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ABSTRACT: Surface properties such as physicochemical characteristics and
topographical parameters of biomaterials, essentially determining the
interaction between the biological cells and the biomaterial, are important
considerations in the design of implant materials. In this study, a layer of
SrTiO3−TiO2 nanoparticle−nanotube heterostructures on titanium has been
fabricated via anodization combined with a hydrothermal process. Titanium
was anodized to create a layer of titania (TiO2) nanotubes (TNTs), which
was then decorated with a layer of SrTiO3 nanoparticles via hydrothermal
processing. SrTiO3−TiO2 heterostructures with high and low volume fraction
of SrTiO3 nanoparticle (denoted by 6.3-Sr/TNTs and 1.4-Sr/TNTs) were
achieved by using a hydrothermal processing time of 12 and 3 h, respectively.
The in vitro biocompatibility of the SrTiO3−TiO2 heterostructures was
assessed by using osteoblast cells (SaOS2). Our results indicated that the
SrTiO3−TiO2 heterostructures with different volume fractions of SrTiO3
nanoparticles exhibited different Sr ion release in cell culture media and different surface energies. An appropriate volume fraction
of SrTiO3 in the heterostructures stimulated the secretion of cell filopodia, leading to enhanced biocompatibility in terms of cell
attachment, anchoring, and proliferation on the heterostructure surface.
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1. INTRODUCTION

As life span in populations increases worldwide, degenerative
diseases have become a prevalent, critical issue for an aging
population. Organs, joints, and other critical body parts
degenerate, and modern medical science offers transplant and
implant solutions. However, despite the success of surgical
implants, such as hip replacements, the artificial bone
substitutes used in these procedures still do not satisfy the
demands of a sustainable health care system. Titanium (Ti) and
some of its alloys are widely used in biomedical applications,
such as dental and orthopedic implants, due to their excellent
biocompatibility.1,2 It is estimated that 20−25% of people
having a hip replacement today will eventually require a
revision after 20 to 25 years of use in the human body because
of the unsatisfactory osseointegration and biocompatibility.2

Therefore, new implant materials with improved biocompati-
bility through advanced surface design and modification are
highly desirable. Surface modification on Ti substrates was
necessary to improve the bioactivity of Ti, which restricted the
osseointegration between osteoblast cells and the implants.3,4 A
nanostructured Ti surface was fabricated to stimulate the
attachment and proliferation of osteoblast cells.5 Anodic TiO2
nanotubular layers were expected to be promising biomaterial
surfaces with outstanding in vitro biocompatibility6 and large
specific surface area.7 Furthermore, TiO2 nanotubes could be
decorated and modified for drug delivery.8−10 There were a few
studies investigating the decorating of TiO2 nanotubes with

SrTiO3,
11−14 Fe3O4,

7 and Ag15,16 nanoparticles for biomedical
applications.
Strontium (Sr) is an essential trace element in the body to

promote the proliferation of osteoblast cells,14,17−19 and it is
beneficial for calcium deposition for new bone formation.20

However, it is reported that high concentration of Sr
demonstrated adverse effects.17,21,21 Hydroxyapatite with a
doping of high concentration of Sr (>10 at%) demonstrated
cytotoxic to L929 cells (a fibroblastic cell line), but a doping of
low concentration of Sr (1 and 5 at%) was demonstrated
biocompatible.19 The proliferation of MG-63 cells and alkaline
phosphatase activities (ALP) were inhibited on Sr-HA
composite with a Sr concentration of 40%.17

In this study, strontium titanate−titania (SrTiO3−TiO2)
nanoparticle−nanotube heterostructures on titanium were
fabricated via anodization combined with a hydrothermal
process. Titanium was anodized to create a surface layer of
TiO2 nanotubes (TNTs), and then a hydrothermal process was
carried out to decorate a layer of SrTiO3 nanoparticles with
high and low concentrations of Sr. The cell behaviors on the
SrTiO3−TiO2 heterostructures with different contents of Sr in
terms of biocompatibility, cell attachment, adhesion, and
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proliferation were investigated using osteoblast-like (SaOS2)
cells.

