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ARTICLE INFO ABSTRACT

Keywords: One of the main problems that remain in the implant industry is poor osseointegration due to bioinertness of
Sr implants. In order to promote bioactivity, calcium (Ca), phosphorus (P) and strontium (Sr) were incorporated
Micro-arc oxidation into a TiO porous layer produced by micro-arc oxidation. Ca and P as bioactive elements are already well re-
TiO, L. ported in the literature, however, the knowledge of the effect of Sr is still limited. In the present work, the effect
Orthopedics implants A . .
of various amounts of Sr was evaluated and the morphology, chemical composition and crystal structure of the
oxide layer were investigated. Furthermore, in vitro studies were carried out using human osteoblast-like cells.
The oxide layer formed showed a triplex structure, where higher incorporation of Sr increased Ca/P ratio,
amount of rutile and promoted the formation of SrTiO3 compound. Biological tests revealed that lower con-
centrations of Sr did not compromise initial cell adhesion neither viability and interestingly improved miner-
alization. However, higher concentration of Sr (and consequent higher amount of rutile) showed to induce
collagen secretion but with compromised mineralization, possibly due to a delayed mineralization process or
induced precipitation of deficient hydroxyapatite. Ca-P-TiO2 porous layer with less concentration of Sr seems to
be an ideal candidate for bone implants.

1. Introduction [3] mainly due to tendencies to fail after medium/long term use because

of various reasons, such as low wear resistance, lack of bioactivity and

In most OECD countries, the number of hip replacements has
increased by 30% between 2000 and 2015 and currently, more than 1
million total hip replacements are performed every year in the world
[1,2]. The existing prostheses may be successful in restoring function,
thereby increasing the quality of life of millions of people, but present
some concerns in the medium/long term. Unfortunately, nowadays it
was estimated that 75% of the hip implants had a lifetime of 15-20 years

poor osseointegration due to the bioinertness of the implant surface
[4-6]. In order to solve these problems and to improve the lifetime of
implants, surface modification by anodic treatment under micro-arc
oxidation (MAO) regime, also called plasma electrolytic oxidation
(PEO), is presented as a favourable solution. MAO has shown capabil-
ities to improve the most important surface characteristics of implants
such as improving the bioactivity by the incorporation of bioactive
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elements, tailoring the oxide phases, roughness, porosity and topog-
raphy that also eventually defines the wettability in a way to be more
suitable for cells [7-10]. MAO contributed to an improved adhesion,
proliferation and differentiation of cells, blood compatibility, reduction
of the haemolysis rate, extended dynamic coagulation time, reduction of
the amount of platelet adhesion and degree of deformation, among other
properties [7-10], like improved corrosion [11-16] and tribocorrosion
[17-21] behaviour.

MAO promotes the incorporation of bioactive elements in order to
give biofunction to bioinert metal implants. Regarding bioactive ele-
ments, the major chemical element found in the bone is Ca, followed by
P, but there are at least a dozen of other chemical elements in its
constitution. For example, most Sr (99%) present in the human body is
deposited in the bone due to its superior ability to bind with hydroxy-
apatite (HAP) i.e. with the mineral phase of bone [22-29]. New compact
bone contains at least three times more Sr than old compact bone, while
new cancellous bone contains at least two times more Sr than old
cancellous bone. This can be explained by the fact that in the newly
formed bone, Sr is not only incorporated into the crystals (as heteroionic
substitutions) but it is also included onto their surface (adsorption and
exchange). In contrast in old bone, Sr is almost exclusively taken up onto
the surface of crystals since almost no heteroionic substitution occurs
afterwards [30]. Sr has an effect on osteoblast proliferation and osteo-
clast resorption with consequently stimulation of bone growth and in-
hibition of bone resorption [31,32]. Thus, Sr is accounted as a potential
bioactive element showing promising results in vitro [31-34] and in vivo
[25,33,35-371].

Nowadays Sr has been widely used in the biomedical field, as im-
plants [31-34] and drug deliveries systems [34]. However, there are
many concerns with its long-term effectiveness and performance
because of possible Sr toxicity that has been shown to present a dose-
dependent behaviour [30,38,39]. For example, some cardiovascular
side effects were observed when strontium ranelate [28] was used as
therapeutics to treat osteoporosis.

Sr on TiO, layers [35,40,41,43-45] showed promising results for
biomedical applications. Lee et al. [40] studied the incorporation of Sr,
Ca and P on anodized Ti and stated that the lowest Sr content provided a
preferential surface for osteoblastic cell proliferation. Zhang et al. [43]
showed that osteoblastic cell adhesion on Sr-incorporated TiO, was
significantly enhanced compared with the Sr-free TiO». Sato et al. [44]
studied the effect of the Sr addition along with Ca and P to a TiO; layer
formed by MAO and the results showed a small inhibitory effect on
preosteoblasts cell proliferation, however osteogenic differentiation and
mineralization was observed. Based on our knowledge, few studies
explored in in-depth the effect of Sr incorporation on Ca-P on TiO3 layers
and there is no consensus in which range of Sr is more beneficial for
mineralization. There is still limited information regarding the effect of
the amount of Sr on the composition, microstructure and long-term
biological responses of Sr-TiO, surfaces.

