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a b s t r a c t

The bioactive CaTiO3 film was grown on the surface of the microwave sintered porous Ti

e15Mo alloy by one-step hydrothermal process in supersaturated Ca(OH)2 solution. The

microstructures of the film and apatite-forming ability and cytocompatibility of the hy-

drothermally treated porous Tie15Mo alloy were then investigated. The results show that

the hydrothermally treated sample has a thickness of approximately 250 nm and is mainly

composed of CaTiO3 phase with some eOH groups except the a-Ti and b-Ti phases. The

porous structure of the Tie15Mo alloy has no significant change after hydrothermal

treatment. When immersed in SBF solution, the hydroxyapatite preferentially nucleates

and grows on the inner surface and the pore sites, forming a layer of the calcium-deficient

apatite on the surface of the hydrothermally treated porous Tie15Mo alloy finally. The

hydrothermal treatment is demonstrated to facilitate the proliferation of MG-63 cells over

the porous Tie15Mo alloy surface (p < 0.01), and promote the alloy from Grade 1 of non-

toxic material to Grade 0.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Titanium and its alloys have been extensively used as load-

bearing metallic implants in the orthopaedic and dental

fields due to their good mechanical properties, high specific

strength, superior corrosion resistance and excellent

biocompatibility [1e3]. It is well-known that the high inci-

dence of bone implant failure is mainly attributed to stress

shielding and incomplete osseointegration. Generally, the

stress shielding is due to the difference in elastic modulus

between the implant and surrounding bone, as the elastic
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modulus of the implant is much higher than that of bone,

which would prevent the needed stress being transferred to

adjacent bone, resulting in bone resorption around the

implant and consequently to implant loosening and failure

finally [4,5]. In order to solve the issue of the stress shielding,

beta Ti alloys with non-toxic alloying elements and low elastic

modulus have been widely developed [6e8], in which the

Tie15Mo alloy is one of the most widely studied and con-

cerned alloys as the b titanium alloys [9e11], and it also listed

as a potential biomaterial by the American Society for Testing

andMaterials (ASTM) [12]. Moreover, the porous Ti alloys have
(Y.Z. Huang).
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also been greatly developed in recent years [13e15], because

the porous structure not only effectively decreases the low

elastic modulus of Ti alloys close to that of bone, but also al-

lows the new bone to grow in and obtain the firmer fixation

[16,17]. On the other hand, titanium and its alloys including

beta Ti alloys belong to bioinert materials, and a fibrous tissue

can be easy to form between the bone and the implant as the

implant is not well integrated with bone, resulting in the

implant loosening and failure [18,19]. Preparation of bioactive

films or coatings on the surface of implants plays a major role

to enhance the osseointegration through surface engineering.

In addition to hydroxyapatite (HA), CaTiO3 is one of the most

attractive bioactive films fabricated on Ti alloys. So far, many

methods have been employed to prepare the CaTiO3 films,

such as ion implantation [20], magnetron sputtering [21], ion-

beam assisted deposition [22], solegel method [23], micro-arc

oxidation [24], anodic-hydrothermal treatment [25] and

hydrothermal-electrochemical method [26,27]. Among these

methods, the hydrothermal treatment is a simple, economical

and powerful method to prepare the micro-nano films on the

Ti alloys substrate with complex shapes. For example, K.

Hamada et al. [28] obtained amorphous CaTiO3 films by hy-

drothermal treatment of Ti in CaO or CaCl aqueous solution to

enhance the precipitation ability of apatite on Ti surface. H.

