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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Oxide layers containing Sr or Sr+Ca 
were prepared on the Ti6Al4V alloy by 
MAO.

• Presence of Sr and Sr+Ca in oxide layer 
improved material corrosion resistance.

• Sr was released continuously from the 
oxide layers over 60 days.

• Sr or Sr+Ca layers evinced the highest 
coefficient of friction on polished alloy.

• Bioactive Sr- and Sr+Ca-doping 
improved osteogenic differentiation in 
vitro.
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A B S T R A C T

Titanium alloys such as Ti6Al4V are widely used in orthopaedic implants due to their excellent mechanical and 
corrosion-resistant properties. However, insufficient early-stage osseointegration remains a critical challenge, 
often leading to implant loosening and failure. To overcome this issue, bone implant design and surface 
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Wear resistance
Corrosion behavior
Cell differentiation
Bioactive material

modification increasingly focus on incorporating bioactive elements. This study explores the enhancement of 
osseointegration through micro-arc oxidation (MAO) surface modification of Ti6Al4V, incorporating bioactive 
strontium (Sr) and calcium (Ca) ions. Two surface pretreatments — polishing (P) or shot-blasting (B) — were 
applied prior to MAO to generate coatings with distinct topographies and compositions: TAV(P), TAV(P)-Sr, TAV 
(P)-Sr-Ca, TAV(B), TAV(B)-Sr, and TAV(B)-Sr-Ca. Surface characterization of the resulting oxide layers confirmed 
the incorporation of Sr, Ca, and phosphate ions, with Sr releasing continuously over 60 days. Wear resistance 
analysis revealed the highest coefficient of friction for the TAV(P)-Sr coatings and the lowest values for TAV(B)- 
Sr. Surface modification by blasting led to reduced corrosion resistance in the TAV(B), TAV(B)-Sr, and TAV(B)-Sr- 
Ca samples. Nevertheless, enhanced corrosion resistance was observed in all samples modified with Sr and 
Sr+Ca. In vitro analyses using human bone marrow-derived mesenchymal stromal cells (hBMSCs) demonstrated 
excellent biocompatibility of all coatings. Notably, Sr-doped and especially Sr-Ca-doped surfaces significantly 
enhanced early osteogenic differentiation, as evidenced by increased alkaline phosphatase activity and type I 
collagen deposition. These findings highlight the synergistic effects of surface topography and Sr-Ca ion doping 
in promoting early-stage osseointegration, offering a promising strategy for improving the performance of 
titanium-based bone implants, particularly in patients with compromised bone healing.

1. Introduction

Titanium and Ti6Al4V alloy are frequently used for bone orthopaedic 
implants, as they have excellent corrosion properties, high biocompat
ibility and osseointegration with bone tissue [1]. However, there is an 
increase in the number of implant failures due to insufficient osseoin
tegration with bone tissue, accompanied by loosening of implants at the 
interface with bone tissue that causes so-called micro-movements and 
the formation of a fibrous capsule. Other factors causing implant failure 
include the loading time, the type of implant, the material used and the 
size of the implant [2].

There is an effort to improve osseointegration of the implant with the 
bone tissue using various surface modifications of the implant material. 
For this purpose, the MAO method, which enables targeted functional
ization of biomaterial surfaces, leading to proper surface micro- 
architecture and chemical composition, corrosion and mechanical 
properties, has found its place in industrial practice [3]. The mechanism 
of oxide layer development during MAO application involves a series of 
complex electrochemical, chemical and physical reactions that are not 
yet fully understood. The oxidation reactions occur at the anode in both 
acidic and alkaline electrolytes in the presence of additives (Ag, Cu, Zn, 
Sr, glycerol) that affect the resulting properties of the ceramic layers 
[4–6]. Applying increased voltage initiates a plasma discharge in a 
multi-step MAO process, which is accompanied by the development of 
an oxide layer and a decrease in the current flow. At the termination of 
the MAO process, electrolyte ions fill the channels of the growing oxide 
layer as the ions react together with the products of the ongoing 
oxidation reactions [7].

The development of optimal electrolyte compositions for MAO ap
plications is moving towards the use of bioactive inorganic ions, such as 
biogenic calcium phosphates and strontium ions, which are bioactive, 
osteoconductive, osteoinductive and can enhance the osseointegration 
of bone implants.