2. EXPERIMENTAL SECTION
2.1. Anodization of TiO2 nanotubes. Pure Ti plates (10 mm ×

10 mm × 1 mm, purity >99.7%) were used as the starting material.
Prior to anodization, the Ti plates were progressively sonicated in
distilled water, ethanol and acetone for 10 min. The electrolyte was
prepared with 0.3 wt % ammonium fluoride (Sigma-Aldrich,
Australia), 10 wt % distilled water and ethylene glycol (Sigma-Aldrich,
Australia). Titania (TiO2) nanotubes (TNTs) were anodized at 30 V
for 4 h.22 As-anodized TiO2 nanotubes were then annealed at 500 °C
in air with heating and cooling rate of 1 °C/min.
2.2. Hydrothermal synthesis of SrTiO3−TiO2 heterostruc-

tures. A hydrothermal method was used to synthesize the strontium-
titanate-titania (SrTiO3−TiO2) nanoparticle−nanotube heterostruc-
tures. The strontium (Sr) concentration in the heterostructures can be
controlled through adjusting the hydrothermal synthesis time. In this
study, two kinds of SrTiO3−TiO2 heterostructures were prepared: one
with a saturated Sr ion concentration released in the media of 6.3 mg/
L (referred as 6.3-Sr/TNTs) and the other with a saturated Sr ion
concentration released in the media of 1.4 mg/L (referred as 1.4-Sr/
TNTs). Annealed TNTs samples on the Ti substitute plates were
placed in 10 mL of 0.02 M Sr(OH)2 (Sigma-Aldrich, Australia)
solution in an autoclave. The autoclave was placed in an oven at 120
°C and kept for 12 and 3 h to obtain 6.3-Sr/TNTs and 1.4-Sr/TNTs
samples, respectively. The samples were finally cleaned with 0.02 M
hydrochloric acid (HCl) and distilled water for 2 min each step.
2.3. Characterization of the SrTiO3-TiO2 heterostructures.

The phase structures of TNTs, 1.4-Sr/TNTs, and 6.3-Sr/TNTs
samples were characterized by X-ray diffraction (XRD, X’pert pro-
MPD, PANalytical, The Netherlands) with Cu Kα incident radiation at
40 kV and 30 mA. Morphologies and elemental analysis of the samples
were carried out by using scanning electron microscopy (SEM, Supra
55 VP, Zeiss, Germany) equipped with energy dispersive X-ray
spectroscopy (EDX, Oxford, UK) and transmission electron
microscopy with EDX analysis (TEM, JEOL-2100F, Japan). The
surface profile and the absolute roughness (Ra) were analyzed using
atomic force microscopy (AFM, Cypher, Asylum Research).
A contact angle tester (KSV Cam 101, KSV Instruments, Inc.,

Finland) was used to measure the hydrophilicity of the samples. To
avoid the effects of temperature and humidity, all samples were stored
in the testing room for 24 h prior to the testing. Ultrapure distilled
water and ethylene glycol drops with a volume of 5 μL were delivered
onto the specimen surface using a syringe. The contact angel was
tested after 10 s and repeated 5 times for each group of samples. The
surface energy was calculated according to the Owens−Wendt (OW)
method given by23,24
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where θ is the contact angle; γ is the surface evergy; the subscripts L
and S stand for liquid and solid, respectively; the supscripts d and p
represent the dispersive component and polar component. The surface
energy, dispersive component, and polar component for distilled water
are 72.8 mJ/m2, 21.8 mJ/m2, and 51.0 mJ/m2, and those for ethylene
glycol are 48.0 mJ/m2, 29.0 mJ/m2, and 19.0 mJ/m2, respectively.22

2.4. Biocompatibility assessment for the SrTiO3−TiO2
heterostructures. All samples for cell culture were sterilized at 180
°C for 3 h in a muffle furnace. Osteoblast-like cells (SaOS2), a human
osteosarcoma cell line with osteoblast properties were used for the in
vitro biocompatibility assessment (Barwon Biomedical Research,
Geelong Hospital, Victoria, Australia). SaOS2 were seeded on the
surface of samples with a cell density of 1 × 104 cells per well. Cell
proliferation and viability were assessed by using MTS assay. The
morphology of cells was observed after culturing for 1 and 5 d using a
confocal microscopy (Leica SP5, Leica Microsystems, Germany) and
SEM. The cell-seeded samples were fixed with paraformaldehyde, then

permeabilized with triton-X 100 in phosphate-buffered saline (PBS,
Sigma-Aldrich, Australia) for 10 min at room temperature. The
samples were then cultured with 1% phalloidin and 40−6-diamidino-2-
phenylindole for 40 min at ambient temperature and washed with
three washes by using PBS solution. The prepared samples were stored
at 4 °C in PBS until required for the observation by using a confocal
microscopy. After that, cells on the samples were dehydrated by
immersing in buffer solution with the ethanol concentrations increased
from 60 to 100% progresively every 10 min. Then chemical drying was
performed with hexamethyldisilazane (HMDS, Sigma-Aldrich, Aus-
tralia) for 10 min. A gold layer was deposited on the samples prior to
SEM observation.