Cheng et al. [29] prepared themicro-sheets CaTiO3 on Ti foil by

two-step hydrothermal method to improve the cell viability

and osteogenesis ability. In order to simultaneously solve the

problem of stress shielding and osseointegration of titanium

alloys, in our previous study, the porous Tie15Mo alloy was

hydrothermal treated in NaOH solution, and the micro-

nanometer needle flake Na2Ti6O13 film was obtained on the

outer and inner surface. Although the apatite-forming ability

of hydrothermal treated alloy was greatly improved, many

micro-cracks distributed over the Na2Ti6O13 film were detec-

ted, which is not conducive to bonding strength of the films

and the long-term service of the implants [30]. In this paper,

the perovskite CaTiO3 film was prepared on porous Tie15Mo

alloy through in situ hydrothermal reaction in supersaturated

Ca(OH)2 at 190 �C for 24 h. The surface and cross-section

morphologies, phase and elemental compositions and

in vitro apatite-forming ability of the hydrothermal treated

porous Tie15Mo alloy were investigated. The effect of CaTiO3

film on the cytocompatibility of the porous Tie15Mo alloy was

also evaluated by in vitro cell culture.
2. Experimental details

2.1. Sample preparation and characterization

The porous Tie15Mo alloy with the porosity of approximately

40% was prepared by microwave sintering, as described in

previous study [30]. The porous Tie15Mo disks with the

dimension of 20 mm in diameter and 5 mm in thick were

continuously polished to 2000 grit SiC abrasive paper, and

then ultrasonically cleaned in acetone and distilled water,

respectively. The cleaned porous Tie15Mo samples were

perpendicularly mounted into the Teflon-lined stainless steel

autoclaves with the volume of 50 ml. Supersaturated Ca(OH)2
aqueous solution (0.2 mol/l) was used as the hydrothermal

solution, whichwas filled the Teflon container of 70% full. The

autoclaves were sealed and put into drying oven to maintain

190 �C for 24 h. After hydrothermal treatment, the samples

were ultrasonically cleaned in distilled water for 10 min and

then dried in hot air.

The surface morphologies of the hydrothermally treated

porous Tie15Mo sample were observed by field emission

scanning electronmicroscope (FESEM, FEI Nova Nano SEM450,

USA) equipped with energy dispersive X-ray spectrometer

(EDS, INCA 250 X-max 50, England). The cross-section

morphology of the hydrothermally treated sample was ob-

tained through focused ion beam (FIB, FEI Helios Nanolab 600i,

USA). The phase composition of the samples was analyzed by

X-ray diffraction (XRD, Bruker D8 FOCUS, Germany) using a Cu

Ka radiation. The chemical composition and elemental state of

the surface of the hydrothermally treated samples were

determined by an X-ray photoelectron spectroscopy (XPS,

Shimadzu Kratos Axis Ultra DLD, Japan) with a standard

monochromatic Al Ka source.

2.2. Evaluation of apatite-forming ability

The hydrothermally treated porous Tie15Mo alloy sample

was perpendicularly immersed in the SBF solution at 37 �C
for 3, 5, 7 and 14 days, respectively. The chemical constitu-

ents of the SBF solution were referred to the previous study

[30,31]. In order to maintain the ionic concentration, the SBF

solution was refreshed every two days. When the immersing

time was up, the samples were taken out for ultrasonic

cleaning in distilled water for 10 min. The inner and outer

surface morphologies of the immersed samples were

observed by FESEM. The element and phase composition of

the immersed sample were analyzed by EDS and XRD,

respectively.

2.3. Evaluation of cytocompatibility

MG-63 cells were used to evaluate the cytocompatibility of the

uncoated and coated porous Tie15Mo alloy. The samples

sterilized by steam autoclaving at 121 �C for 30 min, and then

put into the 48 well plates. 1 ml MG-63 cell suspension with

seeding density of 1 � 104 cells/ml was planted on the sample

surfaceand incubated for the intervalsof 1, 3and5daysat 37 �C
with 5%CO2 in an incubator (HERA cell CO2, ThermoScientific,

USA). After each point of time, the DMEMwas discarded care-

fully, and then 0.5 ml fresh DMEM and 0.05 ml CCK-8 solution

(Dojindo, Japan) were pipetted into each well. The mixed so-

lutionwaspipetted into96well plates to test theopticaldensity

(OD) value using a microplate reader (Multiskan Spectrum,

Thermo Scientific, USA) at 450 nm. The cell viability was

calculatedby theequationofCell viability¼ODsample/ODnegative

control, inwhich theODsample andODnegative control are the optical

densityof the testedsampleandthenegativecontrol (onlycells

without sample), respectively.