Hydroxyapatite is a natural inorganic part of bone, present in nano- 
sized, poorly crystalline and non-stoichiometric form; it contains CO3, 
HPO4, lattice vacancies and is deficient in Ca and OH [8]. Its composi
tion can be expressed by the chemical formula (where Ø are vacancies): 
Ca8.3Ø1.7(PO4)4.3(CO3 and HPO4)1.7(OH and/or ½CO3)0.3Ø1.7. Bone 
apatite is able to accept many different ionic substitutions, i.e. Sr in its 
crystal structure. Strontium is an element naturally present in bone and 
tooth enamel in trace amounts. Sr incorporated in bone stimulates 
osteoblast proliferation, osteogenic differentiation and bone formation 
and inhibits bone resorption activity of osteoclasts through the activa
tion of signaling pathways that play a role in cell survival, proliferation 
and differentiation [9,10]. These beneficial effects of Sr were also 
documented in a systematic study [11], which showed that incorpo
rating Sr into the MAO coating of titanium implants significantly 
improved osseointegration and bone apposition on these implants in 
animal models. The proportion of Sr in ion-doped MAO coatings 

represents a potential future development of modified coatings in terms 
of their antioxidant properties and enhanced early osseointegration, 
especially in patients with osteoporosis [12]. Strontium-modified Ti-P
DA-Sr implants have demonstrated significantly improved early 
osseointegration in osteoporotic environments by promoting osteo
genesis and simultaneously modulating the immune response towards 
the anti-inflammatory M2 phenotype. The study [13] shows that the 
combination of polydopamine coating and Sr ion release effectively 
stabilizes the bone-implant interface and represents a promising strategy 
for implants in patients with osteoporosis.

The topographical structure is another key parameter of their sur
face, which directly influences the behavior of stem cells, osteoblasts, 
osteoblast precursor cells, endothelial cells, and macrophages, as well as 
the process of osteogenesis at both micro- and nanoscale level. Osteo
genesis represents the regulation of the functions of the mesenchymal 
stem cells (MSCs) and their differentiation into osteoblasts; however, 
under other conditions and stimuli, MSCs can also differentiate into 
adipocytes or chondrocytes. In terms of cell adhesion, migration and 
osteogenic differentiation, surface topography has a broad regulatory 
influence [14]. Increased surface topography at the micron-scale level 
has been shown to stimulate extracellular matrix synthesis of adherent 
cells and to accelerate the osseointegration process. An enhanced 
osseointegration effect of the micron-scale topography has been 
observed in vivo and was accepted in the case of a modified cpTitan 
surface for dental implants [15].

In the current study, the MAO technique was applied to Ti6Al4V 
samples in order to prepare two types of coatings with different contents 
of Sr, Ca and phosphate ions. In addition, Ti6Al4V samples with 
different topographies of surface, prepared by different mechanical 
methods, were studied in detail, either alone or in combination with the 
MAO modifications. The effect of the newly developed materials on cell 
adhesion, proliferation, metabolic activity, and osteogenic differentia
tion was assessed in vitro using cultures of mesenchymal stromal cells 
derived from human bone marrow (hBMSCs).

2. Materials and methods

2.1. Sample preparation

The surfaces of Ti6Al4V alloy samples (15 mm in diameter, 2.6 mm 
in thickness) were mechanically ground and polished using #400 and 
#1200 grit SiC paper, creating a TAV(P) sample. For selected groups of 
samples, the surfaces were subsequently treated using a shot-blasting 
system with an injector (GDS Technology s.r.o., Czech Republic) at a 
working distance of 50 mm and a pressure of 2 bar for 5 min, using 
synthetic Al2O3 with a grain size of up to 0.7 mm as the abrasive me
dium. These processes resulted in the creation of TAV(B) samples. The 
samples were then modified by MAO with the use of two different 
electrolytes under the conditions described below. The MAO technique 
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was used in a pulsed mode by applying a voltage of 450 V, a pulse size of 
0.7 ms, a pulse gap size of 7 ms, and a time of 8 min. To study the effect 
of Sr and phosphates on the materials’ properties, TAV(P)-Sr and TAV 
(B)-Sr samples were prepared under the MAO technique using an elec
trolyte containing 4 g/L SrOH, 6.0 g/L C10H14N2Na2O8‧2H2O (EDTA), 
16.0 g/L Na3PO4, 40 g/L CH3COOH with conductivity 15.3 mS/cm, and 
pH 4.0 was used. To study the effect of Sr, phosphates and Ca on the 
materials’ properties, TAV(P)-Sr-Ca and TAV(B)-Sr-Ca were prepared 
under MAO modification using an electrolyte containing 4 g/L SrOH, 
6.0 g/L C10H14N2Na2O8‧2H2O (EDTA), 16.0 g/L Na3PO4, 4.0 g/L 
C4H6CaO4, 40 g/L CH3COOH with conductivity of 17.9 mS/cm; pH 4.0 
was used.

2.2. Surface analysis of coatings

The surface and cross-section of the samples were studied using a 
field-emission scanning electron microscope (FE-SEM, JEOL JSM-7610F 
Plus, JEOL, Japan) and a backscattered electron (BSE) detector with an 
attached energy-dispersive X-ray spectrometer (EDX, Oxford 
Instruments).

