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Background: Relying on surface topography alone to enhance the osteointegration of 
implants is still inadequate. An effective way to combine long-term ion release and surface 
topography to enhance osteogenic property is urgently needed.
Purpose: The objective of this study is to fabricate a long-term strontium ion release 
implant system and confirm the biological function in vitro and in vivo.
Methods: The biomimic surface was fabricated through alkali-heat treatment and magnetron 
sputtering. The in vitro biological function assays were determined by MTT, fluorescence 
staining, alkaline phosphatase activity, extracellular mineralization, and quantitative real-time 
polymerase chain reaction assays. The in vivo experiments were detected by micro-CT, HE 
staining and Masson staining.
Results: The biomimic surface structure has been successfully fabricated. The in vitro cell 
assays determined that AH-Ti/Sr90 possessed the best biological function. The in vivo 
experiments demonstrated that AH-Ti/Sr90 could promote osteointegration significantly 
under both in normal and osteoporotic conditions.
Conclusion: We determined that AH-Ti/Sr90 possesses the best osteogenic property, long- 
term ion release capacity and osteointegration promotion ability. It has potential clinic 
application prospects.
Keywords: titanium, alkali-heat treatment, magnetron sputtering, osteogenic differentiation, 
osteoclast inhibition

Introduction
Titanium implants and its alloys are still the mainstream materials adopted in 
biomedical area, especially dental implantology.1 However, there are still some 
disadvantages such as inert surfaces, potential allergic reaction, and the lack of 
osteogenic induction, impeding the success of implant surgery.2 What is more, 
osteoporosis, commonly seen in postmenopausal women would alter the bone 
microstructure and decrease the bone volume and bone density simultaneously.3 

Therefore, numerous methods are highly warranted to endow the implant with 
osteogenic property and anti-osteoclast ability. Though various physical and 
chemical methods have been used to modify the titanium surface, the osteointe-
gration of bone-to-implant has not reached an ideal level.4–6 Some techniques like 
sandblasting-acid etching, anodization, and calcium phosphate coating have been 
applied in clinical implant production and even became the mainstream implants 
in oral implantology like SLA-active of NOBEL company.7 In addition, the 
coating methods like magnetron sputtering, atomic layer deposition, chemical 
vapor deposition (CVD), physical vapor deposition (PVD) have potential clinical 
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applications which can endow the titanium surfaces 
with multiple functions and thus enhance the 
osteointegration.8–10

According to previous studies, both the surface topogra-
phy and the ion function can enhance the osteogenic property 
of osteoblast cells and thus increase the osteointegration.11–16 

From a biomimic point of view, micro/nanostructure, which 
simulate trabecular bone structure is conducive to bone 
regeneration.12 In addition, the metal ions (tantalum, stron-
tium, zinc, etc) have also been confirmed to significantly 
promote osteogenesis.17–19 Reports have confirmed that tita-
nium with alkali-heat treatment can increase osteoblast cell 
adhesion, cell elongation and cell proliferation, but relying 
only on structure alone to enhance osteoblast osteogenic 
induction is still inadequate.20 Therefore, the combination 
of surface topography and ion function aroused the clinic’s 
interest tremendously.

Strontium (Sr), a necessary element for bone formation in 
the human body, has been confirmed conducive to bone 
formation.21–23 The reason is attributed to the two-way regu-
lated function, which can enhance osteoblast differentiation 
and compromise osteoclast activity simultaneously.23 In 
addition, strontium can enhance the activity of MSC origi-
nated from both normal and osteoporosis ones, which further 
indicates that strontium has superior promotion to the bone 
formation in normal and osteoporotic bodies.22–24 Because of 
the function of strontium, Bianchi et al had doped strontium 
into calcium phosphate coatings on PEEK. However, the ion 
release is not able to achieve long-term release.24 Therefore, 
a better ion release system needs to be fabricated and a 
suitable coating needs to be explored.

Above all, an effective method to utilize the metal ion 
function and to generate long-term release is needed. In 
this work, we coated SrTiO3 nanolayer on alkali-heat 
treated titanium (AH-Ti) by magnetron sputtering and 
different durations of magnetron sputtering were per-
formed to select the best duration of magnetron sputtering. 
We hypothesize that strontium nanolayer can combine 
with the micro structure of AH-Ti to form micro/nanosur-
face structure. Moreover, the sponge like network structure 
of AH-Ti can provide sufficient space to load enough 
strontium nanoparticles to form a biomimetic structure 
that helps long-term strontium ion release. According to 
previous studies, strontium had been doped to the titanium 
by alkali-heat treatment, of which the reaction solution 
included strontium chloride. Interestingly, the results 
showed better osteointegration in strontium-modified 
samples.25 Moreover, strontium had been doped onto HA 

coating to enhance the osteogenic property, while the high 
degradation and unstable strontium ion release tended to 
compromise its application.26 In addition, strontium had 
also been doped to titanium dioxide nanotubes (TNTs) by 
immersing it in 0.02 M Sr(OH)2 solution, which showed 
enhanced osteogenic property in vitro and in vivo, while 
the TNTs coating was easy to be stripped.27 Moreover, the 
above studies did not investigate the dose effects of stron-
tium concentration and the relationship between the ion 
function and surface morphology was not assessed. 
Therefore, although both alkali-heat treatment and magne-
tron sputtering are conventional techniques for titanium 
surface modification, combination of these two methods 
to fabricate bionic surface was first found and the most 
suitable strontium titanate coating was able to be explored, 
which could provide reference information to support 
strontium relevant investigations. In this work, we kept 
the power of magnetron sputtering at 80 W, working 
pressure at 0.5 Pa, and temperature at 37°C for all the 
three groups, while the sputtering durations ranged from 
30, 90, and 150 min. The following critical problems will 
be dissolved in our work: (1) the selection of the best 
sputtering duration which could endow the implant with 
the best osteogenic property; (2) confirming the strontium 
modified AH-Ti can promote osteointegration in vivo 
experiment; (3) discussing the role of ion function and 
surface topograph played in osteoblast function.