One-way analysis of variance (ANOVA) was performed to

determine the statistical significance of the data. Different at

p < 0.05 was considered to be significant and that at p < 0.01

was considered to highly significant.
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Fig. 1 e Surface morphology (a) and elemental mapping of hydrothermally treated porous Tie15Mo alloy (b) Ti, (c) Mo, (d) O

and (e) Ca.
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3. Results and discussion

The surface morphology and elemental mapping of the hy-

drothermally treated porous Tie15Mo alloy are shown in

Fig. 1. The porous structure of the alloy has no obvious change

compared to the as-sintered sample [30], and the porosity

remains approximately ~40%. The surface of the hydrother-

mally treated porous Tie15Mo alloy is mainly composed of Ti,

Mo, Ca and O elements. It can be seen from Fig. 1 that all of

elements are homogeneously distributed over the surface of

the alloy, in which the Ti andMo elements are attributed from

the Tie15Mo substrate, whilst the Ca and O elements are

generated from the Ca(OH)2 solution, indicating that a thin

film containing Ca and O elements should be successfully

formed on the sample.

In order to confirm the presence of the thin film, the

planned-view and cross-sectional images of hydrothermally

treated porous Tie15Mo alloy were performed in FIB as shown

in Fig. 2 where outer and inner layers are clearly differentiated

in terms of their morphologies. There are some particles

visible within both the outer and inner layers with some

presence of star-like shapes precipitations the inner layer

which is in agreement with the reports of Wiff et al. [27] and
Song et al. [32]. The thickness of the thin film is approximately

250 nm (Fig. 2c), and it is very dense and defect-free

throughout the whole section. Moreover, the film and the

Tie15Mo substrate bonds well and no distinct discontinuity

and defects are detected, indicating that the good quality of

the thin grown on the surface of the substrate.

Fig. 3 shows the XRD pattern of hydrothermally treated

porous Tie15Mo alloy. The diffraction peaks of a-Ti, b-Ti and

CaTiO3 phases were detected, in which the diffraction peaks

of the a-Ti and b-Ti phases are attributed from the Tie15Mo

substrate [30], while the diffraction peak of the CaTiO3 phase

is generated from the film. CaTiO3 is identified to be ortho-

rhombic perovskite (JCPDS#22e0153), which is formed from

supersaturated Ca(OH)2 aqueous solution when subjected to

hydrothermal treatment.

To further confirm the electronic state of the elements on

the surface of the film, the XPS analysis of hydrothermally

treated porous Tie15Mo alloy was conducted with the results

shown in Fig. 4. The value of 284.8 eV for the C1s line was

used as the internal reference. The survey scan XPS spectrum

shows that the hydrothermally treated porous Tie15Mo alloy

is mainly composed of Ca, Ti, O and C elements, in which the

C element is ascribed to the atmospheric contamination.

According to the high-resolution XPS spectra, the peak of
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Fig. 2 e Magnification for the outer surface (a), inner surface (b) and FIB cross-sectional (c) morphologies of hydrothermally

treated porous Tie15Mo alloy.
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Ti2p3/2 is detected at 459.27 eV and the peak of Ca 2p3/2 is

detected at 347.28 eV, both of which are assigned to the bond

of CaTiO3 [33]. Additionally, the O1s high-resolution spec-

trum can be divided into two peaks: the peak located at

531.51 eV is attributed to oxygen bound in the TieO bond of

CaTiO3 [33] and the other peak located at 533.21 eV is asso-

ciated with TieOH group [34]. Combining the results of XPS

and XRD, the surface of hydrothermally treated porous

Tie15Mo alloy is mainly composed of CaTiO3 phase with

some eOH groups.
Fig. 3 e XRD pattern of hydrothermally treated porous

Tie15Mo alloy.
Under hydrothermal conditions, supersaturated Ca(OH)2
aqueous solution undergoes the high temperature and high

pressure, in which the Ca(OH)2 can be decomposed into Ca2þ

ions and OH� ions. At the same time, the Ti distributed over

the porous TieMo alloy will preferentially act with OH� ions

forming the Ti(OH)4. Eventually the CaTiO3 is produced by the

reaction of Ti(OH)4 with Ca2þ ions. The specific reaction pro-

cesses of CaTiO3 film formed through the hydrothermal

treatment are summarized as follows [28,35,36]:

Ca(OH)2 / 2OH� þ Ca2þ (1)

Ti þ 3OH� / Ti(OH)3
þ þ 4e� (2)

Ti(OH)3
þþ OH� / Ti(OH)4 (3)

Ca2þ þ Ti(OH)4 / CaTiO3 þ 2Hþ þ H2O (4)

The surface morphology evolution of the hydrothermally

treated porous Tie15Mo alloy after immersed in the SBF so-

lution for different times is shown in Fig. 5. No distinct pre-

cipitates can be observed on the outer surface layer after

immersed for 3 days, while some new precipitates are found

on the inner surface, which indicates that the induction of

hydroxyapatite begins at the inner surface. As the immersion

time increases to 5 days, some precipitates also appear at the

edge of the pores on the outer surface layer, while the number

of precipitates in the inner surface further increases. After

immersed for 7 days, both the outer surface and inner surface

https://doi.org/10.1016/j.jmrt.2021.06.065
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Fig. 4 e XPS spectra of the hydrothermally treated porous Tie15Mo alloy: (a) survey spectrum; (c) Ca2p; (b) Ti2p; (d) O1s.
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layers of the porous Tie15Mo alloy are completely made of

precipitates. With prolonging the immersion time to 14 days,

the thickness of the precipitates significantly increases and

the precipitates exhibit globular shaped agglomerates, which

are greatly consistent with the induced bone-like apatite as

reported in references [30,31,37,38].

In order to confirm the phase and elemental composition

of the precipitates, the XRD and EDS patterns of the hydro-

thermally treated porous Tie15Mo alloy after immersed in SBF

solution for 14 d were also implemented with the results

shown in Fig. 6. Two typical diffraction peaks of hydroxyap-

atite are detected accompanied with the a-Ti and b-Ti

diffraction peaks, while the diffraction intensity of the CaTiO3

peak is significantly weakened, suggesting that the hydro-

thermally treated porous Tie15Mo alloy presents excellent

induction ability of the hydroxyapatite formation. Moreover,

the EDS pattern further indicates that the new hydroxyapatite

layer is calcium-deficient HA, whose Ca/P ratio is 1.54, lower

than the theoretical ratio of 1.67. This result corresponds well

to the most reported bioactive materials for in-vitro induction

apatite [37,38].

Fig. 7 illustrates the schematic diagram of the hydroxyap-

atite (HA) inducing mechanism of the hydrothermal treated

porous Tie15Mo alloy immersed in the SBF solution. Since the

pH of the SBF solution is maintained at 7.4 at a constant

temperature of 37 �C, the perovskite CaTiO3 would react with

water by the formula as following [39]:

CaTiO3 þ H2O / Ca2þ þ 2OH� þ TiO2 (5)
This reaction leads to the local alkalinity and the increase

of calcium ion concentration near the sample surface (seen in

Fig. 7a), which will further attract the phosphate ions to move

towards the sample surface. Moreover, the chemical absorbed

hydroxyl groups (TieOH) are found on the surface of the

sample (seen in Fig. 4), which attract Ca2þ ions in solution to

move towards the sample surface so that the concentration of

calcium ions near the sample surface further increase. This

self-stimulated process follows the kinetics of hydroxyapatite

precipitation for the electrostatic mechanism [31,40]. When

the concentrations of Ca2þ ions and phosphate ions near the

sample surface reach supersaturation, nucleation and crys-

tallization of hydroxyapatite precipitates on the sample sur-

face will take place through the reaction below:

10Ca2þ þ 6PO4
3� þ 2OH� / Ca10(PO4)6(OH)2 (6)

As shown in Fig. 5, the nucleation and deposition of the

hydroxyapatite firstly begins at the inner surface and edge of

the pores (seen in Fig. 7b). The rough surface and the relatively

high specific surface area are more favorable for the growth of

the hydroxyapatite. Moreover, the ion concentration is easily

to be supersaturated when the flow rate slows down in the

closed space of the inner pores, leading to the accelerated

nucleation and formation of the hydroxyapatite. With pro-

longing the immersion times, the hydroxyapatite continues to

nucleate and grow, resulting in the formation a bone-like

apatite layer in the inner and outer surfaces of porous

Tie15Mo alloy (seen in Fig. 7c). From this result, it can be

https://doi.org/10.1016/j.jmrt.2021.06.065
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Fig. 5 e Outer and inner surface morphologies of the hydrothermal treated porous Tie15Mo alloy after immersed in the SBF

solution for 3, 5, 7 and 14 days.

Fig. 6 e XRD (a) and EDS (b) patterns of the hydrothermal treated sample after immersed in SBF solution for 14 d.
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concluded that the perovskite CaTiO3 film is successfully

fabricated by hydrothermal treatment in the supersaturated

Ca(OH)2 aqueous solution. It is a one-step and powerful

approach enabling to induce apatite formation in vitro.

Fig. 8 shows the OD values and cell viabilities of the un-

coated and coated porous Tie15Mo alloy cultured with MG-

63 cells after 1, 3 and 5 days. With prolonging the culture

times, the OD values of both the uncoated and coated porous

Tie15Mo alloy exhibit highly significant increase (p < 0.01),
Fig. 7 e Schematic diagram of the hydroxyapatite inducing mec

immersed in the SBF solution: (a) the process of ions release and

deposition at the inner surface and edge of the pores; (c) a layer

of porous Tie15Mo alloy.
indicating that the cells proliferation occurs on both uncoated

and coated samples. However, at each time point, the OD

values of the coated sample are significantly higher than those

of uncoated sample (p < 0.01) and negative control (p < 0.05).

This result indicates that the CaTiO3 coated porous Tie15Mo

alloy is more conducive to the proliferation of cells, even

better than that in the DMEM, which should be mainly

attributed to the fact that the CaTiO3 film can release the Ca2þ

ions to promote the proliferation of cells [29,35,41]. Similarly,
hanism of the hydrothermal treated porous Tie15Mo alloy

adsorption; (b) the process of HA preferred nucleation and

of bone-like apatite formed on the inner and outer surfaces

https://doi.org/10.1016/j.jmrt.2021.06.065
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Fig. 8 e OD values (a) and cell viabilities (b) of the uncoated and coated porous Tie15Mo alloy cultured with MG-63 cells after

1, 3 and 5 days (*p < 0.05 and **p < 0.01).
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at each time point, the cell viabilities of the CaTiO3 coated

porous Tie15Mo alloy are also higher those of uncoated

sample (p < 0.01) and negative control (p < 0.05). The cell

viability of the uncoated sample is maintained at 94e96%,

much lower than that of the coated sample of 103e104%.

However, for the same sample, there is no statistical differ-

ence (p > 0.05) in cell viabilities at different culture time points.