A lot of studies that evaluated the effect of Sr in a layer with Ca are
substituting Ca for Sr [31,35,44]. We combined the work of Kung et al.
[24,29,46], where the authors used 0.0013 and 0.013 of strontium hy-
droxide to produce Ca-P-Sr TiO; porous surfaces, and a recent work that
showed the behaviour of Sr can be promoted in a calcium rich micro-
environment [47]. Xie et al. [47] hypothesize that the effect of strontium
on bone regeneration is related to the concentration of calcium and
concluded that Sr is more potentially effective for bone regeneration in
combination with an environment having a high concentration of cal-
cium ions. In fact, strontium inhibits bone regeneration with low dose
calcium and promotes bone regeneration with a high dose of calcium in
vitro. In addition, we also decide to work with 0.35 M of calcium acetate,
since previous works showed that higher Ca concentration in the MAO
electrolyte solution had a positive effect on the surface properties,
chemical composition, cell evaluation and tribocorrosion behaviour
[7,9,19,17,49]. In the end, we continued the studies with 0.35 M of
calcium acetate and combined with the addition of 3 concentrations of
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strontium hydroxide (0.0013, 0.013 and 0.13 M).

Hence, in the present work, the effect of the incorporation of several
concentrations of Sr on Ca-P-TiO5 layers was evaluated and discussed. A
detailed characterization of Sr-MAO oxide layer was performed with
high-resolution techniques since there is a lack of information regarding
their structure. Osteoblasts/Ca-P-Sr TiO5 layers interface, cell adhesion,
viability and mineralization were evaluated.

2. Materials and methods
2.1. Samples preparation and characterization

Prior to MAO treatment, Ti plates (1 x 1 cm) were ground with 320#
SiC papers and then etched in a Kroll’s reagent solution (1:1:1 for HF:
HNO3:H50) for 10 s. Then the samples were ultrasonically cleaned in
propanol for 15 min followed by 10 min in distilled water and dried with
warm air.

After surface pre-treatment, anodic treatment was carried out under
MAQO regime using 200 mL of a mixture of 0.02 M of p-glycerophosphate
disodium salt pentahydrate (3-GP, Alfa Aesar), 0.35 M of calcium acetate
monohydrate (CA, Alfa Aesar) electrolyte and 0.0013 M, 0.013 M or
0.13 M of strontium hydroxide octahydrate (SH, Alfa Aesar). The elec-
trolyte was chosen in order to incorporate bio-active species, namely P
(from B-GP), Ca (from CA) and Sr (from SH). Electrical conductivity was
measured (WTW Inolab conductivity meter Level 1) for the 4 conditions
of electrolyte under study, at 22 + 1 °C, with at least 5 measures per
condition. Depending on the concentration of SH on the electrolyte, the
groups of samples were named CaP (no SH added), mSr (0.0013 M of
SH), mmSr (0.013 M of SH) and mmmSr (0.0013 M of SH). Table 1 gives
the details of the MAO process, presenting the electrolyte composition
with the respective group code and electrolyte conductivity (ms/cm).
MAO treatment was performed at room temperature under a constant
voltage of 300 V with a limiting current of 2.60 A during 1 min (i.e. wait
to reach 300 V and then count 1 min) using a direct current (DC) power
supply. The samples were connected as anode and a platinum sheet was
used as cathode. The anode area was 2.8 cm? and the cathode area was
13 cm?. The distance between the cathode and the anode was 8 cm and
all the MAO treatments were carried out under turbulent regime at 200
rpm. After MAO treatment, the samples were cleaned with distilled
water and air-dried. Each electrolyte was reused to produce a maximum
of 5 samples after preliminary analyses ensuring the reproducibility in
terms of morphology, oxide phases and chemical structure.

The topography, microstructure and chemical composition of the
oxide layers formed on the surface were analysed by FEI Nova 200 field
emission gun scanning electron microscope (FEG-SEM) equipped with
energy dispersive X-ray spectroscopy (EDS). The distributions of pore
size of the MAO layers were calculated using a point-counting method
adapted from ASTM E562, where a grid (17 lines parallel to each other
with a constant spacing of 0.03 mm) was superimposed on the micro-
graphs. All the pores intersecting the lines had their diameters
measured. Three SEM images were taken for each sample in at least 3
different zones of the surface and 3 samples were used per group. EDS
mapping was performed using a silicon drift detector (SDD) (Oxford),

Table 1
Electrolyte composition with respective group nomenclature and electrolyte
conductivity (ms/cm).

Electrolyte composition Group Electrolyte conductivity
nomenclature (ms/cm)
0,35 M CA + 0,02 B-GP CaP 21.5+0.3
0,35 CA + 0,02 B-GP + 0,0013  mSr 21.9+0.1
M SrH
0,35 CA + 0,02 B-GP + 0,013 mmSr 22.6 £0.1
M SrH
0,35CA + 0,02B-GP +0,13M  mmmSr 33.6 £ 0.1
SrH
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equipped to scanning electron microscope, using AZtec (Oxford)
software.