The chemical state of the MAO coatings was evaluated by X-ray 
photoelectron spectroscopy (XPS). The spectra were collected using a 
hemispherical analyzer equipped with a multichannel detector using Al 
Kα radiation sources. Surface roughness Ra (arithmetic average of the 
absolute values of the profile heights) and Rz (maximum height of the 
profile) measurements were carried out in contact mode on a profil
ometer device (Talysurf 50, Taylor Hobson).

The phase analysis of the samples was performed using the Rigaku 
Ultima IV diffractometer (Rigaku Corporation, Japan). The measure
ments were carried out under conditions of Cu Kα radiation utilization at 
an accelerating voltage of 40 kV, current of 40 mA, scanning rate of 1◦/ 
min and a scan range of 10–100◦2θ. The phase composition was eval
uated using the ICDD PDF-2 2022 database. The contact angle (CA) was 
measured using the optical tensiometer Theta Flex (Biolin Scientific, 
Sweden) and a simulated body fluid (SBF) [16].

2.3. Tribological analysis

The tribological properties were tested using a pin-on-disc CSM In
strument tribometer in rotational configuration. Al2O3 balls with a 
diameter of 6 mm were used as counter bodies. The samples and balls 
were cleaned with acetone prior to testing. The tests were performed in 
phosphate-buffered saline (PBS, Sigma-Aldrich, USA) to simulate the 
environment of the human body. The testing solution was composed of 
10 mM phosphate buffer, 2.7 mM KCl and 137.0 mM NaCl and had a pH 
of 7.4 at 25 ◦C.

The normal load used during the test was 1 N, and the linear sliding 
speed was 50 mm.s− 1 for each test. The number of laps was 5000 and the 
radius of the track was 5 mm. The friction coefficient μ was calculated 
from the ratio of the tangential friction force and the normal force. The 
surfaces of the Al2O3 ball and the wear track after testing were analyzed 
using the digital microscope Olympus DSX1000. The wear track profile 
was analyzed by Zygo NewView 7200. The specific wear rate k was 
calculated from the equation k =V / F. s, where V is the wear volume, F 
is the normal load, and s is the sliding distance. The wear volume was 
obtained by multiplying the area of the wear track cross-section and the 
wear track circumference.

An adhesion test was performed with the Revetest Scratch 
Xpress+ scratch tester (CSM Instruments, Switzerland). A Rockwell 
diamond tip (radius 200 μm) was used as an indenter. The scratch test 
load was set to increase linearly from 1 N to 30 N along the 3 mm scratch 
with a linear speed of 10 mm/min. The results of the tests were analyzed 
by DSX1000 digital optical microscopy (Olympus, Japan). Measure
ments were carried out on a pair of identical samples, always using a 
5 mm radius.

2.4. Corrosion tests and ion release

The corrosion behavior of the samples was studied in a three- 
electrode system (Voltalab PGZ 100, France) equipped with Volta
master 10 software. The samples were connected as working electrodes; 
a calomel electrode was used as a reference electrode, and a carbon rod 
was used as an auxiliary electrode. The samples were tested in an 
isotonic physiological solution (0.9 wt% NaCl in double-distilled H2O) in 
order to simulate the environment of living tissue. The electrochemical 
impedance spectroscopy (EIS) method was used to determine the elec
trochemical parameters of the tested surface layers. Before starting the 
potentiodynamic polarisation, the initial potential value was set to 
− 70 mV vs. the open circuit potential (OCP) after stabilisation of the 
corrosion equilibrium, with the polarisation rate set to 60 mV.min− 1.

The release of Sr from MAO coatings was determined by immersion 
testing. Samples were immersed in 50 ml of PBS solution (pH 7.4) and 
shaken in an intermittent rotation vessel (10 rpm) at laboratory tem
perature. From the mixtures, 10 ml of the solutions were taken at 
different intervals: 1, 7, 14, 28, 60 days. The total amount of Sr in MAO 
coatings was determined following the immersion test and their subse
quent digestion in hot HCl solution (1:1). The Sr concentration was 
determined using an atomic emission spectrometer with inductively 
coupled plasma (AES-ICP), Spectro Arcos (SPECTRO Analytical In
struments Inc., Germany).

2.5. Cell culture conditions

The Ti6Al4V alloy samples used for cell culture experiments were 
disinfected in 70 % ethanol for 1 h and irradiated on each side with UV 
light for 30 min and inserted into 24-well plates (TPP, Switzerland). 
Human bone-marrow mesenchymal stromal cells (hBMSCs; 7500, Sci
enCell Research Laboratories, USA) were seeded onto the samples in a 
seeding density of 9000 cells per well (ca 5000 cells/cm2) in 1 ml of 
α-MEM medium (Capricorn Scientific, Germany) supplemented with 
15 % of fetal bovine serum (FBS), L-glutamine (2 mM; STA-B, Capricorn 
Scientific, Germany) and 1 % of antibiotic antimycotic solution (A5955; 
Sigma-Aldrich, USA). The cells were cultured in a humidified atmo
sphere at 37 ◦C and 5 % CO2 for 21 days. After the initial 3 days of 
proliferation, the culture medium was enriched with 2-phospho-L- 
ascorbic acid (50 µM; 49752, Sigma-Aldrich, USA), β-glycerophosphate 
(20 mM; G9422, Sigma-Aldrich) and dexamethasone (10 nM; D2915, 
Sigma-Aldrich) to support osteogenic differentiation of the cells. The 
medium was replaced twice per week.