According to the classification standard of cell toxicity [42,43],

the cell viability of uncoated porous Tie15Mo alloy is higher

than 75%, and it is considered as the non-cytotoxicmaterial of

Grade 1. The cell viability of CaTiO3coated porous Tie15Mo

alloy is higher than 100%, and it belongs to the non-cytotoxic

material of Grade 0 for the biomedical materials. Combining

the results of OD values and cell activities, it can be concluded

that both the coated and uncoated Tie15Mo alloy have no

cytotoxicity and show excellent cytocompatibility to MG-

63 cells. The hydrothermal treatment in supersaturated

Ca(OH)2 solution can effectively improve the bioactivity and

cytocompatibility of porous Tie15Mo alloy. Moreover, the

hydrothermal process is easy to perform in an autoclave (a

widely used clinical equipment) before operation, and it can

perform both sterilization and implant activation processes

simultaneously. Therefore, the hydrothermal treatment in

supersaturated Ca(OH)2 solution is a prospective coating

technology in activation of the surface of Ti-based implants.
4. Conclusions

(1) The CaTiO3 film was successfully prepared on the

porous Tie15Mo alloy by one-step hydrothermal treat-

ment in supersaturated Ca(OH)2 solution. The CaTiO3

film does not significantly change the original porous

structure of the porous Tie15Mo alloy.

(2) The hydrothermally treated porous Tie15Mo alloy is

mainly composed of CaTiO3 phase with some hy-

droxyl radicals except the a-Ti and b-Ti phases. After

immersed in SBF solution, the CaTiO3 coated porous

Tie15Mo alloy could induce the calcium-deficient

apatite, producing excellent in vitro biological

activity.

(3) The CaTiO3 film significantly increases the OD values

and cell viabilities of MG-63 cells on the surface of

porous Tie15Mo alloy (p < 0.01), confirming that the
hydrothermal treatment greatly improves the cyto-

compatibility of the porous Tie15Mo alloy.
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Stolarczyk A, Krok-Borkowicz M, et al. Electrochemical
modification of the Ti-15Mo alloy surface in solutions
containing ZnO and Zn3(PO4)2 particles. Mater Sci Eng C
2020;115:111098.

[10] Somsanith N, Narayanan TSNS, Kim YK, Park Il-Song,
Bae TS, Lee M,H. Appl Surf Sci 2015;356:1117e26.

[11] Li YH, Chen RB, Qi GX, Wang ZT, Deng ZY. Powder sintering
of porous Ti-15Mo alloy from TiH2 and Mo powders. J Alloys
Compd 2009;485:215e8.

[12] ASTM. Standard specification for wrought titanium-15
molybdenum alloy for surgical implant application, ASTM
F2066-08. Philadelphia (USA): ASTM; 2008. p. 1e5.

[13] Jiang GF, Li QY, Wang CL, Dong J, He G. Fabrication of graded
porous titaniumemagnesium composite for load-bearing
biomedical applications. Mater Des 2015;67:354e9.

[14] Soro N, Attar H, Brodie E, Veidt M, Dargusch MS. Evaluation
of the mechanical compatibility of additively manufactured
porous Tie25Ta alloy for load-bearing implant applications. J
Mech Behav Biomed Mater 2019;97:149e58.

[15] Li BQ, Xie RZ, Lu X. Microstructure, mechanical property and
corrosion behavior of porous TieTaeNbeZr. Bioactive
Materials 2020;5:564e8.

[16] Bose S, Banerjee D, Shivaram A, Tarafder S,
Bandyopadhyay A. Calcium phosphate coated 3D printed
porous titanium with nanoscale surface modification for
orthopedic and dental applications. Mater Des
2018;151:102e12.

[17] Zheng JP, Chen LJ, Chen DY, Shao CS, Yi MF, Zhang B. Effects
of pore size and porosity of surface-modified porous
titanium implants on bone tissue ingrowth. Trans
Nonferrous Metals Soc China 2019;29:2534e45.

[18] Baas J, Elmengaard B, Jensen TB, Jakobsen T, Andersen NT,
Soballe K. The effect of pretreating morselized allograft bone
with rhBMP-2 and/or pamidronate on the fixation of porous
Ti and HA-coated implants. Biomaterials 2008;29:2915e22.

[19] Huang H, Lan PH, Zhang YQ, Li XK, Guo Z. Surface
characterization and in vivo performance of plasma-sprayed
hydroxyapatite-coated porous Ti6Al4V implants generated
by electron beam melting. Surf Coating Technol
2015;283:80e8.