Crystalline structure was characterized by XRD (Cu Ka radiation,
Bruker D8 Discover) with a scanning range (20) of 20° to 100° at
glancing incidence angle. At least three samples were evaluated per
group in order to assure the reproducibility. Phase identification was
performed with the help of the standard JCPDS database (JCPDS data-
base: 00-044-1294 for Ti, 01-089-4203 for TiO5 — anatase and 01-078-
1508 for TiO3 — rutile) and the phase percentage of the oxide layer ob-
tained by MAO was calculated following Eq. (1):

_ Z Iapmks
Z Iallpenks

The elemental composition and chemical bonding of the top of the
surface of the oxide layers were evaluated by X-ray photoelectron
spectroscopy (XPS) using a SPECS PHOIBOS 100/150 spectrometer with
a 150 mm hemispherical analyser operating with X-ray energy source of
1486.6 eV from a polychromatic Al (Ka) radiation in 30° as take-off
angle, Ep,ss of 30.0 eV, using an energy step of 0.5 eV (for the survey
spectrum) and 0.02 eV (for the high-resolution spectra over each
element peak). The energy band peak deconvolution was made using the
CASA-XPS software and the NIST-XPS database for the envelope peaks C
1s, O 1s, Ti 2p, Ca 2p, P 2p and Sr 3d binding energies. C 1s (284.6 eV)
was used as calibration energy.

%phase, @

2.2. Surface preparation and cell culture

Prior to cell culture experiments, Ti plates bio-functionalized
(including their backsides) were sterilized in a sterile culture hood by
2 hour immersion in ethanol 70% (V/V) followed by 2 h of UV light
irradiation.

Human osteoblast-like MG-63 cells (ATCC number: CRL-1427™)
were provided by Rio de Janeiro cell bank and were used for evaluation
of cell-surface interactions. MG-63 osteoblastic cells were cultured at
37 °C and 5% CO- in a cell growth medium consisting of Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with 10% (V/
V) fetal bovine serum (FBS, Gibco) and 1% (V/V) of an antibiotic (100 U
mL™! of penicillin-streptomycin, BioReagent). Cell culture experiments
were performed at approximately 80% confluence.

2.3. Cell adhesion

For adhesion experiments, MG-63 cells were seeded with a density of
1 x 10* cells per cm? on the surfaces placed in a 24-well plate and grown
at 37 °Cin fully humidified atmosphere containing 5% CO; alternatively
for 4 and 24 h. Evaluation of the cell adhesion experiments was per-
formed by fluorescent staining of the actin cytoskeleton (using Alexa
Fluor 546 Phalloidin, Thermo Fisher Scientific, A22283) and the nucleus
(4',6-diamidino-2-phenylindole-dihydrochloride, DAPI, Sigma-Aldrich,
F6057). Cells adherent to the disks after 4 and 24 h were fixed with
4% paraformaldehyde (PFA), permeabilized with 0.1% (v/v) Triton X-
100, and the unspecific staining was blocked by incubation in 3% BSA
before exposure to Alexa Fluor 546 Phalloidin and DAPI. Samples were
examined with a fluorescence microscope inverted with a digital camera
Axio Observer Al (Zeiss) equipped with AxioCAM MRm. For each
testing condition and time point of experiment, at least four samples
were used and two independent experiments were carried out.

2.4. Cell viability

For viability experiments, MG-63 cells were seeded (cell density of 2
x 10* cells per cm?) on the surfaces placed in a 24-well plate. All the cell-
containing samples were incubated at 37 °C in a fully humidified at-
mosphere containing 5% CO» for 24 h. Then LIVE/DEAD® assay was
performed to access the cytotoxicity of the surfaces and was used in
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accordance with the manufacturer’s instructions (LIVE/DEAD®
Viability/cytotoxicity kit, Thermo Fisher Scientific, L3224). The kit
contained two probes: calcein acetoxymethyl and ethidium homodimer.
Active intracellular esterase of living cells converts calcein acetox-
ymethyl to calcein to generate green fluorescence. On the other hand,
ethidium homodimer binds the nucleic acids but it is not permeable to
cell membrane. In this way, it can only enter on the dead cells with a
broken cell membrane producing red nuclear fluorescence. Finally, the
total number of live and dead cells adhered on materials surfaces was
determined by fluorescence microscope inverted with digital camera
Axio Observer Al (Zeiss) equipped with digital camera AxioCAM MRm
(Zeiss). A total number of 12 images were acquired for each group, from
which the number of live (green) and dead (red) cells were counted. For
each testing condition, at least three samples were used and two inde-
pendent experiments were carried out.

2.5. Cell mineralization

For the 21 days cell culture experiments, in order to evaluate oste-
oblastic mineralization, MG-63 was seeded with a density of 1 x 10°
cells per cm? in incomplete osteogenic medium. The medium component
are Dulbecco’s modified Eagle’s medium (DMEM, Gibco) high glucose,
supplemented with 10% (V/V) fetal bovine serum (FBS, Gibco) and 1%
(V/V) of an antibiotic (100 U mL~! of penicillin-streptomycin, Bio-
Reagent), and 0,01 M B-glycerophosphate (Sigma-Aldrich) and 50 pg
mL ! of r-ascorbic acid (Sigma-Aldrich) to induce cell mineralization.
The culture medium was replenished every 7 days. After 21 days, aliz-
arin red-s staining (ARS) of MG-63 osteoblasts was conducted to detect
the ability to form calcified deposits. All specimens were stained with
1% alizarin red-s (Sigma-Aldrich, A5533-25G) solution at room tem-
perature and then rinsed with ultra-pure water. Alizarin red-s was dis-
solved using a solution of 0.5 N HCI with 5% SDS and the absorbance
value of each well was quantified spectrophotometrically using a
microplate reader (Biotek synergy 2 multi-mode detection with gen5
software) at a wavelength of 450 nm. Results were reported as optical
density (OD) values. For each testing condition, at least four samples
were used and two independent experiments were carried out.