Materials and Methods
Materials
Titanium foils (purity: 99%; thickness: 0.5 mm; length: 10 
mm; width: 10 mm) and titanium wires (diameter: 1 mm; 
length: 10 mm) were purchased from Advent Research 
Materials Ltd (Oxford, UK). NaOH solution was pur-
chased from Aladdin Ltd (Shanghai, China). SrTiO3 target 
material were purchased from Zhongnuo New Materials 
Ltd (Beijing, China). P-nitrophenyl phosphate assay kits 
were provided by Nanjing Jiancheng Bioengineering 
Institute Co., Ltd (Jiangsu, China).

Specimen Preparation
Titanium foils and wires were polished from (No. 400– 
800) SiC abrasive paper, ultrasonically washed with acet-
one, alcohol, and deionized water for 10 min subsequently. 
These pure Ti foils and wires were then dried by dry 
machine and kept in vacuum tube. As for AH-Ti, the pure 
Ti foils and wires were immersed in 5 M NaOH solution 
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and heated by oil bath at 80°C for 24 h and then washed 
with deionized water, dried and kept in a vacuum tube. The 
AH-Ti/Sr samples were prepared by magnetron sputtering 
device (Shenyang Kejing Auto-Instrument Co, Ltd, China) 
with the residual pressure no higher than 7*10−5 Pa, and the 
deposition working pressure was 0.5 Pa. The deposition 
process was performed at the power of 80 W with no 
additional heating in the chamber and kept the pulsing 
frequency as 60 kHz, while the deposition durations ranged 
from 30, 90, and 150 min and the samples were denoted as 
AH-Ti/Sr30, AH-Ti/Sr90, AH-Ti/Sr150 respectively. The 
pure Ti foils and AH-Ti were applied as the control 
group, and all the products were washed with ethanol and 
deionized water for two hours before use.

Surface Characterization
We used field-emission scanning electron microscopy (FE- 
SEM;HITA CHI, S-4800, Japan) to detect the surface 
morphology. The surface roughness was examined by 
atomic force microscopy (AFM; MultiMode 8, 
Karlsruhe, Germany). The ion concentration in the sample 
surfaces were determined by energy-dispersive X-ray 
spectroscopy (EDS; QX200, Brüker) and the distribution 
of strontium above the surfaces were monitored by EDS 
mapping. The hydrophilic property of samples was 
detected by water contact angle measurement which was 
conducted by the sessile-drop method at ambient tempera-
ture on a contact angle meter (SL200B, Solon). The crystal 
structure of different samples was detected by X-ray dif-
fraction (XRD; D/Max-RB, Rigaku, Japan). The coating 
thickness was accessed by focused ion beam (FIB; Gatan, 
Ilion, USA) and field-emission scanning electron micro-
scopy (FE-SEM; S-4800, Hitachi, Japan).

Ion Release Testing
Five samples of AH-Ti/Sr30, AH-Ti/Sr90 and AH-Ti/Sr150 
were immersed in 5 mL PBS at 37°C with a thermostat. We 
took 1 mL solution and added 1 mL fresh PBS at the setting 
time point of 1, 4, 7, 14, 21, and 28 days, respectively. Next, 
the solution we collected was then diluted to 3 mL by PBS in 
order to detect the ion concentration which was measured by 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES; Optimal 8000, Perkin Elmer, USA).

In vitro Cytocompatibility Tests
Cell Culture
We used newborn mouse calvarial cells of line MC3T3-E1 
in this work, which were purchased from ATCC 

(Manassas, VA, USA). The cells were supported by α- 
MEM (Gibco, Thermo Fisher) supplemented with 10% 
FBS (Gibco, Thermo Fisher), 1% penicillin/streptomycin 
(PS) (Beyotime, China) and incubated at 37°C in a 5% 
CO2 environment. We purchased the RAW264.7 from 
Chinese Academy of Sciences (Shanghai, China), which 
were supported by DMEM (Gibco, Thermo Fisher) sup-
plemented with 10% FBS (Bovogen, Australia), 1% peni-
cillin/streptomycin (PS) (Beyotime, China).

Cell Morphology
The cell morphology experiment was conducted by stain-
ing at precise time points according to previous studies.28 

Cell morphology on different samples were confirmed by 
fluorescence microscopy (FM) and FE-SEMS-4800 
(Hitachi). As for fluorescence microcopy observation, 
cells on samples were fixed by 4% paraformaldehyde 
(Sigma, USA) for an hour after three days of cell culture 
and then stained by phalloidin (Beyotime, China) for an 
hour and DAPI (Beyotime, China) for 15 min respectively. 
Accordingly, the cell morphology was detected by FM 
(Olympus IX71, Japan) after washing three times for back-
ground staining elimination. The cell areas and cell aspects 
ratio were analyzed by Image J (1.51).

The SEM observation of cells on different samples was 
also performed. Briefly, after three days of cell culture, the 
cells on specimens were fixed by 2.5% glutaraldehyde 
(Solarbio, China) for six hours, washed with PBS and gradi-
ent dehydration by 30%, 50%, 70%, 90%, and 100% alcohol 
respectively. Next, the 100% alcohol was replaced by Butyl 
alcohol (Sigma, USA) for 10 min, dried at room temperature 
and observed by field-emission scanning electron microscopy 
(FE-SEMS-4800 (Hitachi) after gold sputtering.