The ion release of the Sr/TNTs heterostructures during immersion
in cell culture media was assessed by measuring the Sr2+ ion
concentrations using inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7700X, US). The Sr/TNTs samples were immersed
in 10 mL cell culture media at 37 °C for 1 d, 3 d, 7 and 14 d. The
liquid was withdrawn and filtered through a 0.22-μm filter (Falcon, BD
Biosciences, San Jose, CA, USA). The Sr2+ ions release from the
samples were measured.

In all cases, the significant difference in the data was evaluated with
one-way analysis ofvariance, and the statistical difference was
considered to be significant at p < 0.05.

3. RESULTS
3.1. XRD patterns of SrTiO3−TiO2 heterostructure

nanotubes. The XRD patterns of the TiO2 nanotubes and the
SrTiO3−TiO2 nanoparticle−nanotube heterostructures on Ti
substitute are shown in Figure 1. It can be seen that the main

phases of the annealed TNTs (Figure 1a) were Ti (JCPDS No.
1-1197) and anatase TiO2 (JCPDS No. 2-387). The 1.4-Sr/
TNTs (Figure 1b) exhibited peaks of anatase TiO2 with
decreased intensities compared to those of the annealed TNTs.
The 6.3-Sr/TNTs (Figure 1c) exhibited peaks for the phases of
SrTiO3 (JCPDS No. 1-1018) and anatase TiO2 with further
decreased intensities. The XRD patterns confirmed the
synthesis of SrTiO3 in the 6.3-Sr/TNTs which was hydro-
thermal treated for 12 h, while SrTiO3 was hardly detectable in
the 1.4-Sr/TNTs sample due to its low volume fraction resulted
from the short hydrothermal processing time of 3 h.

3.2. Surface characteristics of SrTiO3−TiO2 hetero-
structures. The surface roughness of the four kinds of
samples, including pure Ti, annealed TNTs, 1.4-Sr/TNTs, and
6.3-Sr/TNTs, was measured using AFM, and the roughness
(Ra) values are shown in Figure 2. It can be seen that the pure
Ti showed the highest roughness of 108.1 nm and the TNTs
the lowest roughness of 60.5 nm among the four kinds of

Figure 1. XRD patterns: (a) TNTs, (b) 1.4-Sr/TNTs, and (c) 6.3-Sr/
TNTs.
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sample surfaces. The roughness of 6.3-Sr/TNTs was 88.7 nm,
which is higher than that of 1.4-Sr/TNTs, 75.9 nm.
The droplet images of distilled water on the surface of Ti,

TNTs, 1.4-Sr/TNTs, and 6.3-Sr/TNTs are shown in Figure 3.

The contact angles between the droplet of distilled water and
the surface of 1.4-Sr/TNTs and 6.3-Sr/TNTs were 14.2° and
43.7°, respectively. The surface energies of the four samples of
Ti, TNTs, 1.4-Sr/TNTs, and 6.3-Sr/TNTs were calculated and
listed in Table 1. It can be seen that the Ti without any surface
treatment exhibited the lowest surface energy of 26.78 mJ/m2

and the 1.4-Sr/TNTs showed the highest surface energy of
65.60 mJ/m2.
3.3. Morphology of SrTiO3−TiO2 heterostructures.

The morphologies of the SrTiO3−TiO2 nanoparticle−nano-

tube heterostructures on the Ti substitute are shown in Figure
4. It can be seen that the SrTiO3 nanoparticles were decorated
on the walls of TiO2 nanotubes in the 1.4-Sr/TNTs (Figure
4a), and almost a full layer of SrTiO3 nanoparticles with particle
size around 50 nm was aggregated on the 6.3-Sr/TNTs (Figure
4b). The SrTiO3 nanoparticles with a cubic shape were further
confirmed by high resolution TEM image (Figure 4c). As
shown in the EDX result, the elemental compositions of the
SrTiO3−TiO2 samples are strontium, titanium, and oxygen; the
copper peaks are attributed to the TEM grid.