Evaluation of the cell organic matrix was performed. Cells were fixed
in PFA 4%, permeabilized with 0.1% (v/v) Triton X-100, and the un-
specific staining was blocked by incubation in 1% BSA. Following triple
staining for the actin cytoskeleton (using Alexa Fluor 546 Phalloidin,
Thermo Fisher Scientific, A22283), for the level of collagen type I
(Monoclonal Anti-Collagen Type I, Sigma-Aldrich, C2456-2MI1) and for
the nucleus (4',6-diamidino-2-phenylindole-dihydrochloride, DAPI,
Sigma-Aldrich, F6057) was performed. Samples were then examined
with a fluorescence microscope inverted with a digital camera Axio
Observer Al (Zeiss) equipped with AxioCAM MRm. For each testing
condition, at least three samples were used and two independent ex-
periments were carried out.

2.6. Cell morphology

In order to investigate cell morphology at different culture time
points (4, 24 h and 21 days), cells adhered to the surface were fixed with
Karnovsky, post-fixed with 1% Osmium tetroxide (OsO4, Alpha Aesar),
0,8% potassium ferrocyanidethen dehydrated through a graded series of
alcohol (50%, 60%, 70%, 80%, 90%, 95% and 100%), then dried using
hexamethyldisilazane (HDMS, Sigma-Aldrich). Afterward, specimens
were sputter-coated with gold and cell morphology was observed by
SEM (FEG-SEM Tescan-Lyra 3 microscope).

An Auriga 40 Dual Beam instrument equipped with a Focused Ion
Beam (FIB) using a gallium ion source and a SEM was used in order to
analyse the interface between osteoblast and oxide layer. The samples
were fixed and dehydrated as previously described. Cross-sections were
performed on osteoblast adhered for 24. Slices and millings were per-
formed using ion currents between 1 and 5 nA and beam energy of 30
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keV. Lower ion beam currents (~200 pA) were used to polish and clean
the cross-section surface. Images were recorded using the electron beam
accelerated with 5 kV and a backscattered detector.

2.7. Cytokines expression

MG-63 cells were cultivated during 21 days on MAO-treated surfaces
and 100 pL of the supernatants were collected for cytokine analysis for
all the conditions. The supernatant was kept frozen at —80 °C. Analysis
was performed following the manufactures’ recommendations for the
MAGPIX reagent kit for identification of cytokines (cytokines-plex
panel, Biorad). IL-1p, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,
IL-12p70, IL-13, IL-15, IL-17A, IP-10, IFN-y, TNFa, VEGF, bFGF, MIP-1q,
MIP-13, MCP-1, PDGF-BB, RANTES, GM-CSF, G-CSF, Eotaxin were
included in the analysis. Each step was preceded by washing using an
automated washing station (BioPlex-MAGPIX, Biorad).

2.8. Statistical analysis

Statistical analysis was performed using one-way analysis of the
variance (ANOVA) followed by Tuckey test in order to access the dif-
ferences in the variance between the groups in the biological assays,
using a significance level of p < 0.05.

3. Results and discussion
3.1. Surface characterization

Fig. 1 shows the top surface of the MAO samples with a morphology
that did not change through the studied conditions: a typical rough
micro-porous network with volcano-like shape (also named as crater-
like structure) resultant from the micro-discharges channels that occur
during the MAO treatment [50]. It was observed that most of the holes
were well separated and homogeneously distributed over the surface for
all conditions. In this way, the incorporation of Sr was not influencing
the morphology of the surface, neither the pore size distribution nor the
average pore size (Fig. 1). Sato et al. [44] also reported no significant
effect of Sr concentrations in the morphology of MAO layers. The oxide
layer presented a distribution of the pore size between 0.5 and 5 pm with
an average size around 2 pm.

Supplementary video obtained by slice-and-view in a dual beam
microscope shows a detailed look of the cross-section at the oxide layer
produced by MAO treatment. Porosity along the cross-section showed
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interconnectivity between the pores along the oxide with some closed
pores. Thickness of MAO layers was accessed by FIB cross-section cuts
for all the groups under study and the mean value for thickness obtained
was 4.7 £+ 0.9 pm. The oxide layer presented the typical triplex structure
composed by a compact and thin layer next to the bulk material, called
barrier film, then an inner porous layer having small pores and an outer
porous layer having bigger pores. A similar detailed cross-section was
already presented by Alves et al. [49] and the authors stated that the
barrier film was responsible for good corrosion protection. In this way,
MAQO treatments allow the formation of rough, porous titanium oxide
layer with a wide range of pore size and distribution in the micro- and
nano-scale, excellent conditions that influence bone cell behaviour [51].