Cell Viability
The MTT method was carried out to detect the cell viability. 
After four and seven days of cell culture, the incubated 
medium was replaced by 300 µL 10% MTT solution 
(Solarbio, China) diluted by α-MEM. Then, 300 µL DMSO 
was used to replace the MTT solution after four hours of cell 
culture. One hundred microliters of solution from each well 
was absorbed into 96-well plates (Corning Incorporated, 
USA). The results were detected by microplate reader (Bio- 
Rad 680, USA) at a wavelength of 490 nm.

Alkaline Phosphatase (ALP) Activity Assay
The ALP activity was detected by alkaline phosphatase 
assay kit (Nanjing Jiancheng Bioengineering Institute, 
China) and BCA protein assay kit (Beyotime, China). 
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Briefly, the cells cultured on different samples were col-
lected after osteogenic induction for seven and 14 days. 
We used cell lysis buffer (Beyotime, China) to lysis cells 
and put into 4°C refrigerator for 50 min. Thirty microliters 
of cell lysis solution on each well was used in detection by 
ALP kit and the absorbance was read at the wavelength of 
520 nm by microplate reader (Bio-Rad 680, USA). 
Meanwhile, 20 µL of cell lysis solution on each well 
was used in detection by BCA protein assay kit and the 
absorbance was read at a wavelength of 562 nm by micro-
plates reader (Bio-Rad 680, USA). The final ALP activity 
was normalized by protein concentration and expressed in 
nanomoles of p-nitrophenol produced per milligram of 
protein per minute.

Matrix Mineralization
We used alizarin red staining to determine the contents of 
matrix mineralization. Briefly, we collected the samples 
after 14 days of osteogenic induction by osteogenic med-
ium (α-MEM, 100 nM dexamethasone, 10 mM beta-gly-
cerol phosphate, and 50 µg/mL ascorbic acid). The cells 
on the samples were fixed by 4% paraformaldehyde for 40 
min. Afterwards the fixed cells were washed thrice with 
PBS and stained by 40-mM alizarin red (pH=4.2) staining 
at room temperature for 60 min. Next, the extra staining 
was washed with deionized water. Accordingly, the miner-
alized calcium nodules were dissolved by 10% cetylpyr-
idinium chloride (Sigma, USA) and 200 µL solution from 
each well were absorbed into 96-well plates and detected 
by microplates reader (Bio-Rad 680, USA) at the wave-
length of 540 nm.

Osteocalcin (OCN) Concentration
The cells were collected after 14 days of osteogenic induc-
tion and the cell lysis was performed by lysis buffer. Next, 
the liquid were centrifugated with the speed of 12,000 rpm 
for 10 min. The supernatant was used to do the detection 
by OCN ELISA kit (Jining Shiye, China). The optical 
density was analyzed by microplates reader (Bio-Rad 
680, USA) with the wavelength of 450 nm.

qRT-PCR Assay
We analyzed the osteogenic related gene expression by 
qRT-PCR after culturing pre-osteoblast cells (MC3T3- 
E1) for 14 days of osteogenic induction. Herein, we 
selected the five osteogenic relevant premiers such as 
type-1 collagen (Col-1), ALP, osteopontin (OPN), osteo-
calcin (OCN), RUNX2 and osteoclast related genes as 
RANKL and TRAP for quantitative reverse transcription 

quantitative real time polymerase chain reaction (qRT- 
PCR). In short, 3*104 cells were inoculated per well and 
cultured for two weeks. In addition, rhRANKL (50 ng/mL) 
was added in RAW264.7 culture medium to induce osteo-
clastogenesis.The cell biomass from five selected samples 
within each group (Ti, AH-Ti, AH-Ti/Sr30, AH-Ti/Sr90, 
AH-Ti/Sr150) were collected. Cells were lysed by using 
Trizol (Invitrogen) and the total mRNA was collected by 
RNA extraction kit (Thermo Fisher), of which the concen-
tration was detected by Nanodrop (Thermo Fisher). 
20µLof RNA from each group was reverse transcribed to 
synthesized cDNA by using the PrimeScript™ RT Master 
Mix (Perfect Real Time, Takara, China). The TB Green® 

Premix Ex Taq™ kit (Takara Biotechnology, Japan) com-
bined with qRT-PCR analysis device (Applied Biosystem 
7500) were performed to detection. The sequences of 
different primers we used in this step were displayed in 
Table 1 and the GAPDH was used as the reference gene.

In vivo Experiment
A total of 80 female adult Sprague Dawley rats (weight 
220–250 g) provided by animal center of Wenzhou 
Medical University were used in this experiment which 
was approved by the Wenzhou Medical University Animal 
Care and Use Committee, and all procedures strictly 

Table 1 Real-time Polymerase Chain Reaction Primers used in 
this Study

Target Genes Primers

ALP F:5’-AGCGACACGGACAAGAAGC-3’ 
R:5’-GGCAAAGACCGCCACATC-3’

COL-1 F:5’-CCTGAGCCAGCAGATTGA-3’ 
R:5’-TCCGCTCTTCCAGTCAG-3’

OPN F:5’-GACAGCAACGGGAAGACC-3’ 
R:5’-CAGGCTGGCTTTGGAACT-3’

RUNX2 F:5’-AACAGCAGCAGCAGCAGCAG-3’ 
R:5’-GCACGGAGCACAGGAAGTTGG-3’

OCN F:5’-AGATTGTTGGGGCACAAGGT-3’ 

R:5’-CCTTCAGCAGGGAAACCGAT-3’

RANKL F:5’-CTGAGGCCCAGCCATTTG-3’ 

R:5’-GGAACCCGATGGGATGCT-3’

TRAP F:5’-CCAATGCCAAAGAGATCGCC-3’ 

