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Biomedical titanium (Ti) implants with good anti-infective, osteogenic, and angiogenic properties are in great de-
mand. SrTiO3; nanotubes (NTs) are embedded with silver oxide (Ag>0) nanoparticles (NPs) (denoted as NT-Sr-
Ag) by a hydrothermal treatment of TiO, NTs containing Ag,0 NPs (denoted as NT-Ag) in a Sr(OH), solution.
The morphology, composition, microstructure, ion release phenomenon, as well as antibacterial, osteogenic,
and angiogenic activities are investigated in details. During the hydrothermal treatment, the amorphous TiO,
in the NTs morphs into cubic SrTiO3 gradually and the ordered nanotubular architecture is preserved. Some
Ag,0 NPs are incorporated into the structure although some of them dissolve in the solution. Long-term
bacterial resistance against Staphylococcus aureus is observed as a result of the prolonged and controllable Ag™
release. NT-Sr-Ag can also release Sr>™ similarly to stimulate osteoblasts to secrete the vascular endothelial
growth factor (VEGF). Both the released Sr>™ and secreted VEGF upregulate the alkaline phosphatase (ALP)
activity and extracellular matrix mineralization of osteoblasts. Furthermore, better angiogenic activity is ob-
served when endothelial cells are cultured in NT-Sr-Ag conditioned media when compared with that in NT-Ag
conditioned media, which is believed to be ascribed to the positive regulation of VEGF secretion of Sr> ™. NT-
2Sr-Ag and NT-3Sr-Ag (Hydrothermal treatment for 2 and 3 h, respectively) exhibit excellent antibacterial, oste-

ogenic, and angiogenic activities and are promising in biomedical implants.

© 2017 Published by Elsevier B.V.

1. Introduction

Although hard tissue implants made of titanium (Ti) and its alloys
are widely used clinically [1-3], there are still concerns about prosthetic
loosening and post-operative infection [4-7]. Various surface modifica-
tion techniques have been utilized to alleviate these problems [8-10].
Recently, titanium dioxide nanotubes (denoted as NT-TiO,) prepared
by anodization have been extensively researched [11,12]. The diameter
of the NT-TiO, can be easily adjusted by varying the anodization param-
eters and these tunable nanoscale morphologies can serve as cues to di-
rect cell and tissue response to facilitate osseointegration [13-15].
Moreover, the tubular geometry is a good platform for targeted delivery
of functional agents [ 16] such as the nutrient elements like Sr, Si, and Zn
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[17-21] as well as antibacterial elements like Ag and Cu [22-26]. For ex-
ample, in our previous work, Ag was incorporated into NT-TiO, to pro-
duce long-term antibacterial activity without showing negative effects
on the cytocompatibility and osteoblast functions [22].

Sr has aroused clinical interests due to its dual effects of improved
bone formation and inhibition of bone resorption [27,28]. Sr*™ in-
creases osteoblast replication, differentiation, and bone matrix mineral-
ization via a calcium sensing receptor (CaR) dependent mechanism
[28-31]. Sr loaded nanotubular structures (NT-Sr) have been fabricated
by a hydrothermal treatment (HT) of NT-TiO, in the Sr(OH), solution
[19]. Long-lasting and controllable Sr>* release has been observed and
the optimal Sr> ™ release leading to favorable osteogenic properties. At
the same time, angiogenesis is crucial to bone healing and regeneration
in order to restore the blood supply [32]. Better angiogenesis around the
implant promotes the tissue integration and improves the anti-infection
ability by triggering the host defense [33-35]. In addition, Sr*>* has been
shown to stimulate osteoblasts to secrete the vascular endothelial
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growth factor (VEGF) [36,37] which plays dual roles in the osteogenic
and angiogenic activities [38-40]. In this study, Ag and Sr are incorpo-
rated into NT-TiO, (denoted as NT-Sr-Ag) to endow the materials
with good antibacterial, osteogenic, and angiogenic activities.