During MAO treatments, high temperatures were reached promoting
the localized melting of the oxide. In this way, bioactive elements pre-
sent on the electrolyte were incorporated in the oxide layer during its
formation [11]. Elements like Ti, O, Ca, P and especially Sr were
detected in the elemental analysis by EDS, showing that the incorpora-
tion of Sr in the MAO layer was successful for the three conditions
(Fig. 2a). EDS confirmed the incorporation of Sr having an at.% content
of 0.32 4- 0.03, 0.57 4 0.04 and 2.66 4 0.09 on mSr, mmSr and mmmSr
groups, respectively. On the group with higher amount of Sr, Ca and P
were incorporated less than in the other conditions, since Sr was highly
available in the electrolyte. Despite that, Ca/P ratio obtained was above
the one found in HAP (1.67) in all the conditions. Superior Ca/P ratio
can be favourable since Ca presents a faster dissolution than P in
physiologic solution, even though that dissolution is what promotes the
formation of HAP [52-54]. Sr was distributed uniformly on the surface
for all the conditions, as it can be observed in Fig. 2a. According with Lu
et al. [55], it is easier to incorporate Ca and Sr than P. The cationic el-
ements as Ca®" and Sr’" in the electrolyte were more attracted to the
cathode and repulsed from the anode during the MAO treatment because
of the strong electric field. In fact, calcium acetate and strontium hy-
droxide were easily dissolved in the water and in this way, they com-
bined with OH™ ions and moved towards the sparking areas
incorporated in the oxide layer while the voltage increased.

X-ray diffraction patterns for all conditions are shown in Fig. 2b. The
major characteristic peaks presented corresponded to Ti and TiO5 in the
form of anatase and rutile. A large number of plasma discharges pro-
vided enough energy to reach temperatures to allow the formation of
both metastable anatase and stable rutile [56]. The percentage of rutile
phases were calculated by Eq. (1) and the results obtained were 42 + 3
for CaP, 40 + 3 for mSr, 39 + 3 for mmSr, and 48 + 2 for mmmSr. These
results suggest that the condition with the highest level of Sr (mmmSr),
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Fig. 1. Representative SE-SEM images together with corresponding pore size distribution and average pore size for all conditions.
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deconvolution for P 2p and Sr 3d, Ca 2p and Ti 2p for CaP and mmmSr groups.

led to an increase in the rutile phase. In fact, as it was shown in Table 1,
the addition of Sr after a certain amount changed the conductivity of the
electrolyte. It is known that the conductivity of the electrolyte influences
the dielectric breakdown potential which may lead to differences in the
oxide phases formed during MAO treatment. Hence, on mmmSr condi-
tion, the dielectric breakdown potential was probably reached sooner
leading to higher temperatures for a longer period, facilitating the for-
mation of more amount of rutile [56]. From literature, it is known that
rutile is formed at higher temperatures and at higher voltages when
compared with anatase [57,58]. Teng et al. [93] also reported the same
trend in the MAO treatment where the relative intensity of the rutile
peak increased with a higher amount of Sr. However, this phenomenon
is dependent on the technique that is used to incorporate Sr. For
instance, Xu et al. [38] incorporated Sr in TiO5 by plasma spraying and
stated that with the increased Sr amount in the coating, the relative
amount of anatase increased, showing that Sr incorporation can sup-
press the anatase to rutile transformation.

The distribution of the oxide phases within the Sr-MAO-treated Ti
oxide layers is not yet clarified. Previously, Ribeiro et al. [9] and Oli-
veira et al. [19] that produced MAO layers on Ti with similar processing
parameters, including the Ca/P ratio stated that the oxide layer was a
mixture of anatase and rutile phases where rutile was preferentially
located on the top of the volcanoes structures, while the valleys of the
oxide were mainly composed of anatase. In addition, wear and tribo-
corrosion resistance was also improved by the presence of rutile phases
on the oxide layer [9,14,17-19].

XPS analysis was used to investigate the surface chemistry of the
oxide layers formed by MAO in order to assess the effect of the Sr
incorporation. The survey spectra of the CaP specimen, presented in
Fig. 2c, revealed peaks associated with Ca 2s, Ti 3p, Ti 3s, P 2p, Sr 3d, P
2s, Sr 3p, C 1s, Ca 3p, Ti 2p, O 1s, O KLL, Ca LMM. The addition of Sr
resulted in a survey with peaks associated with the presence of Sr 3d and
Sr 3p, confirming the incorporation of Sr into the oxide layer, as in
accordance with the EDS analysis presented in Fig. 2a. Fig. 2c also shows
the high-resolution spectra for P 2p and Sr 3d, Ti 2p and Ca 2p, regions,
respectively, for CaP and mmmSr groups. P 2p envelope was fitted with
two peaks. As presented, the binding energy found at 132.9 eV into the P
2p envelope reinforces that PO~ groups were present on the surface of
the different films [36,59-62] On the mmmSr spectra, P 2p and Sr 3d
peaks overlapped around 134/135 eV, and the Sr 3ds,» component
detected at 133.8 eV might be assigned to strontium carbonate (SrCO3)