R:5’-TCTGTGCAGAGACGTTGCCAAG -3’

GAPDH F:5’-GGCATTGCTCTCAATGACAA-3’ 

R:5’-TGTGAGGGAGATGCTCAGTG-3’
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followed the committee’s ethical guidelines. The castration 
surgery was performed to 40 female rats when the weight 
of rats reached 200 g, and the other 40 female rats without 
surgery used as normal model. Next, all rats were fed in 
specific pathogen free (SPF) conditions. We followed the 
protocols approved by the ethics committee for animal 
experiments of Wenzhou Medical University to carry on 
the surgical procedures. AH-Ti (40 implants; 20 for nor-
mal rats model and the other 20 for osteoporotic rats 
model), AH-Ti/Sr90 (40 implants; 20 for normal rats 
model and the other 20 for osteoporotic rats model) AH- 
Ti (40 implants), AH-Ti/Sr90 (40 implants) were applied 
to investigate the osteointegration in vivo. The bone defect 
experiment was conducted by preparing pile road (dia-
meter: 1 mm, length: 10 mm) in the femur of the normal 
and osteoporotic rats. Next, two types of implants were 
inserted into the pile road of the femur (one implant per 
femur) sequentially. Finally, the opening skin was sutured 
and sterilized by 75% alcohol. After four weeks of bone 
healing, the rats were killed by overdose of anesthetic and 
the femurs were acquired for further examination.

Micro-CT Evaluation
The acquired femurs were maintained in 4% paraformalde-
hyde solution for two days and then washed with PBS three 
times. After washing, six samples of these femurs were dried 
and wrapped using sealing film for further analysis, which 
was applied to protect the bone tissue. All the femurs from 
each group were scanned by three-dimensional (3D) scan-
ning in a computed tomography (CT) system (µCT80, 
Switzerland); an integration time of 300 ms was selected at 
80 kV and 114 mA, the reconstruction of the A constrained 
3D Gaussian filter for noise suppression was used to recon-
struct the 3D images (10 mm isotropic voxel) for qualitative 
and quantitative evaluation. The new bone formation around 
different implants were investigated and about 1 mm below 
the epiphyseal line used as specific analysis area. We esti-
mated the mean trabecular number (Tb.N), the bone volume 
per total volume (BV/TV), the mean trabecular separation 
(Tb.Sp), the mean trabecular thickness (Tb.Th), and the mean 
connective density (Conn.Dens).

Histological Analysis
The samples were fixed in 4% paraformaldehyde after 
pushing out the implant. Afterwards, the gradual ethanol 
(70%, 90%, 95%, and 100%) dehydration was performed. 
We infiltrated the dehydrated samples with xylene and 
embedded in poly (methyl methacrylate) before preparing 

undecalcified sections. Next, we prepared the undecalci-
fied sections (around 70 µm). Then, these sections were 
stained with H&E staining and Masson staining. 
Fluorescence microscopy observation was conducted to 
analyze the new bone formation.

Statistical Analysis
The samples used in each experiment are independent, and 
the same samples are not used in different tests. All data in 
the experimental results were repeated independently more 
than three times and expressed as mean ±SD, and statis-
tical analysis was performed using GraphPad Prism 7 soft-
ware, ANOVA, and paired t test, with a confidence level of 
95% (p<0.05) and 99% (p<0.01).

Results and Discussion
Surface Characterization
The SEM results of samples with different coating para-
meters were depicted in Figure 1. The obvious scratch 
already presented on the sample surface, was formed by 
mechanical polishing.29,30 The alkali-heat treated titanium 
(AH-Ti) exhibited a sponge network structure, which was 
in agreement with previous findings.31 It could be observed 
that the nanowires of the sponge structure were thicker after 
the deposition of SrTiO3 and numerous nanoparticles could 
be found on AH-Ti/Sr specimens. Moreover, the nanolayers 
became thicker with the increase of sputtering durations 
(AH-Ti/Sr150 >AH-Ti/Sr90 >AH-Ti/Sr30). The AFM 
results in Figure 1 reflected the Ra value of AH-Ti (44.6.3 
±4.2 nm) was significantly higher than Ti (20.3±3 nm), while 
there is no significant difference after strontium modification. 
It could be attributed to the fact that the formation of sodium 
titanate layer was significantly increased after hot-alkaline 
treatment, even though sputtering did not statistically alter 
the surface roughness.31 According to previous studies, the 
surface roughness and wettability alternation would cause 
the response of osteoblast cells and influence the 
osteointegration.32–34 EDS mapping analysis showed the 
element composition of the sample surface. As shown in 
Figure 3A, only Ti and O element could be detected on the 
pure Ti surface, and the 17.23at% of O element was attrib-
uted to the oxidation of Ti surface. In addition, the Na 
element could be detected on the hot-alkaline treated speci-
mens, which was attributed to the sodium titanate layer 
doped with Na ion from NaOH solution.31 The detection of 
Sr element on strontium modified specimens confirmed the 
success coating of strontium layer, and the Sr signal became 
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stronger with the increase of the duration (2.01at% >1.2at% 
>0.92at%). The XRD patterns of the strontium modified 
samples were shown on Figure 2. Even after the hydrother-
mal reaction and magnetron sputtering, the peaks from the 
SrTiO3 and amorphous sodium titanate can not be observed. 
The fact that the crystal structure would not be altered might 
be attributed to the coating layer, which was too thin to be 