2. Materials and methods
2.1. Deposition of TiAg coatings by magnetron sputtering

The Ti foils (99.7% purity) were cut into pieces with dimensions of
10 mm x 10 mm x 0.3 mm as substrates. Before deposition, they were
ultrasonically cleaned with acetone, ethanol, and deionized water se-
quentially followed by drying in air. The TiAg coatings were deposited
on the Ti foils by pulsed direct current (DC) magnetron sputtering
with TiAg targets. A high purity Ti target was used as control. Prior to de-
position, both the substrates and TiAg targets were sputter-cleaned for
30 min at a bias of —800 V, duty factor of 40%, pulse frequency of
60 kHz, and pressure of 5.0 Pa. Deposition of the TiAg and pure Ti coat-
ings was conducted for 3 h at a target power of 300 W, working pressure
of 0.8 Pa, substrate bias of —80 V, pulse frequency of 60 kHz, and duty
factor of 60%.

2.2. Preparation of NT-Ag

NT-Ag was fabricated by anodization of the TiAg coatings in an eth-
ylene glycol electrolyte containing 0.3 wt% NH4F and 2.0 vol% H,0 at
30 V for 4 h. Anodization was carried out with a conventional two-
electrode configuration. The Ti foil with the coating was the anode and
a graphite rod was the cathode. Afterward anodization, the samples
were ultrasonically cleaned in deionized water for 1 min to remove
the electrolyte as well as undesirable irregular surface oxide.

2.3. Preparation of NT-Sr-Ag

Sr was incorporated into the NT-Ag hydrothermally. Briefly, the NT-
Ag samples were placed in 33.5 mL of 0.02 M Sr(OH), in a 50 mL Teflon-
lined autoclave and heated at 200 °C for 1, 2, 3, and 5 h (samples were
denoted as NT-1Sr-Ag, NT-2Sr-Ag, NT-3Sr-Ag, and NT-5Sr-Ag, respec-
tively). The specimens were then ultrasonically washed with 1 M HCI
for 5 min and deionized water for 1 min followed by drying in air.

2.4. Sample characterization

The surface and cross-sectional morphologies of the samples were
observed by field-emission scanning electron microscopy (FE-SEM,
JSM-7001F, JEOL, Japan) at 10 kV. The cross-sectional images were
taken from the fragments of the NTs after scraping the samples with a
sharp metallic tip. The distribution of Ti, O, Sr, and Ag along the longitu-
dinal direction of the NTs was determined by energy-dispersive X-ray
spectroscopy (EDS, QX200, Bruker, Germany). X-ray photoelectron
spectroscopy (XPS, K-Alpha, Thermo, America) with monochromatic
Al K, radiation was conducted to determine the surface elemental com-
positions and chemical states. The crystal structure was determined by
X-ray diffraction (XRD, DX-2700, Haoyuan, China). The atomic-scale
microstructure of NT-Ag and NT-Sr-Ag was characterized by high-
resolution transmission electron microscopy (HR-TEM, Tecnai G2 F20
S-Twin, FEI, America) at an accelerating voltage of 200 kV and
selected-area electron diffraction (SAED). Prior to TEM examination,
the samples were bent repeatedly to delaminate the NTs from the sub-
strate and the samples were dispersed in alcohol ultrasonically and
mounted onto grids.

2.5. Sr and Ag release

NT-Ag and NT-Sr-Ag were immersed in 5 mL of phosphate buffered
solution (PBS) at 37 4 0.5 °C and the solution was refreshed daily. The

process was repeated for 60 days. The PBS containing released Sr? ™"
and Ag™ were collected at time points of 1, 10, 30, and 60 days and an-
alyzed by inductively-coupled plasma mass spectroscopy (ICP-MS,
Agilent 7500, Agilent, America).

2.6. Antibacterial assay

The antibacterial properties of NT-Ag and NT-Sr-Ag against gram-
positive Staphylococcus aureus (S. aureus, ATCC6538) were assessed by
plate-counting method. The samples in each group were immersed in
5 mL of PBS (refreshed daily) for 1, 10, 30, and 60 days. At each time
point, the samples were collected for antibacterial assay. The bacteria
were cultured in beef extract-peptone (BEP, Sangon, China) under agi-
tation for 18 h at 37 & 0.5 °C. Afterwards, 50 pL of the bacterial suspen-
sion diluted with PBS to a concentration of 1.0 x 10°> CFU/mL were
introduced onto each sample and incubated at 37 4 0.5 °C for 12 h in
darkness. At the end of the incubation period, each sample was rinsed
in 2 mL of PBS and the viable bacteria in the PBS were quantified by
standard serial dilution and plate-counting. Three samples in each
group were tested at each time point and the antibacterial rate was cal-
culated by the following equation: R = (B — A) / B x 100%, where R is
the antibacterial rate, B represents the average number of colony-
forming units (CFU) on the NT-TiO, (negative control), and A is the av-
erage number of CFU on the NT-Ag and NT-Sr-Ag.