[20] Asami K, Ohtsu N, Saito K, Hanawa T. CaTiO3 films sputter-
deposited under simultaneous Ti-ion implantation on Ti-
substrate. Surf Coating Technol 2005;200:1005e8.

[21] Ohtsu N, Sato K, Saito K, Asami K, Hanawa T. Calcium
phosphates formation on CaTiO3 coated titanium. J Mater Sci
Mater Med 2007;18:1009e16.

[22] Ohtsu N, Sato K, Saito K, Asami K, Hanawa T.
Characterization of CaTiO3 thin film prepared by ion-beam
assisted deposition. Surf Coating Technol 2006;200:5455e61.

[23] Holliday S, Stanishevsky A. Crystallization of CaTiO3 by
solegel synthesis and rapid thermal processing. Surf Coating
Technol 2004;188:741e4.

[24] Tang H, Wang F. Synthesis and properties of CaTiO3-
containing coating on AZ31 magnesium alloy by micro-arc
oxidation. Mater Lett 2013;93:427e30.

[25] Zhang F, Chen SG, Lin C, Yin YS. Anodic-hydrothermal
preparation of prism-shaped CaTiO3 structure on titanium
surface. Appl Surf Sci 2011;257:3092e6.
[26] Yoshimura M, Urushihara W, Yashima M, Kakihana M.
CaTiO3 coating on TiAl by hydrothermal-electrochemical
technique. Intermetallics 1995;3:125e8.

[27] Wiff JP, Fuenzalida VM, Arias JL, FernandezMS. Hydrothermal-
electrochemical CaTiO3 coatings as precursor of a biomimetic
calcium phosphate layer. Mater Lett 2007;61:2739e43.

[28] Hamada K, Kon M, Hanawa T, Yokoyama K, Miyamoto Y,
Asaoka K. Hydrothermal modification of titanium surface in
calcium solutions. Biomaterials 2002;23:2265e72.

[29] Cheng H, Hu H, Li G, Zhang M, Xiang K, Zhu Z, et al. Calcium
titanate micro-sheets scaffold for improved cell viability and
osteogenesis. Chem Eng J 2020;389:124400.

[30] Xu J, Zhang J, Bao L, Lai T, Luo J, Zheng Y. Preparation and
bioactive surface modification of the microwave sintered
porous Ti-15Mo alloys for biomedical application. Science
China Materials 2018;61:545e56.

[31] Kokubo T, Takadama H. How useful is SBF in predicting
in vivo bone bioactivity? Biomaterials 2006;27:2907e15.

[32] Song HJ, Kim MG, Moon WJ, Park YJ. Formation of
hydroxyapatite nanorods and anatase TiO2 on CaTiO3

powder using hydrothermal treatment. Mater Sci Eng C
2011;31:558e61.

[33] van der Heide PAW. Surface core level shifts in photo-
electron spectra from the Ca, Sr and Ba titanates. Surf Sci
2001;490:L619e26.

[34] Oji MO, Wood JV, Downes S. Effects of surface-treated cpTi
and Ti6Al4V alloy on the initial attachment of human
osteoblast cells. J Mater Sci Mater Med 1999;10:869e72.

[35] Zhang Y, Wang K, Dong K, Cui N, Lu T, Han Y. Enhanced
osteogenic differentiation of osteoblasts on CaTiO3 nanotube
film. Colloids Surf B Biointerfaces 2020;187:110773.

[36] Escada ALA, Rodrigues Jr D, Machado JPB, Alves
Claro APR. Surface characterization of Ti-7.5Mo alloy
modified by biomimetic method. Surf Coating Technol
2010;205:383e7.

[37] Choy MT, Tang CY, Chen L, Law WC, Tsui CP, Lu WW.
Microwave assisted-in situ synthesis of porous titanium/
calcium phosphate composites and their in vitro apatite-
forming capability. Composites Part B 2015;83:50e7.

[38] Kokubo T, Kim HM, Kawashita M. Novel bioactive materials
with different mechanical properties. Biomaterials
2003;24:2161e75.