3.4. Release of Sr2+ ions from SrTiO3−TiO2 hetero-
structures. Figure 5 shows the concentrations of Sr2+ ions in
cell culture media released from 1.4-Sr/TNTs and 6.3-Sr/
TNTs. The concentrations of Sr2+ ions exhibited a significant
increase in the period from 1 to 7 d; then, no obvious change
was observed on the concentrations of Sr2+ ions for both
samples from 14 to 21 d. The maximum concentrations of Sr2+

ions were 1449 ± 124 and 6312 ± 271 ppb after immersing in
cell culture media for 14 d for 1.4-Sr/TNTs and 6.3-Sr/TNTs,
respectively. The released concentrations of Sr2+ ions from 6.3-
Sr/TNTs were significantly higher than that of 1.4-Sr/TNTs at
any period of immersion.

3.5. Proliferation and adhesion of SaOS2 on SrTiO3−
TiO2 heterostructural surfaces. Figure 6 presents the cell
proliferation on the four kinds of surfaces, including Ti, TNTs,
1.4-Sr/TNTs, and 6.3-Sr/TNTs after culturing for 7 and 14 d.
It can be seen that 1.4-Sr/TNTs demonstrated the highest cell
proliferation and 6.3-Sr/TNTs showed the lowest cell
proliferation among all the samples. It is also noted that the
number of SaOS2 cells was higher on TiO2 nanotubes than on
bare Ti.
After cell culture for 1 and 5 d, the confocal images of the cell

morphologies on Ti, TNTs, 1.4-Sr/TNTs, and 6.3-Sr/TNTs
are shown in Figure 7. It can be seen that 1.4-Sr/TNTs
displayed the greatest cell numbers among all the samples after
cell culture for 1 d. Also, the cell numbers on Ti, TNTs, and
1.4-Sr/TNTs after cell culture for 5 d were significantly
increased compared to those after cell culture for 1 d, while the
cell numbers on 6.3-Sr/TNTs almost maintained the same, as
the cell culture time increased from 1 to 5 d.
The SEM images of SaOS2 cells on Ti, TNTs, 1.4-Sr/TNTS,

and 6.3-Sr/TNTs after cell culture for 5 d are shown in Figure
8. It can be seen that the number of cells attached onto the 6.3-
Sr/TNTs surface was much lower than those on the other
sample surfaces. Furthermore, the SaOS2 cells on the 6.3-Sr/
TNTs surface displayed a round and shrinking shape without
stretching long filopodia, suggesting that the cells were not
growing and spreading healthily (Figure 8d). It is also noted
that the cells on 1.4-Sr/TNTs (Figure 8c) and TNTs (Figure
8b) exhibited an elongated shape with plenty of long filopodia
stretching on the nanoheterostructural and nanotubular
surfaces. The SaOS2 cells on Ti (Figure 8a) showed limited
cell number and less stretching filopodia compared to those on
1.4-Sr/TNTs and TNTs, but the cells were healthier than those
on 6.3-Sr/TNTs.

4. DISCUSSION
4.1. Loading and releasing mechanism of Sr2+ ions

from SrTiO3−TiO2 nanoparticle−nanotube heterostruc-
tures. In this study, the SrTiO3−TiO2 composites displayed a
heterostructure with secondary SrTiO3 nanoparticles grafted on
TiO2 nanotubes. The SrTiO3 nanoparticles exhibited very
uniform cubic shapes, and the TiO2 nanotubes were highly

Figure 2. Surface roughness of Ti, TNTs, 1.4-Sr/TNTs, and 6.3-Sr/
TNTs.

Figure 3. Droplet images of distilled water on the surface of (a) pure
Ti, (b) TNTs, (c) 1.4-Sr/TNTs, and (d) 6.3-Sr/TNTs.