2.7. Cell culture

The newborn mouse calvaria-derived MC3T3-E1 subclone 14 pre-
osteoblasts (osteoblasts) and human endothelial cell line EA.hy926
(ECs) were provided by the Shanghai cell bank of the Chinese Academy
of Sciences and maintained as recommended by the supplier. The oste-
oblasts and ECs were cultured in «-MEM (Gibco, America) and high-
glucose DMEM (Gibco, America), respectively, supplemented with 10%
fetal bovine serum (FBS, Sijiging, China) and 1% antibiotic-antimycotic
solution (100 units/mL penicillin (Weifang Pharmaceutical, China),
100 mg/mL streptomycin (Lukang Pharmaceutical, China), and
0.25 pg/mL amphotericin B (Sangon, China)). The cells were seeded on
the sample surfaces on a 24-well culture plate at a density of
2 x 10* cells/cm? unless otherwise specified. In the alkaline phospha-
tase (ALP) activity, collagen secretion, and extracellular matrix mineral-
ization experiments, after the osteoblasts were cultured in the normal
medium for 3 days, 10 mM p-glycerophosphate (Ekear, China),
50 pg/mL ascorbic acid (Ekear, China), and 10 nM dexamethasone
(Ekear, China) were added to the medium to induce osteogenic
differentiation.

2.8. Cell adhesion and cytoskeleton assembly

After the osteoblasts were seeded and incubated for 0.5, 1, and 4 h,
the samples were rinsed thrice in PBS to remove nonadherent cells
and the adherent cells were fixed with 4% paraformaldehyde (PFA,
Damao, China) for 30 min and stained with 4, 6-diamidino-2-
phenylindole (DAPI, Sigma, America) for 10 min. The quantity of adher-
ent cells were determined by counting six random fields under 100 x
magnification under a confocal laser scanning microscope (CLSM, C2
Plus, Nikon, Japan). The cytoskeleton organization of the osteoblasts
after incubation for 1, 4, and 24 h were observed by CLSM after fixing
with 4% PFA for 30 min and staining with FITC-Phalloidin (Sigma,
America) for 40 min.

2.9. Cell viability

The viability of the osteoblasts cultured on the samples for 1, 3,
and 5 days was determined by Live/Dead (Invitrogen, America)
staining and MTT (Sigma, America) assay according to the
manufacturer's instruction. With regard to the MTT assay, at each
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time point, the samples were rinsed thrice with PBS and transferred 2.10. ALP activity

to a new 24-well plate. Afterwards, 100 pL of the MTT solution and

900 pL of the fresh culture medium were added to each well and After the osteoblasts were seeded on the samples, cultured for
incubated at 37 °C for 4 h to form formazan that was dissolved in 3 days, and underwent osteogenic induction for 3 and 7 days, they
dimethyl sulfoxide (DMSO, Sangon, China). The optical density were fixed with 4% PFA and stained with BCIP/NBT ALP Color Develop-
(OD) of each solution was measured at 490 nm on a microplate ment Kit (Beyotime, China) to qualitatively evaluate the ALP activity. In
reader (Infinite F50, TECAN, Switzerland). the quantitative assay, the cells were lysed in 0.5 mL of distilled water

Fig. 1. (A) Surface SEM images of NT-TiO,, NT-Ag, and NT-Sr-Ags. The inset in each image shows the respective high-magnification morphology; (B) Cross-sectional SEM images of the
samples and corresponding elemental maps; (C) XPS survey spectra (a) and high-resolution spectra of Ag 3d (b), Sr 3d (c), and Ti 2p (d); (D) XRD spectra of the samples.
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Table 1
Surface elemental concentrations of NT-Ag and NT-Sr-Ag determined by XPS.