2.6. Resazurin assay

The metabolic activity of the mitochondrial enzymes of the hBMSC 
cells was evaluated by a resazurin assay. On days 1, 3, 7, 14, and 21 of 
cultivation, the samples were gently removed from the culture plates, 
washed with PBS and placed into fresh 24-well culture plates containing 
1 ml of resazurin solution per well. The resazurin solution (40 µM) was 
prepared by adding resazurin (No. R7017, Sigma–Aldrich, USA) to the 
fresh phenol red-free culture medium supplemented with 10 % FBS. The 
plates were incubated at 37◦C in a humidified atmosphere with 5 % CO2, 
in darkness for 4 h (days 1 and 3), for 2 h (days 7 and 14) or for 1.5 h 
(day 21). After the incubation, the fluorescence intensity of the medium 
(150 µl in 3 parallel measurements) was measured (Ex/Em = 530/ 
590 nm) using a Synergy HT Multi-Mode Microplate Reader (BioTek, 
USA) in triplicate aliquots. The resazurin solution without cells served as 
a blank control. Background fluorescence (from the blank) was sub
tracted, and the results were normalized to the number of cells per area 
of each sample.

2.7. Alkaline phosphatase activity assay

The osteogenic differentiation of the cells cultured on the samples 
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was evaluated by a quantitative assessment of alkaline phosphatase 
(ALP) enzymatic activity using 1-Step PNPP Substrate Solution (p- 
nitrophenyl phosphate; No. 37621, ThermoFisher Scientific) on days 7, 
14, and 21 of culture. The samples were washed with PBS before anal
ysis. Subsequently, 400 µL of PNPP solution was added to each sample, 
and the culture plates were incubated at room temperature (RT) and 
protected from light for 10 min. The absorbance of the resulting water- 
soluble yellow product was measured at 405 nm using a Synergy HT 
Multi-Mode Microplate Reader (BioTek, USA) in triplicate aliquots. The 
absorbance values were corrected to a blank control (PNPP solution 
without cells) and normalized to the number of cells per area of each 
sample.

2.8. Fluorescence staining and microscopy

Fluorescence staining was performed to visualize cell morphology on 
days 1 and 3, and the production of osteogenic markers (type I collagen, 
osteocalcin) by the cells on days 7, 14, and 21. After days 1 and 3 of 
cultivation, the samples were first rinsed with PBS and fixed using 4 % 
paraformaldehyde (pH 7.4) for 15 min, followed by two additional PBS 
washes. Fixed samples were then treated sequentially with 1 % bovine 
serum albumin in PBS containing 0.1 % of Triton X-100 for 20 min and 
with 1 % Tween 20 in PBS for another 20 min (both reagents from 
Sigma-Aldrich, USA). Cell nuclei were stained with Hoechst 33258 
(5 μg/ml in PBS; Sigma-Aldrich; blue stain) while the F-actin cytoskel
eton was stained with phalloidin-TRITC (100 ng/ml, red fluorescent 
signal; Sigma-Aldrich). All staining solutions were prepared in PBS and 
applied to the cells for 1 h at RT, protected from light. Microphotographs 
(10 per sample/well) were captured from randomly selected fields using 
an Olympus IX51 epifluorescence microscope paired with a DP74 
camera (both from Olympus Corp., Japan). After days 7, 14, and 21 of 
cultivation, the cells were stained for type I collagen (all intervals) and 
osteocalcin (days 14 and 21), with the addition of Hoechst 33258 to 
stain cell nuclei. Briefly, the cells were fixed and treated by the same 
process as described above for blocking and permeabilization. Then, 
primary antibodies were applied, i.e., anti-type I collagen polyclonal 
antibody produced in rabbit (1:200, LSL-LB-1197 Cosmo Bio) at 4◦C 
overnight for 7-day (7D) samples. For 14D and 21D samples, mono
clonal anti-collagen type I antibody produced in mouse (1:200, C2456, 
Sigma-Aldrich, 3 h at RT) was applied, followed by rabbit anti- 
osteocalcin antibody (1:200, T-4743, Penninsula Laboratories) at 4◦C 
overnight. Following that, secondary antibodies were applied for 
90 min, i.e., Alexa Fluor™ 546 anti-Rabbit IgG (H+L) cross-adsorbed 
Secondary Antibody (A11010, Invitrogen, 1:400 for 7D), Alexa Fluor 
546 Goat Anti-Mouse IgG (1:600 for 14D, 1:400 for 21D samples, 
A11003, Invitrogen), and Alexa Fluor 488 F(ab')2-Goat anti-Rabbit IgG 
(H+L) cross-adsorbed secondary antibody (1:600 for 14D samples and 
1:400 for 21D, A-11070, Thermofisher Scientific). Cell nuclei were 
counterstained with Hoechst 33258 (5 μg/ml in PBS; Sigma-Aldrich) 
during incubation with secondary antibodies. Microphotographs were 
captured using a Leica Stellaris 8 inverted laser scanning confocal mi
croscope (objective × 40, zoom 0.75). The numbers of cells growing on 
each sample at all observed time points were estimated from the 
Hoechst-stained cell nuclei. Image analysis was performed using ImageJ 
FIJI software (v. 1.54 f) [17] with the StarDist plugin [18] and Cellpose 
software v3.0.11. Representative images were selected for the figures.