Table 1. Surface Energies of Ti, TNTs, 1.4-Sr/TNTs, and
6.3-Sr/TNTs

Samples γd (mJ/m2) γp (mJ/m2) γ (mJ/m2)

Ti 9.78 (±0.07) 17.00 (±0.16) 26.78 (±0.21)
TNTs 10.11 (±0.34) 45.41 (±0.48) 55.53 (±0.26)
1.4-Sr/TNTs 6.09 (±0.09) 59.51 (±0.91) 65.60 (±0.91)
6.3-Sr/TNTs 22.54 (±0.91) 19.04 (±0.46) 41.59 (±0.99)
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ordered arrays. Similar heterostructures with improved photo-
electrochemical performance were reported by Zhang et al.11

and Jiao et al.12

As shown in the XRD pattern (Figure 1c), SrTiO3 was
synthesized through hydrothermal reactions for 12 h, though
SrTiO3 was not detected for the short hydrothermal reaction
time of 3 h due to the low volume fraction. The reaction

mechanism of SrTiO3 is a transformation from titanium dioxide
to titanate, given by25

+ → +TiO Sr(OH) SrTiO H O2 2 3 2 (3)

It was reported that TiO2 with anatase structure is stable in a
solution of pH value greater than 2, and the total molality
(mTi,T) of the titanium species was greater than 10−7.26 In this
study, the stable species was Ti(OH)4 (aqueous).
The Sr(OH)2 was ionized to Sr2+ and OH− ions during the

hydrothermal process in an aqueous solution, given by

→ ++ −Sr(OH) Sr 2OH2
2

(4)

In the hydrothermal process, Sr did not substitute Ti directly.
The hydrothermal process could be described as follows. At the
early stage of the hydrothermal process, TiO2 was dissolved in
water and formed Ti(OH)4 given by

+ →TiO 2H O Ti(OH)2 2 4 (5)

The Ti(OH)4 then combined with the OH
− ions and formed

[Ti(OH)6]
2−:

+ →− −Ti(OH) 2OH [Ti(OH) ]4 6
2

(6)

Subsequently, [Ti(OH)6]
2− reacted with Sr2+ ions and

formed SrTiO3 nanoparticles on the surface of TNTs given by

+ → +− +[Ti(OH) ] Sr SrTiO 3H O6
2 2

3 2 (7)

With the progress of the hydrothermal process, SrTiO3
nanoparticles formed and deposited on the walls of TiO2
nanotubes, leading to a nanoparticle−nanotube heterostructure,
as shown in Figure 9. As the time of the hydrothermal process
increased, the synthesis of the SrTiO3 nanoparticles was
controlled by the in situ hydrolysis of the TNTs.
The hydrolysis of TiO2 nanotubes started from the grain

boundaries between the TiO2 crystals. Thus, the thickness of
the walls of the nanotubes became thin, and the TiO2 crystals
became separated from each other with increasing hydro-

Figure 4. SEM images of SrTiO3−TiO2 nanoparticle−nanotube heterostructures: (a) 1.4-Sr/TNTs and (b) 6.3-Sr/TNTs; (c) high resolution TEM
image of SrTiO3 nanoparticles in 6.3-Sr/TNTs; and (d) EDX analysis of 6.3-Sr/TNTs.

Figure 5. Concentrations of Sr2+ ions in cell culture media released
from 1.4-Sr/TNTs and 6.3-Sr/TNTNs after immersing in cell media
solution for 1 d, 3 d, 7 d, and 14 d.

Figure 6. Cell numbers on Ti, TNTs, 1.4-Sr/TNTs, and 6.3-Sr/TNTs.
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thermal time (as shown in Figure 10). The TiO2 nanotubes
collapsed with the growth of the SrTiO3 nanoparticles. The
number of SrTiO3 nanoparticles on the surface of the TNTs
increased with the increasing of the reaction time.

The Sr/TNTs nanoparticle−nanotube heterostructures
showed considerable release of Sr2+ ions during cell culture
media immersion (Figure 5). The hydrolysis process of SrTiO3
nanoparticles was similar to that of other titanates, such as
BaTiO3.

27 The release of Sr2+ ions from Sr/TNTs could be
described as follows:

+ → + ++ −SrTiO H O Sr TiO 2OH3 2
2

2 (8)

The concentration of Sr2+ ions released from 6.3-Sr/TNTs
was nine times higher than that from 1.4-Sr/TNTs after 1 d

Figure 7. Morphologies of SaOS2 cells observed by confocal microscopy: (a and e) on Ti, (b and f) on TNTs, (c and g) on 1.4-Sr/TNTs, and (d
and h) on 6.3-Sr/TNTs after cell culture for 1 and 5 d, respectively.