Atomic concentration (at.%)

Samples Sr Ag Ti 0] C N F

NT-Ag - 0.75 11.87 37.5 40.58 3.67 5.62
NT-1Sr-Ag 12.46 0.18 10.16 37.25 36.39 2.53 1.03
NT-2Sr-Ag 12.5 0.18 10.35 37.04 37.14 1.18 1.61
NT-3Sr-Ag 12.47 0.16 10.63 38.64 33.75 2.6 1.74
NT-5Sr-Ag 12.48 0.15 9.68 38.65 35.42 2.67 0.96

through four standard freeze-thaw cycles. The lysate mixed with the so-
lution of the alkaline phosphatase assay kit (Beyotime, China) was incu-
bated at 37 °C for 30 min. The ALP activity levels were evaluated
colorimetrically and normalized to the total protein content determined
by the bicinchoninic acid (BCA) protein assay kit (Beyotime, China).

2.11. Collagen secretion

Secretion of type I collagen by the osteoblasts was assessed by the di-
rect red 80 staining method. After osteogenic induction for 7 and
14 days, the cells cultured on sample surfaces were fixed in 4% PFA
and stained with 0.1% Direct Red 80 (Sigma, America) in aqueous satu-
rated picric acid for 18 h. After thorough rinsing with 0.1 M acetic acid to
remove the unbound stain, the stained samples were photographed on
a metallographic microscope (Axiovert 25, Zeiss, Germany). In the
quantitative assessment, the stain on each sample surface was eluted
with 1 mL of the fading solution (0.2 M NaOH/methanol 1:1) for
30 min and the optical density at 570 nm was measured on the micro-
plate reader.

2.12. Extracellular matrix mineralization

Extracellular matrix mineralization by the osteoblasts was evaluated
by Alizarin Red S (Sigma, America) staining. After osteogenic induction
for 14 and 21 days, the cells on the samples were fixed with 75% ethanol
for 1 h and stained in 40 mM Alizarin Red S for 30 min at room temper-
ature. The excessive stain was removed by rinsing with distilled water
repeatedly and images were acquired on the metallographic micro-
scope. Quantitative analysis was performed by eluting the absorbed
stain with 500 pL of 10% cetylpyridinium chloride (Sinopharm, China)
in 10 mM sodium phosphate (Sinopharm, China) (pH 7.0) for 2 h and
the optical density at 570 nm was measured on the microplate reader.

2.13. VEGF secretion

After the osteoblasts were seeded on the samples in 1 mL of the cul-
ture medium and cultured for 48 h, the supernatants of the culture me-
dium (denoted as SCM) were collected and VEGF concentrations in
them were measured by VEGF ELISA kit (R&D Systems, America) ac-
cording to the manufacturer's specification.

2.14. NO production

A NO fluorescence probe, 4-Amino-5-Methylamino-2’,7’-Difluo
rofluorescein Diacetate (DAF-FM DA, Beyotime, China), was used to
evaluate the influence of the SCM on NO production by ECs. The cells
were seeded on a 24-well plate and cultured in 0.5 mL of SCM and
0.5 mL of complete culture medium on each well. After culturing for
24 h, each sample was rinsed thrice with PBS and incubated with
50 pL of 5 mM DAF-FM DA for 20 min at 37 °C in darkness. After incuba-
tion, each sample was rinsed thrice with PBS and examined by CLSM.
The mean fluorescence intensity (MFI) for each sample was calculated
using the Image] 1.45 software (NIH, America).

2.15. In vitro angiogenesis

The in vitro angiogenesis assay was conducted using ECMatrix™
(Millipore, Cat. No. ECM625, America). The ECMatrix gel was thawed
at 4 °C overnight, mixed with the ECMatrix diluent buffer, placed on a
96-well plate, and incubated at 37 °C for 1 h. The ECs were seeded on
the ECMatrix gel at the density of 2 x 10* cells per well with the SCM
from different samples and then incubated at 37 °C for 4, 8, and 18 h.
At each time point, the cells from at least three random fields were at
100 x magnification using an inverted light microscope (BM-37XB,
BM, China).