detected.35 In addition, the water contact angle measurement 
was performed to show the hydrophilic/hydrophobic ability 
of different specimens, which was shown in Figure 3B. The 
contact angle on the Ti approximately is 63.5±3.5°, while the 
AH-Ti became super hydrophilicity after the hot alkaline 
treatment and the contact angle is 12.1±1.5°. This phenom-
enon was attributed to the increased surface roughness. 
Studies had proved that the surface roughness is relevant to 
water contact angle measurement, and the increased surface 
roughness will enhance the surface hydrophilic.35 However, 
the contact angle was increased obviously after the sputtering 
of SrTiO3 (AH-Ti/Sr), which reached almost 100° and there 
is no significant difference between the SrTiO3 modified 
three groups. This phenomenon was attributed to the nar-
rowed aperture and the accumulation of SrTiO3 nanocoating 
on the sponge-like surface, which was confirmed by previous 
studies that the smaller the aperture, the more hydrophobic it 
would be.36,37 Focused ion beam and field-emission scanning 
electron microscopy were conducted to show the cross sec-
tional images of specimens (Figure 4). The cross section of 
AH-Ti showed numerous needles like structure with many 
gaps which was blunt in AH-Ti/Sr30 because of the covering 
of thin SrTiO3 coating. Moreover, the coating thickness of 
SrTiO3 in AH-Ti/Sr30 is 100±6 nm, which is thin and 

Figure 1 Top view SEM images and AFM 3D images of different samples.

Figure 2 XRD patterns of different samples.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 8988

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


difficult to detect on irregular surfaces. In addition, the cross 
section of AH-Ti/Sr90 showed clear SrTiO3 coating of 300 
±16 nm, which was intermittent and looked like sticks maybe 
due to the sponge like surface structure of AH-Ti.

Strontium ion release from AH-Ti/Sr during the 28 
days was shown in Figure 3C and D. We observed that 

the released Sr2+ from AH-Ti/Sr150 was higher than 
that of AH-Ti/Sr90 at any period of immersion time. 
Similarly, the released Sr2+ from AH-Ti/Sr90 was higher 
than that from AH-Ti/Sr30. In addition, the accumula-
tion concentration on three groups over the full 28 days 
were 1275.75 ng/mL, 745.45 ng/mL, and 181.32 ng/mL, 

Figure 3 (A) EDS mapping of the area enclosed by a square in SEM images showing the distribution of Ti, O, Na, and Sr elements (n=6). (B) Water contact angle 
measurement of different specimens (n=6), *P<0.01. (C) The released profiles of Sr2+ from AH-Ti/Sr substrates within 28 days (n=6). (D) The accumulated Sr2+ 

concentration from AH-Ti/Sr substrates within 28 days (n=6).

Figure 4 Cross-sectional SEM images and thickness statistics of SrTiO3 coatings of 30 and 90 min.
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respectively (Figure 3D). We could conclude from the 
ion release test that the ion was released faster and for a 
more prolonged time by the increase of sputtering dura-
tions (AH-Ti/Sr150 >AH-Ti/Sr90 >AH-Ti/Sr30) and the 
reason was mainly attributed to the Sr element amount 
above the sample surfaces (AH-Ti/Sr150: 2.01at% >AH- 
Ti/Sr90:1.2at% >AH-Ti/Sr30: 0.92at% from EDS map-
ping analysis).

In vitro Cell Experiment
Cell Compatibility
We used FM staining and SEM to observe the cell morphol-
ogy on the sample surface (Figure 5A). From the spread area 
we observed that the cells were spread thinner and showed 
shrink body on AH-Ti and AH-Ti/Sr150 specimens, while 
the cells on Ti, AH-Ti/Sr30 and AH-Ti/Sr90 showed broad 
cell area and no significant difference was observed between 

Figure 5 (A) Cell morphology of MC3T3-E1 on different samples observed by FM and SEM (n=6). (B) The statistical analysis of cell area, *P<0.05, **P<0.01. (C) The 
statistical analysis of cell aspect ratio, *P<0.05, **P<0.01.
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these three groups, which was statistically analyzed and 
displayed in Figure 5B. In addition, the cells on AH-Ti and 
AH-Ti/150 showed increased cell aspect ratio compared with 
Ti and AH-Ti/90 (Figure 5C). The cell behavior on AH-Ti 
may be ascribed to two reasons including the release of Na 
ions which can compromise the cell condition,38 and the 
microstructure which has been proved to decrease the cell 
spread area.37 The same inferior cell behavior on AH-Ti/ 
Sr150 was attributed to the excess amount of Sr, while the 
Sr amount on AH-Ti/Sr30 and AH-Ti/Sr90 was within the 
noncytotoxic level.39 In addition, the AH-Ti/Sr groups (AH- 
Ti/Sr30, AH-Ti/Sr90, AH-Ti/Sr150) exhibited more stress 
fibers and actin microfilaments than control groups (AH-Ti, 
Ti), indicating the function of nanolayer formed by magne-
tron sputtering endowed the surface with numerous nanos-
cale cell attachment sites. Notably, the AH-Ti/Sr90 group 

showed the most number of plate synapse and filamentous 
pseudopodia (Figure 5A red arrow) which had been proven 
to be conducive to cell growth and osteogenic 
differentiation.40 Therefore, we could conclude that the 
micro/nanostructure could be conducive to the intimate inter-
cellular interaction. Consequently, the biomimetic surface 
substrates (AH-Ti/Sr90) provided the most advantageous 
environment for osteoblast growth, which was critical to 
osteogenic differentiation. The cell morphology of 
RAW264.7 was observed in Figure 7A. In contrast to the 
MC3T3-E1 observation, the RAW264.7 seemed assembled 
and flat in AH-Ti/Sr groups, while it was dispersed and 
stereoscopic in control groups Ti and AH-Ti.

