-
linity than the HA. Sr-HA also has higher solubility 
which leads to an elevated level of local ions, which 
can facilitate cell adhesion via a calcium-sensing- 
receptor-dependent mechanism (Hurtel-Lemaire et al., 
2009; Takaoka et al., 2010; Kaygili et al., 2015; Yang 
et al., 2015). Previous studies showed that Sr promotes 
osteoblast replication and differentiation by activating 
the calcium sensing receptor (CaR), and the indicated 
downstream pathways in osteoblastic cells, resulting in 
increased osteoblastogenesis (Hurtel-Lemaire et al., 
2009; Takaoka et al., 2010). Sr also activates the CaR 
and downstream signaling pathways in osteoclasts, 
causing reduced osteoclast differentiation and de-
creased bone resorption. The in vitro study of MSCs’ 
adhesion on the different surfaces revealed that the 
metabolic activity and cell proliferation on the Sr-HA 
surface were upregulated in the early stage, indicating 
that the Sr-HA coating has better biocompatibility 
than the roughened and HA surfaces, which is con-
sistent with previous studies (Zhou et al., 2014; 
Lindahl et al., 2015; Tao et al., 2016a; 2016b). 

Attachment, adhesion, and spreading in the early 
period of cell–material interaction are critical for 
modulating the capacity of a cell to proliferate and 
differentiate (Anselme, 2000). We found that changes 
in cytoskeletal tension of MSCs in response to to-
pography of Sr-HA coating modified actin organi-
zation and thereby influenced the gene expression of 
FAK, vinculin, integrin β1, and integrin β3, which 
indicated that enhanced cell adhesion could be 
achieved on the Sr-HA surface. Further studies 
should be carried out to investigate whether and how 
Sr-HA coating enhances osteogenic differentiation 
of MSCs. 
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5  Conclusions 
 

This study demonstrated the influence of an 
electrochemically deposited nanostructured Sr-HA- 
coated titanium surface on the adhesive behavior of 
MSCs. Cell proliferation, adhesion, cell morphology, 
and cytoskeleton structure were all upregulated con-
siderably by the titanium surface modified with 
Sr-HA coating compared to the roughened surface. 
Our present work provides insights into the surface 
modification of the titanium implant favoring cell 
adhesion. 
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中文概要 

 

题 目：多孔纯钛表面掺锶羟基磷灰石涂层对骨髓间充质

干细胞粘附的影响 

目 的：观察电化学沉积的纳米结构掺锶羟基磷灰石涂层

表面对大鼠骨髓间充质干细胞早期粘附行为的

影响。 

创新点：首次观察电化学沉积的掺锶羟基磷灰石涂层表面

骨髓间充质干细胞的早期粘附行为，并对相关基

因进行了检测。 

方 法：纯钛表面经过喷砂和双重酸处理，形成多孔粗糙

结构。用电化学方法在其粗糙表面沉积羟基磷灰

石涂层（HA）和掺锶羟基磷灰石涂层（Sr-HA）。

用贴壁法将 4 周大鼠股骨骨髓间充质干细胞分离

进行原代培养后将细胞接种到多孔纯钛，HA 和

Sr-HA 表面培养 1、6 和 24 小时。用场发射扫描

电镜（SEM）观察细胞的形貌特点。用异硫氰酸

荧光素（FITC）标记的鬼笔环肽进行免疫荧光染

色标记细胞骨架，Hoechst 33258 进行细胞核染

色，激光共聚焦荧光显微镜进行拍照后使用

ImageJ 进行细胞的计数和图形分析。用实时荧光

定量逆转录聚合酶链式反应（RT-qPCR）测定 24、

48 和 72 小时不同实验组中骨髓间充质干细胞中

FAK、vinculin、integrin β1 和 integrin β3 的基因

表达，并进行统计学分析。 

结 论：SEM 观察结果显示，骨髓间充质干细胞在三种表

面都能正常黏附、生长和增殖。在 Sr-HA 组表面，

细胞粘附、细胞活力和细胞骨架的铺展都较粗糙

表面组和 HA 组有较显著的提高。RT-qPCR 结果

显示，在各个时间点 Sr-HA 组表面骨髓间充质干

细胞的 FAK、vinculin、integrin β1 和 integrin β3

的基因表达与粗糙组有显著性差异，且在 24 小

时后与 HA 组亦有显著性差异。综上所述，掺锶

羟基磷灰石纳米涂层具有较好的生物相容性，可

以促进大鼠骨髓间充质干细胞在纯钛表面的早

期粘附。 

关键词：细胞粘附；骨髓间充质干细胞；掺锶羟基磷灰石；

钛 