2.16. Statistical analysis

The data were collected from three separate experiments and
expressed as mean + standard deviation. The statistical analysis was
performed by the software SPSS 14.0 software (IBM, America). The sta-
tistical significance among groups was calculated by one-way ANOVA
followed by the Student-Newman-Keuls test. The difference was con-
sidered to be significant and highly significant when the p values were
less than 0.05 and 0.01, respectively.

3. Results
3.1. Sample synthesis and characterization

Ag in the form of Ag,0 NPs was in situ incorporated into NT-TiO, by
anodization of the deposited TiAg coatings. NT-Ag underwent HT in Sr-
containing solutions for 1, 2, 3, and 5 h to load Sr into NT-Ag to generate
NT-Sr-Ag. The morphology of the samples by FE-SEM is shown in Fig. 1A
revealing uniform NTs. Anodization of the deposited TiAg coatings
under optimal condition produces a well-defined nanotubular structure
(NT-Ag) which is preserved after HT. The insets in Fig. 1A indicate that
the diameter of NTs in NT-TiO, and NT-Ag is about 80 nm with a wall
thickness of about 10 nm, although that of NT-Sr-Ag decreases slightly
with HT time. The cross-sectional images in Fig. 1B indicate that the
length of NT-TiO, is about 6 um but that of NT-Ag drops to 3 um due
to the incorporation of Ag. The HT has little influence on the tubular
length as NT-Sr-Ag has the same length as NT-Ag irrespective of the re-
action time. The elemental maps along the longitudinal direction of the
NTs disclose even distributions of Ti, O, and Ag along the entire length of
the NTs while the Sr concentration decreases with depth gradually
(Fig. 1B).

The elemental composition and chemical states of NT-Ag and NT-Sr-
Ag are determined by XPS and the surface atomic concentrations are
listed in Table 1. Ti, O, C, N, F, and Ag are detected from NT-Ag and addi-
tional Sr is found from NT-Sr-Ag. C, N, and F come from surface contam-
ination and the organic fluoride-containing electrolyte. Fig. 1C shows
the survey spectra and high-resolution spectra of Ag 3d, Sr 3d, and Ti
2p. The Ag 3ds,, peak at 367.7 eV in Fig. 1Cb from NT-Ag corresponds
to the binding energy of Ag™, indicating that Ag exists mainly in the ox-
idized state in NT-Ag [22]. The absence of these peaks for NT-Sr-Ag indi-
cates a Ag concentration that is below the detect limit of XPS. The fine
XPS spectra of Sr 3d of NT-Sr-Ag in Fig. 1Cc can be deconvoluted into
Sr 3ds/; and Sr 3ds;; located at 132.9 eV and 134.6 eV, respectively, in
accordance with those reported for SrTiOs [41]. The high-resolution
spectra of Ti 2p (Fig. 1Cd) obtained from NT-Ag show two peaks at
458.3 eV and 463.9 eV and two peaks at 458.8 eV and 464.6 eV are de-
tected from NT-Sr-Ag, indicating the presence of TiO, in the NT-Ag
and SrTiO5 in NT-Sr-Ag [42].

The structure and crystal phase of NT-Ag and NT-Sr-Ag are analyzed
by XRD as shown in Fig. 1D. Owing to the amorphous nature of the as-
anodized TiO, NTs, only Ti and TiAg but no peaks from TiO,, are detected
from NT-Ag. After HT in the Sr(OH), solution, additional diffraction
peaks from cubic crystalline SrTiO; emerge. These SrTiO3 peaks become
more intense with HT time and the two intense peaks at 32.4° and 39.9°
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Fig. 2. TEM images and SAED patterns of (a) NT-Ag, (b) NT-1Sr-Ag, (c) NT-2Sr-Ag, (d) NT-3Sr-Ag, and (e) NT-5Sr-Ag and the corresponding high-magnification or HR-TEM images of the
area enclosed by the rectangle.
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Fig. 3. (A) Non-cumulative release profiles of (a) Sr** and (b) Ag* from NT-Ag and NT-Sr-Ag; (B) Histograms of the antibacterial rates against S. aureus.

correspond to the (110) and (111) planes of cubic crystalline SrTiOs,
respectively.