The cell viability of the materials was assessed by 
MTT which was shown in Figure 6A. It showed that the 
optical density of the hot alkaline treated group (AH-Ti) 

Figure 6 (A) Cell proliferation of MC3T3-E1 on different samples after four and seven days of cell culture (n=6). (B) ALP activity of MC3T3-E1 on different samples after 
seven and 14 days of osteogenic induction (n=6). (C) Mineralization level of MC3T3-E1 on different samples after 14 days of osteogenic induction (n=6). (D) OCN 
concentration of MC3T3-E1 on different samples after 14 days of osteogenic induction (n=6). (E) The osteogenic related gene expression of different samples at seven days 
(n=6). *P<0.05, **P<0.01.
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was lower than Ti, indicating the inferior cell viability on 
AH-Ti substrates. The result corresponded to cell observa-
tion and the cell viability was influenced by cell growth 
behavior. The OD increased after the deposition of SrTiO3, 
indicating a better cell viability which was attributed to the 
release of strontium and the alternation of surface 
structure.37 Whatis more, the AH-Ti/Sr90 group showed 
the highest optical density, while it was decreased in the 
AH-Ti/Sr150 group. Both the cell proliferation in four and 
seven days showed the same trend. On the one hand, the 
trabecular bionic surface in AH-Ti/Sr90 group regulated 
the cell behavior and provided advantageous circumstance 
for cell growth. On the other hand, the relatively decreased 
Na element on strontium modified substrates according to 
EDS mapping (Figure 3A) might be another reason that 
was conducive to cell viability. As for titanium ions, it can 
both promote the osteoclastogenesis and inhibit the cell 
proliferation and differentiation of osteoblast and thus 
impair the osteointegration.41,42 Besides, it had been 

proved that the Ti4+ would decrease the activity of 
VECs, which through the active Akt/IKKα/β pathway 
and p38 dephosphorylation to promote the expression of 
endogenous reactive oxygen species and oxidative damage 
membranes in VECs and finally induce cell apoptosis.43 

However, though it is inert and easy to form oxide film to 
protect titanium, researchers had proved that the titanium 
oxide film could be degraded and release titanium ion.44 

Moreover, the dissolution and repair of the oxide film are 
in dynamic equilibrium, which regulate the biocompatibil-
ity of titanium implant surface. In conclusion, the titanium 
ion released too few to influence the cell viability due to 
the slow degradation of titanium oxide film and the almost 
same level of titanium element (Figure 3A) showed by the 
EDS mapping. Therefore, Sr2+ played pivotal role in cell 
behavior regulation. From ion release test, the amount of 
Sr2+ released from AH-Ti/Sr150 (622ng/mL) was approxi-
mately 1.73-fold that from AH-Ti/Sr90 (358.2 ng/mL) 
over the first 4four days of immersion (Figure 3D). 

Figure 7 (A) Cell morphology of Raw264.7 on different samples observed by FM and SEM (n=6). (B) Cell viability of Raw264.7 on different samples after four and seven 
days of cell culture (n=6). (C) The relative expression of RANKL and TRAP genes of Raw264.7 on different samples (n=6). *P<0.05, **P<0.01.
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Because of the triple dilution in the method of ion detec-
tion, the Sr2+ concentration in cell condition of 24well 
plates would be 1866ng/mL in AH-Ti/Sr150 and 
1074.6ng/mL in AH-Ti/Sr90 over the first four days. 
According to previous studies, the optimum Sr2+ had 
been confirmed to benefit cell proliferation, while the 
concentration more than 1400 ng/mL would have an 
adverse effect on osteoblast proliferation.39,45,46 Ion 
release in AH-Ti/Sr150 (1866 ng/mL) exceeds the thresh-
old from other studies (1400ng/mL) while it was still 
within the advantageous concentration from AH-Ti/Sr90 
(1074.6ng/mL). Thus, our results were consistent with 
previous study. The cell viability results of RAW264.7 
was shown in Figure 7B. In contrast to the MC3T3-E1, 
the cell viability was decreased on the strontium modified 
samples. Compared to the AH-Ti and pure Ti, the AH-Ti/ 
Sr90 and AH-Ti/Sr150 group showed statistically low cell 
viability (P<0.05), which indicated the activity of osteo-
clast precursor was inhibited on these two groups. The 
results indicated that the strontium ion release could hinder 
the osteoclastogenesis which was consistent with previous 
studies.23,47–49

Cell Differentiation
The ALP activity is the early marker of cell 
differentiation,30 which was assessed quantitatively. 
Results in Figure 6B showed that the AH-Ti slightly 
promoted the ALP activity both at seven and 14 days, 
which was consistent with previous studies.50 Though 
previous studies had proved that the microstructure of 
AH-Ti could promote the ALP activity, our results con-
firmed that the function of surface topography alone to 
enhance osteogenesis was limited and was consistent with 
some studies.30,50 In addition, the ALP activity increased 
markedly after the deposition of suitable SrTiO3 (ALP 
activity in AH-Ti/Sr150 was decreased), especially in the 
AH-Ti/Sr90 group which showed the highest ALP activity 
both at seven and 14 days. This phenomenon was attrib-
uted to two reasons. On the one hand, the AH-Ti/Sr90 
surface from SEM (Figure 1) showed the bone imitated 
structure, which had been confirmed to be able to stimulate 
the cell differentiation.51 On the other hand, the accumu-
lated strontium release (Figure 3D) of AH-Ti/Sr90 at 
seven and 14 days was significantly lower than that of 
AH-Ti/Sr150, of which the concentration is conducive to 
osteogenic differentiation. Therefore, the appropriate 
strontium ion concentration provided an advantageous cir-
cumstance for cell differentiation, of which the mechanism 