Figure 8. SEM images of morphologies of SaOS2 cells on: (a) Ti, (b)
TNTs, (c) 1.4-Sr/TNTs, and (d) 6.3-Sr/TNTs after cell culture for 5
d.

Figure 9. (a) Cross-sectional view of 1.4-Sr/TNTs nanoparticle−nanotube heterostructures; (b) EDX spectra of the SrTiO3 nanoparticles.

Figure 10. TEM morphology of the hydrolytic TiO2 nanotubes.
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immersing in cell culture media (Figure 5). After 7 and 14 d
immersing, the Sr2+ concentration of 6.3-Sr/TNTs was 4.3
times higher than that from 1.4-Sr/TNTs. The higher volume
fraction of SrTiO3 nanoparticles in 6.3-Sr/TNTs resulted in a
higher released concentration of Sr2+ ions in cell culture media
than that for 1.4-Sr/TNTs. The maximum concentration of
Sr2+ ions for 1.4-Sr/TNTs was 1448 ppb after immersing 14 d.
In contrast, the concentrations of Sr2+ ions released from 6.3-
Sr/TNTs were 2700 and 6282 ppb after 1 and 14 d immersing,
respectively.
The SrTiO3−TiO2 heterostructures exhibited comparable

release ability of Sr2+ ions to apatite based biocements.18,28 Sr
modified cements released 300−700 ppb Sr2+ ions in cell
culture media after immersing for 21 d.18 The concentration of
Sr2+ ions released from Sr-substituted hydroxyapatite coatings
was 1000 ppb in SBF solution.28 Sr-apatite cement released Sr2+

ions with a concentration of 4000 ppb after immersing 14 d in
water.29

4.2. Effect of strontium on biocompatibility. Strontium
has been reported to possess the ability to stimulate new bone
formation and inhibit the resorption of osteoclast cells.30,31 The
beneficial effect of stimulating new bone formation for the low
concentration of strontium ions was evidenced by the cell
proliferation result of 1.4-Sr/TNTs after cell culture for 7 and
14 d (Figure 6). The cell attachment and spreading observed by
using confocal microscopy also indicated less SaOS2 cells on
6.3-Sr/TNTs than on 1.4-Sr/TNTs.
Previous studies also demonstrated the beneficial effect of a

low concentration of Sr ions in stimulating new bone
formation.30,32−34 The proliferation of osteoblast cells was
significantly enhanced with Sr added to hardystonite ceramic
coatings.35 In this study, the proliferation of cells showed that
the release of Sr ions in 1.4-Sr/TNTs was suitable for
stimulating the proliferation of SaOS2 cells. The higher release
of Sr ions from 6.3-Sr/TNTs inhibited the proliferation of
SaOS2 cells. There was an optimum addition of Sr observed in
a previous study.36 The morphology observation for the SaOS2
cells demonstrated that the adhesion and spreading of SaOS2
cells were inhibited on the surface of 6.3-Sr/TNTs.
The inhibitory effect of a high concentration of Sr ions was

exerted by suppressing the differentiation and proliferation of
osteoclast cells.34,37 It was reported that the differentiation of
osteoclast cells (RAW264.7) was suppressed when the
concentration of Sr was higher than 38.7 at % in the
hydroxyapatite coatings.34 In another study,37 HA films with
Sr concentration higher than 3 at % showed increased
osteoprotegerin to activation-induced cytokine receptor ratio,
which is an indicator of deterioration of osteoclastic activities.

A high dose of Sr has been demonstrated to have a
deleterious effect on biocompatibility, and a suitable dose was
closely related to the delivery system and cell lineage.18,32,38

Sr2+ ions released from strontium ranelate with concentration
of 0.5 mM demonstrated stronger influence on the proliferation
and ALP activities of osteoblastic cells than even higher
concentration of Sr2+ ions.38 The maximum concentration of Sr
in calcium phosphate bone cements was 0.1 mM, and the
adverse effect of Sr was observed with even higher
concentration.18 With 5 at % Sr substitution of Ca in biphasic
calcium phosphate, the protein activity and cell proliferation
showed better performance than with higher Sr substitution.32

1 mM and higher SrCl2 inhibited the regeneration and
bioactivity of cells.32

Overall, the concentration of Sr in SrTiO3−TiO2 hetero-
structures was one of the factors determining the biological
performance. Higher concentration of Sr, that is, >3000 ppb,
inhibited the proliferation of SaOS2 cells.