The crystal structure of NT-Ag and NT-Sr-Ag are further investi-
gated by TEM as shown in Fig. 2. The uniform bundle structure of
the NTs and slight thickening of the nanotubular wall after HT (NT-
Sr-Ags compared with NT-Ag) are disclosed by the low-
magnification images (Fig. 2al-el) in agreement with SEM. The
high-magnification image of NT-Ag in Fig. 2a2 demonstrates that
the crystalline NPs are embedded in the amorphous TiO, NT walls
and the interplanar spacings of 0.246 nm and 0.234 nm match the
(002) and (101) crystallographic planes of hexagonal Ag,0, respec-
tively. The HR-TEM images of NT-Sr-Ag (Fig. 2b2-d2) show two
sets of fringe lattices from the rectangular areas. The spacing of
0.246 nm (Fig. 2c4, d5) corresponds to Ag,0 and those of 0.225 nm
(Fig. 2c5) and 0.276 nm (Fig. 2b4, c6, d4) match the (111) and
(110) planes of SrTiOs, respectively. The SAED patterns (Fig. 2b3-
e3) collected from the corresponding region exhibit diffraction
rings corresponding to the (102), (110), (200), (211), (204), (302),
and (303) planes of hexagonal Ag,0 and (100), (110), (111), (211),
(311), (321), and (331) planes of cubic SrTiO5 further confirming
the HR-TEM, XPS, and XRD results.

3.2. Sr and Ag release

Fig. 3A shows the non-cumulative release kinetics of Sr and Ag from
NT-Ag and NT-Sr-Ag during a period of 60 days. The profiles show high
release rates in the initial stage (10 days) followed by a steady release
during the rest of the time. After immersion for 10 days, there is no sig-
nificant difference in the amounts of Ag released from NT-Ag and NT-Sr-
Ag. The quantities of Sr>™ leached from NT-2Sr-Ag and NT-3Sr-Ag are
larger than those from NT-1Sr-Ag and NT-5Sr-Ag but the differences
among them are quite small.

3.3. Antibacterial assay

The long-lasting and effective antibacterial ability of NT-Ag has been
demonstrated by our research group [22]. In this study, NT-Ag and NT-
Sr-Ag are immersed in 5 mL of daily refreshed PBS for up to 60 days and
the antibacterial activity against S. aureus is evaluated (Fig. 3B). After
immersion for 1 and 10 days, NT-Ag and NT-Sr-Ag can kill all the intro-
duced bacteria with an antibacterial rate of 100%. A slightly smaller an-
tibacterial rate is observed after 30 days and it remains quite high at 84%
even after 60 days. There is no significant difference between NT-Ag and
NT-Sr-Ag.

3.4. Cell adhesion, cytoskeleton, and viability

Initial cell adhesion is the key step in subsequent proliferation and
differentiation on biomaterials [43]. Fig. 4A and B shows the fluores-
cence images of the adherent cells with DAPI staining after incubation
for 4 h and the quantitative results after 0.5, 1, and 4 h. No appreciable
difference in initial cell adhesion can be observed from the groups.
The cytoskeleton assembly is visualized by F-actin staining as shown
in Fig. 4C. After culturing for 1 h, the osteoblasts cultured on NT-Sr-Ag
form the cytoskeleton faster than those on NT-Ag as evidenced by the
polygonal cell shape on NT-Sr-Ag compared with the generally spheri-
cal shape without obvious F-actin fibers on NT-Ag. After incubation for
24 h, the cells on all the samples spread well showing no appreciable
difference among different samples. The Live/Dead staining fluores-
cence images of the osteoblasts after culturing for 1, 3, and 5 days are
displayed in Fig. 4D. No dead cells are observed from any samples and
the cell quantity increases with time. Cell proliferation is determined
by the MTT assay as shown in Fig. 4E. All the samples support cell pro-
liferation throughout the culture period and there is no significant dif-
ference among NT-TiO,, NT-Ag, and NT-Sr-Ags.
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Fig. 4. (A) Fluorescence images of the nuclei of osteoblasts after incubation for 4 h on pure Ti, NT-TiO,, NT-Ag and NT-Sr-Ag; (B) Quantitative cell adhesion after incubation for 0.5, 1, and
4 h; (C) Fluorescence images of the osteoblasts cultured on the samples with F-actins stained with FITC (green) and nuclei stained with DAPI (blue); (D) Fluorescence images with live/
dead staining of the osteoblasts after culturing for 1, 3,and 5 days; (E) MTT results of the osteoblasts after culturing for 1,3, and 5 days. ®p < 0.05 compared to pure Ti. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.5. Osteogenic differentiation