2.9. Statistical analysis

Statistical analyses and visualization of data obtained in biological 
experiments were performed using GraphPad Prism 10 (GraphPad 
Software, USA). Two-Way ANOVA with Tukey’s multiple comparisons 
test, or Kruskal-Wallis ANOVA with Dunn’s test was applied depending 
on the data characteristics (normality, variance). The data are presented 
in summary graphs either as median with interquartile range (IQR) or 
mean with standard deviation (S.D.), which is specified in the respective 

figure captions. The significance of the differences was set at p < 0.05.

3. Results and discussion

3.1. Morphology and chemical analysis

The application of different surface pretreatment techniques resulted 
in statistically significant differences in surface textures in relation to Ra 
and Rz parameters (p < 0.01). Table 1 shows the evaluated roughness 
parameters Ra and Rz, which confirm that the application of MAO 
treatment significantly increased the roughness of polished, i.e., TAV(P)- 
Sr and TAV(P)-Sr-Ca surfaces. The surface roughness of the MAO coat
ings on blasted alloy, i.e., TAV(B)-Sr and TAV(B)-Sr-Ca, was similar to 
the unmodified TAV(B). Fig. 1 shows the surfaces treated by polishing 
(Fig. 1a) and blasting (Fig. 1d), including the hierarchical porous 
structures of MAO coatings (Fig. 1b, c, e, f). The different thicknesses of 
MAO coatings shown in Table 1 are related to the presence of Sr ions 
(conductivity 15.3 mS/cm) and a mixture of Sr and Ca ions (conductivity 
17.9 mS/cm) with other ions H+, OH− , Na+, PO3−

4 CH3COO− . A greater 
thickness of MAO coatings was prepared in electrolytes containing Sr 
and Ca ions, which corresponds to a higher plasma discharge intensity at 
the substrate-electrolyte interface. The different state of the micro
structure of the surface prepared by TAV(B) blasting reaches an irregular 
character (Fig. 1d) with open spaces in which air can be trapped, and the 
surface wettability decreased (i.e., contact angle increased) [19]. The 
samples that were polished and subsequently treated with MAO showed 
a reduction in contact angle (CA) and an increase in surface hydrophi
licity (Table 1).

The cross-sections of the MAO coatings are shown in Fig. 2 with the 
identification of the elements present (P, Ti, O, Sr, Ca). The evolution of 
the layer thickness and porous structure of MAO coatings is accompa
nied by electrochemical, chemical, and thermal reactions. When the 
desired voltage is reached, dielectric breakdown and oxide layer growth 
occur, accompanied by a decrease in current and condensation of oxides 
of key elements contained in the electrolyte. Based on the elemental 
mapping results (Fig. 2), it can be concluded that the elements are 
present throughout the thickness of the coating. In addition to the pores 
that are present, microcracks can also be observed in the cross-section of 
the coatings, which occur due to thermal stresses during rapid solidifi
cation of the molten oxide in the electrolyte [7].

The crystalline phases of the MAO coatings were characterized by X- 
ray diffraction (XRD), with representative patterns for each sample 
presented in Fig. 3. The micro-arc oxidation process predominantly 
leads to the formation of titanium dioxide in the anatase phase. As re
ported in the literature [19,20], the localized high temperatures 
(>800 ◦C) and plasma discharges at the oxide layer–electrolyte interface 
induce partial transformation of anatase into the thermodynamically 
stable rutile phase [21]. Rapid cooling may also lead to the formation of 
an amorphous phase, as indicated by the presence of Sr.

Table 1 
Surface roughness, thickness and surface wettability of samples.