species, due to further oxidation of the metallic strontium with exposure
to air [25,63]. In Fig. 2¢, high-energy resolution analysis of individual
peaks for Ca 2p are presented, where the significant contributions at
347.0 and 346.8 eV for CaP and mmmSr groups could be attributed to
the presence of CaCO3 compounds, as well as Ca-O compounds
[36,59-61,64]. It is also suggested that the minor Ca 2p3/, contributions
at 345.5 and 345.0 eV for CaP and mmmSr groups, respectively, cor-
responded to metallic Ca species [59,65]. As depicted in Fig. 2¢, four
major peaks were fitted for each condition in the Ti 2p region, decom-
posing into two doublets, where the major one (represented by the Ti
2p3/2 peaks at 458.3 and 458.1 eV for CaP and mmmSr groups,
respectively) corresponded to TiO» [59,60,66] For CaP group, the Ti
2p3,/2 peak found at 457.7 eV with a doublet separation of 5.2 eV may be
associated with the Ti®* valence state from Ti,O3 [59,60,66]. On the
other hand, for the mmmSr group, the additional doublet with spin-orbit
splitting of 5.7 eV could be related to the SrTiO3 compound, which is
identified by Ti 2ps,, peak at 457.0 eV.

3.2. Biological assays

The behaviour of MG-63 osteoblast cells was evaluated in terms of
cell adhesion, viability, and mineralization. It is known from the liter-
ature that biological results are due to the combination of several
physicochemical characteristics of the surfaces, hence, we suppose that
the biological results are the combined action of Sr within the coating as
well as the Sr leached, together with oxide morphology, chemical
composition and crystal structure. Fig. 3a presents the initial cell
adhesion area (4 h after seeding) where no significant differences be-
tween all the conditions was observed. However, after 24 h, a statisti-
cally significant difference in the cell adhesion area was observed
between mSr and mmmSr. Fig. 3b shows the fluorescence microscope
images after 24 h of cell adhesion, where it was possible to see a sig-
nificant enhancement of cell adhesion and spreading only for CaP and
mSr groups. Cells presented an organized actin cytoskeleton with a
spindle morphology. Hence, these results showed that higher amount of
Sr (mmmSr) may have a detrimental effect on cell adhesion after 24 h
(Fig. 3a). This poor cell adhesion may be due to the combined action of
chemical composition (higher quantity of Sr) and different quantities of
crystal structures (higher amount of rutile in mmmSr) on the oxide layer.
He et al. [67] showed that the crystal structure influence osteoblastic
cells grown, with osteoblasts presenting the largest spreading on the
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Fig. 3. a) Adhesion area (%) of MG-63 cells cultured for 4 and 24 h (*p < 0.05 indicates a significant difference compared with the mSr 24 h) and b) fluorescence
images of MG-63 cells cultured after 24 h with F-actin stained with Phalloidin in red and the cell nuclei stained with DAPI in blue; ¢) Number of live and dead cells
(%) and d) fluorescence images of LIVE/DEAD® staining of MG-63 cells after 24 h of incubation. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

anatase phase, behaviour that was not observed in the rutile phases
structures. In this way, probably the poor osteoblast adhesion on
mmmSr may be due to the combined action of higher amount of Sr and
rutile phase that can possibly compromise cell adhesion. Ribeiro et al.
[9] previously reported the interface osteoblast/CaP cross-section after
2 h of osteoblast adhesion and showed that cells are well adhered to the
surface when the amorphous nanometric film rich and Ca and P is pre-
sent, but not when the surface is made of a mixture of rutile and
amorphous phases. The authors presented a TEM image of the cross-
section showing that the inner part of the oxide was composed of a
mixture of crystalline and amorphous structures, while the top of the
oxide was mainly composed of an amorphous phase rich in Ca and P that
enter in direct contact with cells stimulating their adhesion [19].

Osteoblastic-like cells adhered to the oxide layers were viable,
indicating that although higher concentrations of Sr compromise cell
adhesion their viability was not disturbed (see Fig. 3c—d). These results
are consistent with the literature where no appreciable Sr effects on pre-
osteoblastic [45] and mesenchymal stem [68] cells cytotoxicity were
reported. MAO surfaces are extremely porous and rough which can
mislead the cell density on different fields due to the peculiarity ridges
and valleys present on the surfaces.