Osteoblastic differentiation is evaluated by the ALP activity, colla-
gen secretion, and extracellular matrix mineralization of the osteo-
blasts. The qualitative and quantitative ALP activity after osteogenic
induction for 3 and 7 days is shown in Fig. 5A and D, respectively
and qualitative ALP staining indexed by the insoluble deep blue
NBT-formazan is shown in Fig. 5A. The amounts of NBT-formazan
on NT-1Sr-Ag are obviously higher than those on NT-Ag after 3 and
7 days and NT-2Sr-Ag performs better at day 7. ALP production in-
creases with prolonged osteogenic induction and the quantitative

ALP activity in Fig. 5D is in good agreement with the qualitative
results.

Fig. 5B and E shows the collagen stained by Direct Red 80 together
with the quantitative results revealing that no significant difference
among all of the nanotubular samples and is more than that on pure
Ti after osteogenic induction for 7 days. After 14 days, the collagen on
pure Ti and NT-5Sr-Ag is less than that on other samples. The results
of extracellular matrix mineralization are shown in Fig. 5C and F. At
day 14, matrix mineralization is higher on NT-2Sr-Ag and NT-3Sr-Ag
than other samples. After 21 days, NT-Sr-Ag performs better than pure
Ti, NT-TiO,, and NT-Ag.

Fig. 5. Qualitative images (A) and quantitative results (D) of ALP activity of the osteoblasts after osteogenic induction for 3 and 7 days; Qualitative images (B) and quantitative results (E) of
collagen secreted by the osteoblasts after osteogenic induction for 7 and 14 days; Qualitative images (C) and quantitative results (F) showing the mineralization level of osteoblasts after
osteogenic induction for 14 and 21 days. “p < 0.01 and p < 0.05 compared to Pure Ti, **p < 0.01 and *p < 0.05 compared to NT-TiO,, “p < 0.01 and “p < 0.05 compared to NT-Ag, ''p < 0.01
and 'p < 0.05 compared to NT-1Sr-Ag, ¥¢p < 0.01 and p < 0.05 compared to NT-25r-Ag, ¥*p < 0.01 and *p < 0.05 compared to NT-3Sr-Ag, ** p < 0.01 compared to NT-55r-Ag.
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Fig. 6. (A) Quantitative results of VEGF secreted into the supernatant of the culture medium (SCM) obtained from the culture medium of the osteoblasts seeded at a density of
2 x 10* cells/cm? and cultured for 48 h; (B) Mean fluorescence intensity of NO production in the ECs stained by the DAF FM-DA fluorescence probe after culturing in SCM for 24 h;
(C) Fluorescence images of NO produced by the ECs cultured in SCM for 24 h (B); (D) Optical images of the ECs cultured in SCM on the EC matrix for 4, 8, and 18 h.

3.6. In vitro angiogenesis

The VEGF secreted by the osteoblasts in the SCM is determined by
ELISA. As shown in Fig. 6A, NT-Sr-Ag promotes VEGF secretion better
than others and better VEGF secretion is induced by NT-2Sr-Ag and
NT-3Sr-Ag. The influence of VEGF from the SCM on NO production
from ECs is assessed by the NO-sensitive fluorescence probe, DAF-FM
DA. The intensity of green fluorescence indicates the level of NO produc-
tion. Fig. 6C shows that NO fluorescence induced by VEGF in the SCM
from NT-Sr-Ag is more intense than that from other groups. The quanti-
tative assessment of the fluorescence intensity in Fig. 6B indicates more
NO production by VEGF in the SCM in NT-2Sr-Ag and NT-3Sr-Ag.

The in vitro angiogenesis assay kit containing ECMatrix gel is utilized
to evaluate the angiogenic ability of ECs cultured with the SCM and the
optical images are presented in Fig. 6D. After incubation for 4 h, the ECs
cultured with the SCM from NT-Sr-Ag begin to align forming short lines
and some branch nodes. After 8 h, the branch nodes and tubes become
larger and thicker and bigger ones are observed after 18 h. However,
none of such mesh-like structures can be observed from the other
groups. In particular, the ECs cultured with the SCM from NT-2Sr-Ag
and NT-3Sr-Ag show the best angiogenic activity.