Sample Roughness (µm) MAO-coating 
(µm)

Surface wettability 
(º)

Ra Rz Layer CA

TAV(P) 0.21 
± 0.01

1.90 
± 0.19

- 71.23 ± 5.72

TAV(B) 3.62 
± 0.35

22.53 
± 3.96

- 129.80 ± 5.44

TAV(P)-Sr 1.49 
± 0.12

9.98 
± 0.94

9.49 ± 0.78 48.10 ± 8.36

TAV(B)-Sr 3.76 
± 0.26

22.16 
± 1.65

7.95 ± 0.73 46.20 ± 9.66

TAV(P)-Sr- 
Ca

1.80 
± 0.07

11.87 
± 0.69

16.16 ± 1.00 49.44 ± 7.45

TAV(B)-Sr- 
Ca

3.77 
± 0.55

25.93 
± 0.77

14.63 ± 1.27 49.20 ± 5.45
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The presence of the Al₂O₃ phase was detected in the XRD patterns of 
the TAV(B)-Sr-Ca and TAV(B)-Sr coatings, corresponding to the alumina 
used in the blasting medium. Diffraction peaks corresponding to 
metallic Ti originate from X-ray penetration through the coating, 
revealing contributions from the underlying substrate. The heteroge
neity of the coating composition and variations in surface morphology 
affect the intensity and resolution of the detected phases.

Depending on the substrate composition and the ionic species pre
sent in the electrolyte, certain oxide systems remain amorphous, 
whereas crystalline phases form locally during the micro-arc discharge. 
To complement the XRD analysis and achieve detailed identification of 
the oxide systems, X-ray photoelectron spectroscopy (XPS) was 
employed. 

Ti − 4e→Ti4+ (1) 

4H2O + 4e→4OH− + 2H2(2) 

Ti4+ + 2OH− →TiO2 + 2H+ (3) 

The results of the calculated atomic concentrations are shown in 
Table 2 and Supplementary Table S1. The results do not include con
centrations of carbon, which is considered only as a contaminant.

For the individual XPS spectra of the elements (Fig. 4), a charging 
correction was made during the measurements (a shift on the energy 
scale) so that the position of the carbon emission line corresponds to 
graphitic carbon and, at the same time, the position of the main Ti 2p 
peak is at 458.8 eV. The value of the Ti binding energy and the shape of 
the Ti 2p spectrum correspond to the presence of TiO2 oxide on the 
sample surface. The photoemission peak O 1 s in Fig. 4 is similar for all 
samples. The main peak at a binding energy of 531 eV seems to corre
spond to a mixture of TiO2 and other oxides present. It is impossible to 
distinguish the individual contributions due to their similar binding 
energy. The mixture of different contributions corresponds to the rela
tively large width of this peak. Other peaks at higher binding energies 
are due to surface contamination by hydrocarbons.

In Fig. 4, the spectra of Sr 3d and P 2p are shown, where there is a 
significant overlap. These lines represent the main peaks of Sr and P. In 
order to perform the deconvolution, additional peaks of both elements, i. 

e., Sr 3p and P 2s, were measured. The position of Sr at a binding energy 
of 133.4 eV indicates the likely presence of SrO oxide.

The Ca 2p photoemission spectrum with a maximum binding energy 
of 347.3 eV was observed for the TAV(P)-Sr-Ca and TAV(B)-Sr-Ca 
samples (Fig. 4). Due to the nibbling effect, the binding energy value 
is significantly shifted and may correspond to the presence of a com
pound in the form of Ca3(PO4)2 [20] or CaO [21], in accordance with the 
electrolyte composition of the MAO process. According to a study by 
Zhang et. al. [22], the Ca2+, Na+ and Sr2+ ions in the electrolyte can 
react with OH- and PO3−

4 ions to form Sr-and Na- bound co-substituted 
hydroxyapatite (SNH) coatings (Eq. 4). 

(10 − x − y)Ca2+ + xSr2+yNa+ +6PO3−
4

+ 4OH− →Ca10− x− ySryNay(PO4)6(OH)2
(4) 

3.2. Wear behavior

Among all tested coatings, the TAV(B)-Sr surface exhibited the most 
favorable tribological performance, characterized by the lowest and 
most stable coefficient of friction together with a minimal wear rate 
(Fig. 5). The dominant abrasive wear mechanism was confirmed by the 
morphology of both the wear track and the worn ball surface (Fig. 6), 
indicating that the Sr-modified MAO layer on blasted substrates pro
vides a mechanically robust surface capable of resisting friction-induced 
degradation. In contrast, the TAV(P)-Sr coating showed the highest and 
markedly unstable coefficient of friction, which corresponded with 
progressive penetration through the outer porous MAO layer and sub
sequently through the denser inner layer until the Ti6Al4V substrate was 
exposed. This observation was corroborated by EDX point analysis 
(Fig. 7), where the chemical composition inside the wear track closely 
matched that of the underlying alloy, confirming complete coating 
failure in the most heavily loaded regions. The combined adhesive
–abrasive wear mechanism observed on TAV(P)-Sr further reflects 
insufficient mechanical stability of the porous outer layer on polished 
substrates.