is by a calcium sensing receptor (CaR) dependent 
mechanism.22

The extracellular matrix mineralization and OCN con-
centration were the main markers of the osteoblast differ-
entiation and were measured to reflect the late stage of 
osteogenic differentiation.45 The results in Figure 6C 
showed that the deposition of strontium promoted the 
mineralization level, and the AH-Ti/Sr90 group exhibited 
the statistically highest mineralization level compared with 
other groups (Ti, AH-Ti, P<0.01; AH-Ti/Sr30, AH-Ti/ 
Sr150, P<0.05), which was consistent with ALP activity. 
Interestingly, compared to AH-Ti and pure Ti both the 
AH-Ti/Sr30 and AH-Ti/Sr150 groups promoted the extra-
cellular mineralization (P<0.01), though there was no sig-
nificant difference between two groups. The OCN 
concentration experiment (Figure 6D) also showed that 
the OCN concentration of the AH-Ti/Sr90 group statisti-
cally higher than that of control groups (Ti and AH-Ti; Ti, 
P<0.05; AH-Ti, P<0.01). In addition, the OCN concentra-
tion of the AH-Ti/Sr30 group and the AH-Ti/Sr150 group 
was slightly higher than that of the control groups though 
there is no significant difference. However, the AH-Ti 
showed no promotion to mineralization and OCN concen-
tration compared to pure Ti group. These results indicated 
that strontium ion release played a pivotal role in extra-
cellular mineralization and OCN concentration.The 
qRT-PCR was used to further determine the osteogenic 
differentiation and anti-osteoclast activity at the genetic 
level. The results in Figure 6E, showed the osteogenic 
related gene expression. After 14 days of cell culture, it 
seemed that only the ALP and OPN were upregulated after 
the treatment of hot-alkaline (AH-Ti), though there was no 
significant difference (P>0.05) among them. This result 
corresponded to the ALP activity and mineralization, indi-
cating that microstructure is inadequate to promote the 
osteogenic differentiation. Accordingly, compared to the 
AH-Ti, the osteogenic related gene expression including 
ALP, RUNX2, OCN, OPN and COL-1 was statistically 
upregulated on AH-Ti/Sr90 substrates (P<0.05), which 
showed the most superior osteogenic differentiation abil-
ity. It exhibited that the AH-Ti/Sr90 substrates had the 
most suitable ion release property and surface topography, 
of which the robust synergistic function had been con-
firmed by Yao et al.52 In addition, the ALP expression 
was also statistically upregulated on AH-Ti/Sr30 and AH- 
Ti/Sr150 compared to AH-Ti and pure Ti (<0.05), which 
was mainly ascribed to the surface topography. According 
to previous studies, the cell proliferation and adhesion had 
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important effects on osteogenic differentiation and regu-
late the osteogenic related gene expression.53 The micro/ 
nano bone imitated surface which formed by microstruc-
ture (hot alkaline treatment) and nanostructure (magnetron 
sputtering), promoting the cell spread and cell 
proliferation.54,55 As concluded in the cell morphology 
and cell viability experiment (Figures 6A and 7A), the 
AH-Ti/Sr90 group promoted cell spread and cell viability 
to the greatest extent. From the above assessments, the 
surface of AH-Ti/Sr90 was bionic and the suitable stron-
tium ion release provided the most advantageous circum-
stance for cell differentiation. Thus, we speculated that the 
micro/nanostructure, strontium ion, combined with the 
cytocompatibility had a synergistic effect on osteogenic 
related gene regulation. Consequently, the AH-Ti/Sr90 
group showed the highest ALP activity at an early stage, 
the highest mineralization level and OCN concentration at 
late stage. Accordingly, the osteoclast specific genes 
(RANKL, TRAP) expression was evaluated by RAW264.7 
cells cultured on different substrates with the cell seeding 
density of 5*104/mL. In consistence with the cell viability 
of osteoclast which was inhibited in strontium modified 
specimens (Figure 7B), the osteoclast differentiation rela-
tive gene expression was downregulated. As shown in 
Figure 7C, compared to Ti group and AH-Ti group, the 
RANKL expression was downregulated in strontium mod-
ified samples (AH-Ti/Sr). Interestingly, compared to AH- 
Ti, the AH-Ti/Sr30 group was downregulated by 1.8-fold, 
the AH-Ti/Sr90 and the AH-Ti/Sr150 group were down-
regulated by 3.2-fold. TRAP expression in AH-Ti was 
upregulated by 1.82-fold compared to the Ti group. 
However, the TRAP expression in AH-Ti/Sr30 was down-
regulated by 2.2-fold, while AH-Ti/Sr90 and AH-Ti/Sr150 
were downregulated by 4.65-fold and 3.1-fold respec-
tively. These results indicated that the AH-Ti/Sr could 
inhibit the osteoclast related markers (RANKL, TRAP) in 
RAW264.7 due to the strontium ion release which could 
produce negative effects on osteoclast viability by (CaR) 
dependent mechanism, and thus decrease the resorbing 
activity.23

In conclusion, the AH-Ti/Sr90 group which possessed 
bone-bio-mimic surface structure and suitable ion release 
property had a synergistic effect on osteogenic induction 
and osteoclast inhibition and thus made implants osteo-
conductive and osteoinductive. Though some studies had 
studied the function of strontium, the best thickness of 
SrTiO3 coating was proved for the first time by the 
above in vitro experiment.