4. Discussion

NT-Sr-Ag is fabricated by HT of NT-Ag which is produced by anodiza-
tion of deposited TiAg coatings. Under optimal conditions, NT-Sr-Ag
shows comparable antibacterial ability and better osteogenic and angio-
genic activities than NT-Ag. After the HT, the ordered nanotubular archi-
tecture is retained although the tube diameter decreases slightly with
HT time due to the volume expansion stemming from the conversion

of amorphous TiO, to cubic SrTiOs. The hydrothermal reaction takes
place on the entire anodized NT walls and the Sr content decreases
gradually with depth. This phenomenon can be attributed to the insuf-
ficient hydrothermal reaction at deeper sites where cannot be accessed
readily by the reactants (e.g. Sr>™, OH™) by diffusion [17]. During HT,
some of the Ag,0 nanoparticles are retained and embedded in the NT
walls but some go into the solution producing a small Ag concentration
of NT-Sr-Ag compared to NT-Ag.

Implants are vulnerable to bacterial infection because of the com-
promised host defense locally [44,45] endowing implants with long-
term antibacterial ability is actively pursued [5]. In our previous study,
NT-Ag showed controlled release of Ag™ to produce excellent antibacte-
rial ability [22]. Here, NT-Sr-Ag produces long-term antibacterial effects
comparable to NT-Ag arising from similar Ag release, although the Ag
content diminishes after HT. The long-term bacterial resistance demon-
strated here is believed to be effective in preventing implant-associated
infection for a fairly long period.

Good osteogenic ability is critical in clinical applications. The positive
role of Sr in promoting osteogenesis has been demonstrated in vitro and
invivo [28,46-49]. Although introduction of Sr has little influence on the
adhesion, spreading, and proliferation of osteoblasts on NT-Sr-Ag com-
pared to NT-Ag, the former promotes the ALP activity and extracellular
matrix mineralization of osteoblasts due to the released Sr2*. Sr?* di-
rectly promotes osteoblast functions via a calcium sensing receptor de-
pendent mechanism [28-31] and also up-regulates the secretion of
VEGF [36,37]. It has been reported that VEGF can stimulate ALP expres-
sion and mineralization of osteoblasts but has no appreciable influence
on proliferation [38,50] as consistent with our results. Additionally, all
the nanotubular samples have more collagen secretion than pure Ti,
and the positive effects arising from the nanotubular architecture has
been proposed [51].
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VEGF not only regulates osteoblast functions, but also acts as a key
mediator in angiogenesis. VEGF is a significant bioactive factor in stim-
ulating blood vessel formation by promoting the expression of
proangiogenic cytokine receptors [40]. Besides, VEGF initiates the syn-
thesis and production of NO after activating VEGFR-2 [52] and accord-
ingly, the better angiogenic ability of NT-2Sr-Ag and NT-3Sr-Ag may
be attributed to the release of more Sr>™ which can stimulate osteo-
blasts to secrete more VEGF [36,37]. On the one hand, good vascular net-
works can provide the necessary oxygen and nutrients to facilitate cell
growth and differentiation to promote implant osseointegration [32,
53,54]. On the other hand, the abundant new vessels also improve the
anti-infective ability by delivering host immune cells and molecules to
the interface of the bone/implant [35].

5. Conclusion

NT-Sr-Ag that constantly releases Sr*>* and Ag™ are fabricated hy-
drothermally from NT-Ag. The hydrothermal treatment does not alter
the morphology of the NTs but converts the amorphous TiO; in NT-Ag
into cubic SrTiOs. During the process, Ag,0 NPs are embedded into the
structure. NT-Sr-Ag possesses long-lasting antibacterial activity against
Staphylococcus aureus because of sustained release of Ag™*. NT-Sr-Ag
also exhibit good osteogenic and angiogenic activities due to long-
term and controllable Sr?* release. NT-2Sr-Ag and NT-3Sr-Ag show
good antibacterial, osteogenic, and angiogenic activities and have clini-
cal potential in hard tissue implants.
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