Osteoblast morphology was examined by SEM after 4 h, 24 h and 21
days of culture (Fig. 4). No significant differences were seen in cell
morphologies between all the conditions and between the studied time-
points. According to the results presented in Fig. 4c and d, osteoblasts on
Ca-P-Sr TiO, porous layer were well attached to their surfaces. It was
also possible to see osteoblasts spreading on the surface, with extended
filopodia covering the porous oxide surface, attached to the edges of the
pores, penetrating and crossing the pores (see Fig. 4a—f after 4 and 24 h).
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After 21 days, osteoblasts continued to be well-adhered to the oxide
layer and it was possible to observe a thin lamellipodia on the top of
some parts of the oxide layer, with cell processes extending over other
neighbouring cells indicated the formation of cell monolayer (Fig. 4g).
No differences were obtained in the cell morphology between all the
conditions after 21 days of incubation. On the other hand, superficial
and cross-sectional observations of the cell/oxide layer interface
revealed osteoblasts penetration in the pores, as illustrated on Fig. 4i.
Bone is a living organ maintained by living cells such as osteoblasts,
osteoclasts, osteocytes among others. It is composed by an inorganic
component that is predominantly hydroxyapatite (Cas(PO4)3(OH)) and
an organic matrix of type I collagen and small quantities of osteonectin
and osteocalcin that promote bone regeneration [69-72]. Bone miner-
alization is the result of complex biological processes in which deposi-
tion of inorganic salts is induced by a template of collagen type I
network. Collagen provides the template for mineral deposition, where
the size and the organization of the collagen fibrils determine the di-
mensions that mineral crystals can attain [69-72]. Fig. 5a presents the
fluorescence microscope images of MG-63 cells cultured after 21 days
(stained with DAPI for nucleus, phalloidin for actin and collagen type I
for collagen secretion) where it was possible to observe the presence of
collagen network in all conditions. Fig. 5b shows the results of the semi-
quantitative analysis of collagen deposition, where a statistically sig-
nificant increase on collagen secretion was observed in mmSr and
mmmSr conditions compared with the control group. Previous studies
using Sr for other applications showed that Sr was promoting the
collagen secretion [73]. Naruphontjirakul et al. [73] evaluated the
biological behaviour of human stem cells on bioactive glass and the
biological effect of Sr ions released. The presence of Sr-bioactive glass
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Fig. 4. SE-SEM images presenting cell morphology after a, c and e) 4 h of seeding, and b), d) and f) 24 h of seeding; g) SE-SEM images presenting cell morphology
after 21 days of culture; h) SE-SEM image of the cross-section of the oxide layer with a cell on top 24 h after seeding; i) illustration of the interface between cells and
the oxide layer [figures a, c, e, f and h are from mmmSr condition, b from mSr condition and d from mmSr condition. No significant differences were seen in cell
adhesion morphologies by SEM analysis between the studied conditions and time-points].
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Fig. 5. a) Fluorescence images of MG-63 cells cultured after 21 days with F-actin stained with Phalloidin in red, the cell nuclei stained with DAPI in blue and collagen
stained in green and b) amount of collagen (%) of MG-63 cells cultured for 21 days (*p < 0.05 indicates a significant difference compared with the CaP); c)
quantitative mineralization results of alizarin red-s absorbance (%) after 21 days of incubation (*p < 0.05 indicates a significant difference compared with the CaP,
mSr and mmmSr). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

induced a higher amount of mature extracellular matrix formation and
expression of proteins associated with collagen production.

Alizarin red-s was used to stain matrix calcium-phosphates deposits
and results presented in Fig. 5c. As it is possible to observe a clear sta-
tistically significant decrease in the amount of calcium deposits was
observed for the mmmSr group. It is possible that the combined action of
higher content of Sr with rutile phase, can be what is delaying the
mineralization process. Previously, Verberckmoes et al. [74] showed a
multiphasic interference of Sr ions with osteoblast cells mineralization.
Particularly, it was shown by the authors that a Sr dose between 2 and 5
ppm was promoting cell mineralization, while a Sr dose between 20 and
100 ppm showed the opposite effect. Studies [39,75,76] indicated that
Sr ions can activate signalling pathways particularly, through a calcium-
sensing receptor, stimulating or inhibit cell mineralization. On the other
hand, Xu et al. [38] showed that higher amount of Sr presented an
adverse effect on the osteogenic function of bone marrow mesenchymal
stem cells and reported that more amount of rutile might be influencing
their mineralization.

Interestingly, the group with a higher amount of Sr showed higher
secretion of collagen matrix despite the decrease in mineralization
processes. Mineralization of calcium phosphates in bone has been pro-
posed to proceed through an initial collagen secretion and deposition of
the mineralized matrix via amorphous precursor phase which transforms
into nanocrystalline hydroxyapatite [77-79]. Possibly, the higher
amount of Sr can be delaying the mineralization process. Another pos-
sibility is that the surface with a higher amount of Sr is inducing a
mineralization process with a deficient HAP structure, and/or an
amorphous precipitate as stated by Verberckmoes et al. [80]. The au-
thors showed that low Sr amount did not affect neither HAP crystal
solubility nor mineralization. On the contrary, when the Sr content
increased, a physicochemical interference of Sr in the HAP formation
was observed resulting in defective mineralization. The authors pre-
sented an XRD of the deposited mineral that revealed a diffuse pattern,
characteristic for a non-crystalline (amorphous) HAP precipitate [80].

The mineralization and differentiation of osteoblasts are processes

regulated by complex interactions among different molecules like hor-
mones, cytokines and local growth factors, among others. The cytokines
secretion plays a crucial role in bone remodelling since these factors
appear to have crucial roles in both normal and pathologic bone cell
functions [81,82]. The amount of the cytokines, chemokines and growth
factors were quantified in the supernatant after 21 days of cell culture
and results are presented in Fig. 6. Although almost 30 soluble secreted
mediators were quantified, it was only observed significant differences
in interleukin-1 receptor antagonist (IL-1Ra), granulocyte colony-
stimulating factor (G-CSF) ad IL-15 cytokines.