4.3. Adhesion and spreading of SaOS2 cells on Sr/
TNTs. In this study, samples with TiO2 nanotublar topography
significantly promoted the secretion of extracellular matrix
components and the growth of filopodia. Dense cytoskeletons
were developed to anchor the surface of substrate after
culturing cells for 1 d on 1.4-Sr/TNTs (Figure 7c).
The topographies of implant surfaces determined the

attachment and spreading of osteoblasts cells.39,40 TNTs
demonstrated different nanotopography after hydrothermal
reactions with Sr(OH)2. 1.4-Sr/TNTs consisted of TiO2
nanotubes decorated with SrTiO3 nanoparticles, while 6.3-Sr/
TNTs was a full layer of SrTiO3 nanoparticles with a size of
about 50 nm. The roughness, surface energy, and wettability of
samples were also changed after hydrothermal processing (as
shown in Figure 4 and Table 1). Biomaterials with nanoscale
topography could stimulate cells to secrete abundant fibril-type
extracellular matrix materials.39 As shown in the confocal
images (Figure 7), cells exhibited significant morphological
difference on TNTs and 1.4-Sr/TNTs compared with bare Ti
and 6.3-Sr/TNTs. Cells on TNTs and 1.4-Sr/TNTs spread
numerous cytoskeletons, binding tightly with the substrate and
interconnecting with contiguous cells. Osteoblast cells attached
randomly on the surface of bare Ti without any obvious
alignment caused by the surface. The cytoskeletons of SaOS2
cells on TNTs42 and 1.4-Sr/TNTs exhibited an organized
shape, which was also a mark for the high mobility of cells.
Cells showed a rounder shape on 6.3-Sr/TNTs than on 1.4-

Sr/TNTs (as shown in Figure 8c and 8d). Actin cytoskeletons
are essential for the maintenance of cell shape and the
attachment of cells to implants. One of the possible reasons for

Figure 11. High magnification SEM images of morphologies of SaOS2 cells after cell culture for 5 d: (a) 1.4-Sr/TNTs and (b) 6.3-Sr/TNTs.
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the elongated cellular shape was that the development of
cytoskeletons which connected cells with the surface was
influenced by the morphology of nanotubes. There were more
lateral points available for long filopodia to bind with the
implants through cell integrin to acquire a firm contact. In
addition, the sharp and vertical walls of TiO2 nanotubes had an
ability to trigger the development and spreading of filopodia.41

In 6.3-Sr/TNTs samples, the SrTiO3 nanoparticles filled and
covered the TiO2 nanotubes; therefore, focal contacts were
established between cells and substrates without elongated
filopodia.41 Thus, the osteoblast cells grew a round shape on
the surface of 6.3-Sr/TNTs, indicating an unhealthy status.
The enhanced interconnection between SaOS2 cells on

TNTs and 1.4-Sr/TNTs was shown in Figure 11. The TiO2
nanotubes showed a positive influence in inducing secretion
and organization of filopodia compared with bare Ti. The bare
Ti samples lacked nanostructure topography to signal the
development of extracellular matrix fibril. As shown in Figure 7
and Figure 8, longer filopodia were observed on the surface of
TNTs and 1.4-Sr/TNTs than that on bare Ti and 6.3-Sr/
TNTs. Osteoblast cells interconnected with each other well
through production of fibrils.
The adhesion of osteoblast cells on the implants was

established in two steps. First, electrostatic forces connected the
cell membrane and implants through a nonspecific contact.44 In
the second step, a specific and focal binding was established
through integrin between cells and implants.43 Therefore,
abundant filopodia in the layer of TNTs and 1.4-Sr/TNTs
supported the attachment and spreading of cells. The integrins
of cell membrane exhibited preference to a curved surface with
sharp edges.45 1.4-Sr/TNTs exhibited a sharper and much
more curved topography than 6.3-Sr/TNTs. The increased
attachment of cells was one of the reasons for the enhanced cell
proliferation for 1.4-Sr/TNTs.
The surface layer of 6.3-Sr/TNTs had an adverse influence