[39] Nesbitt HW, Bancroft GM, Fyfe WS, Karkhanis SN,
Nishijima A, Shin S. Thermodynamic stability and kinetics of
perovskite dissolution. Nature 1981;289:358e62.

[40] Cui X, Kim HM, Kawashita M, Wang L, Xiong T, Kokubo T,
et al. Effect of hot water and heat treatment on the apatite-
forming ability of titania films formed on titanium metal via
anodic oxidation in acetic acid solutions. J Mater Sci Mater
Med 2008;19:1767e73.

[41] Dubey AK, Tripathi G, Basu B. Characterization of
hydroxyapatite perovskite (CaTiO3) composites: phase
evaluation and cellular response. J Biomed Mater Res B:
Applied Biomaterials 2010;95:320e9.

[42] Luo J, Guo S, Lu Y, Xu X, Zhao C, Wu S, et al.
Cytocompatibility of Cu-bearing Ti6Al4V alloys
manufactured by selective laser melting. Mater Char
2018;143:127e36.

[43] Liu R, Memarzadeh K, Chang B, Zhang Y, Ma Z, Allaker RP,
et al. Antibacterial effect of copper-bearing titanium alloy
(Ti-Cu) against Streptococcus mutans and Porphyromonas
gingivalis. Sci Rep 2016;6:29985.

http://refhub.elsevier.com/S2238-7854(21)00620-7/sref8
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref8
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref8
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref9
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref10
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref10
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref10
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref11
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref11
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref11
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref11
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref11
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref12
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref12
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref12
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref12
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref13
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref13
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref13
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref13
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref13
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref14
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref14
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref14
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref14
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref14
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref14
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref15
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref16
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref16
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref16
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref16
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref16
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref16
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref17
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref17
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref17
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref17
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref17
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref18
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref18
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref18
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref18
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref18
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref19
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref19
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref19
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref19
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref19
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref19
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref20
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref20
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref20
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref20
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref20
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref21
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref21
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref21
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref21
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref21
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref22
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref22
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref22
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref22
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref22
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref23
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref23
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref23
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref23
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref23
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref23
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref24
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref24
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref24
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref24
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref24
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref25
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref25
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref25
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref25
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref25
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref26
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref26
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref26
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref26
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref26
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref27
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref27
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref27
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref27
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref27
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref28
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref28
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref28
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref28
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref29
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref29
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref29
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref30
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref30
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref30
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref30
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref30
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref31
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref31
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref31
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref32
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref32
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref32
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref32
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref32
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref32
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref33
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref33
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref33
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref33
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref34
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref34
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref34
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref34
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref35
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref35
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref35
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref35
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref36
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref36
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref36
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref36
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref36
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref37
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref37
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref37
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref37
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref37
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref38
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref38
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref38
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref38
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref39
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref39
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref39
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref39
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref40
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref40
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref40
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref40
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref40
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref40
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref41
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref41
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref41
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref41
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref41
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref42
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref42
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref42
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref42
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref42
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref43
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref43
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref43
http://refhub.elsevier.com/S2238-7854(21)00620-7/sref43
https://doi.org/10.1016/j.jmrt.2021.06.065
https://doi.org/10.1016/j.jmrt.2021.06.065

	Bioactive CaTiO3 film prepared on the biomedical porous Ti–15Mo alloy by one-step hydrothermal treatment
	1. Introduction
	2. Experimental details
	2.1. Sample preparation and characterization
	2.2. Evaluation of apatite-forming ability
	2.3. Evaluation of cytocompatibility

	3. Results and discussion
	4. Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