Adhesion testing provided additional insight into coating integrity. 
The TAV(P)-Sr-Ca coating demonstrated excellent cohesion and 

Fig. 1. Surface SEM images of TAV(P) (a); TAV(P)-Sr (b); TAV(P)-Sr-Ca (c); TAV(B) (d); TAV(B)-Sr (e); TAV(B)-Sr-Ca (f).
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Fig. 2. EDX elemental mapping.
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adhesion, remaining intact without delamination even at the maximum 
applied load of 30 N (Fig. 8a), indicating strong bonding both within the 
MAO layers and at the coating–substrate interface. In contrast, the TAV 
(P)-Sr coating exhibited initial delamination of the outer coating at a 
critical load of 17.5 N (Fig. 8b), suggesting weaker bonding between the 
outer and inner MAO layers. Nevertheless, the inner MAO layer main
tained full adhesion to the substrate up to 30 N, indicating that opti
mization of MAO processing parameters could mitigate the interlayer 
instability observed in the TAV(P)-Sr system.

3.3. Corrosion resistance and ion release

The corrosion resistance of MAO coatings in the corrosive environ
ment of the isotonic physiological solution was determined by poten
tiodynamic polarization curves (Fig. 9). Table 4 shows the calculated 
values of corrosion potential (Ecor) and corrosion current density (JC) 
based on the Tafel extrapolation method. The shift of Ecor towards 
positive values for the polished MAO coatings TAV(P)-Sr and TAV(P)-Sr- 
Ca indicates that these MAO surfaces are less reactive to corrosive en
vironments. The shift of the corrosion potential toward more positive 
values indicates improved thermodynamic stability of the surface, while 
the increased corrosion current density suggests that the protective 
capability of the coating is limited primarily due to its porous structure.

The potentiodynamic polarization curves (Fig. 9) reveal distinct 
electrochemical behavior for each sample. TAV(P) exhibited the lowest 
Jc (0.095 μA/cm²) and a highly negative Ecor (-551.8 mV vs. SCE), 
suggesting a strong passive oxide layer and high corrosion resistance. 
This aligns with findings that polished Ti6Al4V maintains better 
passivity due to a compact oxide film [23]. TAV(B) showed increased Jc 
(0.239 μA/cm²) and a less negative Ecor (-222.5 mV), indicating higher 
susceptibility to corrosion. Shot-blasting introduces surface defects, 
leading to a weaker protective oxide layer and higher dissolution rates 
[24]. After MAO modification, TAV(P)-Sr and TAV(P)-Sr-Ca displayed 
significantly shifted Ecor towards more noble values (-25.6 mV and 
188.6 mV, respectively), but also higher Jc (0.508 and 0.770 μA/cm²). 
This suggests that Sr and Ca incorporation reduces the thermodynamic 
tendency for corrosion, and results in a more porous oxide structure that 
increases localized degradation [25]. For blasted samples, TAV(B)-Sr 
and TAV(B)-Sr-Ca exhibited the highest Jc (1.410 and 2.629 μA/cm²) 
and the most negative Ecor (-536.0 mV and − 685.9 mV, respectively).

The Bode impedance plots (Fig. 10a) provide insight into the 
frequency-dependent behavior of the coatings. The TAV(P) sample 
exhibited the highest impedance values across all frequencies, indi
cating superior corrosion resistance due to the formation of a dense, less 
porous oxide layer. This observation is consistent with previous findings, 
where polished Ti6Al4V demonstrated improved corrosion resistance 
due to the formation of a more uniform and compact passive film [25]. 
In contrast, the TAV(B) sample displayed the lowest impedance values, 
particularly at low frequencies, suggesting higher electrolyte penetra
tion and weaker barrier properties. Shot-blasting introduces 

Fig. 3. XRD patterns of Ti6Al4V (TAV) modified with blasting (B), grinding and 
polishing (P), and MAO coatings.

Table 2 
XPS analysis of the MAO coatings (wt%).

Sample Element (in wt%)

Ti O Na Ca P Sr C

TAV (P)-Sr 14.7 27.9 1.4 - 22.9 27.5 5.8
TAV (P)-Sr-Ca 13.2 30.2 0.9 8.7 17.8 16.4 12.8
TAV (B)-Sr 7.8 29.5 1.9 - 19.9 24.0 16.9
TAV (B)-Sr-Ca 11.6 30.9 1.1 7.4 21.1 18.3 9.6

Fig. 4. XPS spectra of MAO coatings.
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microstructural defects and increased surface roughness, which can lead 
to a reduction in charge transfer resistance and overall impedance [26].