on the development extracellular matrix production. In
contrast, 1.4-Sr/TNTs showed a positive effect in stimulating
the proliferation and attachment of SaOS2 cells.
4.4. Effect of surface energy and hydrophilicity on

biocompatibility. The surface roughness of Ti, TNTs, 1.4-Sr/
TNTs, and 6.3-Sr/TNTs was not significantly different, as
shown in Figure 2. However, the surface energy was
significantly changed after introducing the TNTs and SrTiO3
decorated TNTs with different volume fractions of SrTiO3
particles on the surface (Table 1). It has been reported that the
surface energy and hydrophilicity would affect the biocompat-
ibility positively through changing the absorption ability of the
surface.46 In this study, the surface energy of 1.4-Sr/TNTs was
the highest (65.60 mJ/m2) among the four kinds of surfaces
and the surface energy of Ti was the lowest (26.78 mJ/m2),
while the TNTs showed a higher surface energy (55.53 mJ/m2)
than that of 6.3-Sr/TNTs (41.59 mJ/m2). The highest surface
energy of 1.4-Sr/TNTs is probably due to its unique surface
chemistry of SrTiO3−TiO2 and the special topography of
nanoparticle decorated on nanotubes. The difference between
the surface roughness of 6.3-Sr/TNTs and 1.4-Sr/TNTs is not
significant, as 88.7 and 75.9 nm. It has been indicated that high
surface energy is beneficial to the growth of cells on implants.46

In the cell culture media, surfaces with higher surface energy are
assumed to possess an advantage to absorb the anions and
organic hydrocarbon molecules from the media.47

In a similar way, 1.4-Sr/TNTs showed the highest hydro-
philicity and the pure Ti showed the lowest, while the TNTs

showed a higher hydrophilicity than that of 6.3-Sr/TNTs, as
shown in Figure 3. The high hydrophilicity of the 1.4-Sr/TNTs
surface may lead to enhanced absorption of molecules from the
cell culture media. Buser et al.48 indicated that surface
hydrophilicity might stimulate bone mineralization and
osteointegration. The main phase of 1.4-Sr/TNTs was still
the highly hydrophilic TNTs of anatase TiO2; therefore, the
surface of 1.4-Sr/TNTs showed the highest cell proliferation
among the four kinds of surfaces (Figure 6).
The surface of 1.4-Sr/TNTs exhibited a nanoparticle−

nanotube heterostructure, while the surface of 6.3-Sr/TNTs
was covered by a nearly uniform layer of nanoparticles of
SrTiO3. It can be deduced that the adsorption ability of the 1.4-
Sr/TNTs was enhanced due to the nanotubular topography of
the heterostructure.6 Thus, 1.4-Sr/TNTs exhibited better
biocompatibility compared to the surfaces of Ti, TNTs, and
6.3-Sr/TNTs due to the preferable surface environment for
SaOS2 cells to attach and spread.

5. CONCLUSIONS

SrTiO3−TiO2 nanoparticle−nanotube heterostructures were
fabricated via anodization combined with hydrothermal
processing for biomedical applications. The volume fraction
of the SrTiO3 nanoparticles (in other words, the concentration
of Sr) in the heterostructures was controlled through adjusting
the hydrothermal reaction time. The hydrophilicity of the
SrTiO3−TiO2 heterostructures decreased with increasing the
volume fraction of SrTiO3 in the heterostructure. The release of
Sr2+ ions from SrTiO3−TiO2 reached a stable state after
immersing in cell culture media for 7 d. The TiO2 nanotubes
and the SrTiO3−TiO2 heterostructures with low Sr concen-
tration exhibited significantly enhanced cell proliferation
compared with bare Ti, while SrTiO3−TiO2 with high Sr
concentration showed inhibited cell proliferation and limited
spreading of SaOS2 cells. A greater number of longer filopodia
of SaOS2 cells were observed on the surface of SrTiO3−TiO2
with low Sr concentration, compared to bare Ti, TiO2
nanotubes, and SrTiO3−TiO2 with high Sr concentration,
indicating a superior biocompatibility of the low Sr
concentration SrTiO3−TiO2 heterostructure. Our results
indicated that the optimum Sr2+ ion release from a SrTiO3−
TiO2 heterostructure is 1.4 ppm, while a Sr2+ ion release ≥3.0
ppm would inflict an adverse effect on SaOS2 cells.
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