Comparing with CaP control surfaces, mSr and mmmSr groups pro-
moted reduced secretion levels of IL-1Ra, whereas mmSr increased its
levels. IL-1Ra is a member of the IL-1 family involved in modulation of
immune and inflammatory responses. In specific events where IL-1 f
levels are increased in the microenvironment, the reduction of IL-1Ra
levels leads to a greater IL-1p ability that activates its signalling cas-
cades and induces inflammation [83-85]. Indeed, increased levels of IL-
1Ra have been associated with the inhibition of bone formation in vivo
[86]. In this sense, our data suggested that mmSr possibly induce inhi-
bition of bone formation and that mSr and mmmSr could turn the
microenvironment more susceptible to inflammation. However, in a
complex system, several secreted proteins are able to promote a balance
in order to maintain homeostasis.

Lower amount of Sr (mSr) on the oxide layer seemed to induce the
secretion of higher levels of G-CSF, whereas higher amount of Sr (mmSr
and mmmSr) do not alter G-CSF levels, being comparable to control
group CaP. G-CSF is considered an endogenous hematopoietic growth
factor that induces proliferation, differentiation, and release of neutro-
phils from bone marrow [87]. Despite these relevant effects, over-
expression of G-CSF may also lead to bone resorption in mice [88].
Resuming mSr induced the secretion of G-CSF that is an important
growth factor that stimulates the bone marrow to produce stem cells and
releases them into the bloodstream stimulating osteogenesis [89].

Regarding the cytokine IL-15, mmSr promote its increase in secre-
tion, but not mSr and mmmSr. IL-15 is widely known for its role in
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Fig. 6. VEGF, IL-1Ra, G-CSF, IFNy, IL-15 and bFGF cytokines secreted by osteoblasts after 21 days of incubation (*p < 0.05 indicates a significant difference

compared with the CaP).

osteoclast differentiation [82] and consequent osteoclastogenesis
[81,88]. Possibly the reduced secretion of this cytokine for mSr and
mmmSr indicates that these surfaces inhibit osteoclastogenesis.

All the surfaces induced osteoblasts to secrete vascular endothelial
growth factor (VEGF) and interferon gamma (IFN-y) since no significant
differences were observed when comparing to CaP. VEGF, a potent
mediator of angiogenesis displaying an important role in bone devel-
opment and regeneration [72,90], and IFN-y, with variable effects on
many immunological functions as well as in inflammation, seemed to
have a similar secretion pattern between groups. In bone, studies
showed that IFN-y plays an important role in bone homeostasis and in-
creases alkaline phosphatase activity in osteoblast-like cells. However, it
also plays important roles in osteoclastogenesis [91]. So, depending on
the circumstances, IFN-y may contribute to a reduce inflammation but
also may promote bone resorption and formation [9,82,87,88,92].

Resuming, mSr and mmmSr induced the secretion of lower levels of
IL-1Ra, with mSr inducing G-CSF secretion. In addition, mmSr induced
increased levels of IL-1Ra and seemed to increase IL-15 secretion. It is
important to disclose that increased levels of a secreted protein in mSr
experimental group do not mean that mmSr or mmmSr (or vice-versa)
would result in its increased levels in a concentration dependent
manner. Eukaryotic cells display different mechanisms for maintaining
their microenvironment balance. Then, it is common that the challenged
cells respond, altering the levels of many secreted proteins and acti-
vating or deactivating intracellular signalling pathways, always
searching for survival and homeostasis. It is conceivable that it was
occurring in this study. Taken together, our data suggested that although
mSr surfaces possibly secrete cytokines involved in inflammation they
also secrete growth factors that contribute to osteogenesis and other
cytokines that inhibit osteoclast formation and consequent bone
resorption.

This work gives an insight into the effect of Sr amount in the oxide
layer on osteoblast culture. It is shown that the presence of Sr, with a
dose-depending effect, influences the behaviour of osteoblast adhesion,
mineralization and cytokines released. Sr is a unique element showing
promising results in its dual action in the bone cells, osteoblast and os-
teoclasts. So, as future work, the effect of Sr amount on osteoclast
behaviour should be evaluated. The real magnitude of the effect of Sr
amount cannot be easily evaluated, and there may be some synergistic
relationships coming into account, mainly between osteoblast and
osteoclast independent and dependent responses. The optimal material
that will promote the enhancement of bone formation osseointegration
as well as a reduction of bone resorption should be a result of the syn-
ergistic effect exerted by the hierarchical surface topography (micro-
and nano-porous), chemical composition (TiO5 with Ca-P-Sr) and crystal
structure (anatase + rutile) together, and as it was studied and pre-
sented, the amount of Sr can be in the range of mSr and mmSr groups.

4. Conclusion

This study has outlined the effect of the Sr amount in porous Ca- and
P-rich TiOy layers processed by MAO, evaluated in terms of surface
characteristics and in vitro biological response. Incorporation of Sr did
not affect the pore size and morphology in the TiO; layer, although,
changed the chemical composition and the oxide crystal structure. Cell
viability was not compromised, however, the combination of higher
amount of Sr with the higher amount of rutile impaired osteoblast
adhesion, induced collagen secretion and mineralization compromised.
Possibly Sr is delaying the mineralization process or inducing the for-
mation of a deficient HAP structure. More studies are necessary to clarify
these phenomena however we can conclude that lower amount of Sr
presented an overall good biological outcome which is likely to be a
beneficial surface to be used as implants and other bone regeneration
applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.msec.2020.111735.
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