In vivo Experiment
Micro-CT
We had confirmed that AH-Ti/Sr90 was the best group as 
indicated by results from in vitro cell experiments, and 
numerous studies had compared the AH-Ti and pure Ti in 
animal experiment.51 Thus, we further used AH-Ti and AH- 
Ti/Sr90 groups for in vivo experiment to determine the 
bone-to-implant osteointegration. The in vivo experiments 
usually waited four and 12 weeks of bone healing to detect 
the bone formation in many papers.56,57 According to stu-
dies, the callus reconstruction was completed after four 
weeks and the lamellar bone was reconstructed via the 
activity of a Haversian system, which means the new bone 
was completely formed after four weeks.58 Therefore, we 
thought that the detection of new bone formation after four 
weeks of bone healing was enough to reflect the bone-to- 
implant osteointegration. Compared to the normal groups, 
the osteoporotic bone density and bone volume decreased 
obviously as shown in Figures 8 and 9, which confirmed the 
successful fabrication of the osteoporotic model. From the 
osteoporotic rat model, we found that the AH-Ti/Sr90 group 
had significantly more new bone formation and higher bone 
density around the implant fixation than the AH-Ti group 
both in callus and medullary cavity, of which the BV:TV 
ratio was 1.8-fold higher, the Tb.N was 1.92-fold higher, 
and Conn-Dens was 2.55-fold higher, while there was no 
significance between groups about Tb.Th. In addition, the 
Tb.Sp in AH-Ti/Sr90 group was 1.5-fold lower compared to 
the AH-Ti group. However, in the normal model, only the 
BV:TV ratio and Conn-Dens in AH-Ti/Sr90 group was 
statistically higher than AH-Ti, which was 1.54-fold and 
1.3-fold higher compared to AH-Ti, respectively. The 
results indicated that the AH-Ti/Sr90 group could enhance 
the bone volume and osteointegration in normal conditions 
and the promotion was more effective in osteoporotic con-
ditions. Appropriate strontium concentration regulated the 
cell behavior, of which the mechanism had been proved by 
previous studies. Sr2+ has the similar structure with Ca2+, 
which means the same target with Ca2+, and thus the CaR 
pathway plays an important part in biofunction regulation.59 

On the one hand, strontium could activate intracellular 
calcineurin and increase the nuclear transport of NFATc1, 
which enhanced the expression of wnt5a, activated Ryk/ 
RhoA and thus increased the cell proliferation and duplica-
tion of osteoblast.60 On the other hand, strontium activate 
the CaSR/PI3K/Akt signal pathway, prevent the synthesis 
of GSK3 by glycogen and the expression of β-catenin 
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nuclear and thus enhanced the nuclear transcription.61 As 
for osteoclast inhibition, strontium could decrease the 
expression of rank ligand and increased the expression of 
OPN and thus inhibit the pro-osteoclast’s differentiation.-
61,62 Combined with the in vitro experiments, we speculated 
that the two-way regulation (osteogenic induction and 
osteoclast inhibition) accounts for the AH-Ti/Sr90 induced 

promotion in the osteoporotic model than in the normal rat 
model.

Li et al had compared the four different surface implants 
(smooth-structure, microstructure, nanostructure and micro/ 
nanostructure)in in vivo experiment, and found that the 
microstructure and micro/nanostructure showed the best 
osteointegration.37 However, the nanostructure modified on 

Figure 8 Micro-CT images of reconstructed 3D models of surrounding bones with implants.

Figure 9 Corresponding quantitative analysis results of BV/TV, Tb.N, Tb.Th, Tb.Sp and Conn-Dens. *P<0.05, **P<0.01.
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titanium had been proved inadequate to enhance the osteoin-
tegration in vivo by previous study.63 Therefore, we could 
conclude that the strontium plays a pivotal role in osteointe-
gration promotion.

Histological Analysis
The H&E staining and Masson staining were applied to detect 
the new bone formation around the implant. As shown in 
Figure 10 the trabecular bone represented by the red zone 
stained by H&E stain in the AH-Ti/Sr90 group showed 
increased thickness compared to the control group both in 
normal and osteoporotic rat models. In addition, the staining 
results showed that there were more osteoid tissues around 
the AH-Ti/Sr90 group than in the control group. In the 
Masson staining samples, the new bone shown by blue tissue, 
which represented immature trabecular bone was obviously 
thicker in AH-Ti/Sr90 than in AH-Ti groups both in osteo-
porotic and normal models. What is more, the newly formed 
bone in AH-Ti/Sr90 seemed consequent while it was inter-
mittent in AH-Ti group. The results indicated that the newly 
formed bone in the AH-Ti/Sr90 group could grow from the 
parent bone to marrow cavity and formed along the bone-to- 
implant interface and thus promoted osteointegration, which 
was in agreement with the micro-CT evaluation. Therefore, 
the in vivo experiments indicated that the modification of the 
90 min SrTiO3 nanocoating could enhance new bone forma-
tion and promote the osteointegration tremendously both in 
osteoporotic and normal models. In addition, the osteoclast 

inhibition of strontium function made the AH-Ti/Sr90 
implant more effective in osteoporotic rats.

Conclusion
The AH-Ti/Sr surface was successfully fabricated by hot-alka-
line treatment and magnetron sputtering. Strontium nanocoat-
ing modified the surface topography, increased the surface 
roughness and hydrophilicity, and altered the surface element 
component. We found that AH-Ti/Sr90 possessed best cyto-
compatibility including cell morphology, cell viability and cell 
differentiation due to the suitable and long-lasting strontium 
ion release. In addition, AH-Ti/Sr90 could enhance the osteo-
genic related gene expressions and inhibit the osteoclast genes 
(RANKL and TRAP) thus enhancing osteogenic differentiation 
and inhibiting the bone resorption. Moreover, the AH-Ti/Sr90 
significantly promoted the osteointegration both in normal and 
osteoporotic rat models. Therefore, we can conclude that the 
AH-Ti/Sr90 is a promising implant system and can provide a 
novel idea for implant research, of which the drug loading 
studies will be applied for further optimization.
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Figure 10 Histological analysis of new bone formation around the implants.
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