The incorporation of Sr and Ca via MAO treatment significantly 
improved the impedance values compared to the untreated samples. 
TAV(P)-Sr and TAV(P)-Sr-Ca samples exhibited higher impedance than 
TAV(P), indicating that Sr and Ca enhance the protective oxide layer, 
making it more resistant to electrolyte penetration. Previous studies 
have shown that Sr-containing MAO coatings increase corrosion resis
tance by forming stable Sr-phosphate compounds, which contribute to 
improved barrier properties. Similarly, Ca incorporation has been re
ported to enhance oxide layer stability and reduce capacitance, thereby 
improving corrosion resistance [25]. For the shot-blasted samples, TAV 
(B)-Sr and TAV(B)-Sr-Ca demonstrated moderate impedance improve
ment compared to TAV(B), suggesting that the MAO treatment can 
partially counteract the negative effects of shot-blasting. However, the 

impedance values remained lower than those of the polished samples, 
indicating that the initial surface roughness still influences the overall 
electrochemical behavior.

The Nyquist plots (Fig. 10b) further support the Bode plot findings by 
illustrating the charge transfer resistance (Rct) of each sample. The TAV 
(P) sample exhibited the largest semicircle, confirming its superior 
corrosion resistance due to a well-formed, protective oxide layer. This 
trend is consistent with previous literature, where larger semicircles in 
Nyquist plots correspond to higher Rct values and improved corrosion 
protection [25].

Following MAO treatment, the Nyquist response improved signifi
cantly for TAV(P)-Sr and TAV(P)-Sr-Ca, indicating enhanced charge 
transfer resistance and lower corrosion rates. This enhancement is 
attributed to the formation of Sr- and Ca-containing compounds within 
the oxide layer, which contribute to a denser, more protective coating. 

Fig. 5. Tribology test: (a) course of the friction coefficient and (b) wear rate.

Fig. 6. Wear of friction pairs after the tribological tests in PBS solution. TAV(B)-Sr coating: (a) Al2O3 ball, (b) wear track, (c) wear track profile. TAV(P)-Sr coating: 
(d) Al2O3 ball, (e) wear track, and (f) wear track profile.
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The incorporation of Sr in particular has been shown to promote the 
formation of Sr-phosphates, which improve adhesion and barrier prop
erties [25]. Conversely, TAV(B) showed the smallest semicircle, con
firming the negative impact of shot-blasting on corrosion resistance. The 
introduction of roughness and microstructural defects accelerates the 
charge transfer processes, leading to faster corrosion kinetics [26]. 
However, TAV(B)-Sr and TAV(B)-Sr-Ca exhibited an increase in semi
circle size, indicating that MAO modification improves corrosion resis
tance even in shot-blasted samples, though not to the same extent as 
polished ones.

The release of Sr ions was performed under PBS solution conditions 
at pH 7.4, which did not change during the analysis at each sampling 
interval (1, 7, 14, 28, 60 days). The changes in the concentration of Sr 
released into the PBS solution and the calculated fractions of Sr from the 
total contents from each MAO coating are shown in Fig. 11. Strontium 
oxide, which has been proven in the layer, reacts with water and 
therefore its solubility is related to the solubility of strontium hydroxide, 
which is formed by a reaction with water. At 20 ◦C the solubility of Sr 
(OH)2 is up to 7 g per litre. The dissolution of SrO under PBS solution 
conditions is affected by their ions and the solubility of the formed Sr 
(OH)2 may be different from that in pure water (Eq. 5). The results show 
that there is an increase in the determined Sr content in the solution over 
the time interval studied. After 60 days, more than 25 wt% Sr was 

released from the total Sr content in all the MAO coatings studied. 

SrO+H2O→Sr(OH)2 (5) 

3.4. Cell adhesion, proliferation and differentiation

The human bone marrow mesenchymal stromal cells (hBMSCs) were 
seeded onto the prepared samples and cultivated for 21 days, during 
which they were analyzed in predetermined time intervals. On day 1 
after seeding, the number of initially adhered cells was similar on all 
surfaces. The substrate material modified only with grinding and pol
ishing, i.e. TAV(P) sample, supported cell spreading better than the 
other samples, as is illustrated by the cell morphology after 1 day of 
cultivation (Fig. 12a). The cells on TAV(P) were more elongated with 
longer protrusions and a rich actin filament cytoskeleton. The TAV(P) 
surface was significantly smoother than all other samples, as is apparent 
from the roughness parameters (Table 1). The contact angle of approx
imately 71.2◦ indicated a moderate wettability of the material surface, 
contributing to improved cell spreading and uniform, mostly elongated 
morphology of all attached cells. Cells on the other samples spread less 
uniformly across the sample surface, and more often exhibited polyg
onal morphology. Especially among the cells on the blasted samples, i.e., 
TAV(B) group, a more compact, rounded morphology and long, thin 
protrusions were observed. The differences in cell morphology are a 
direct reaction of the cells trying to accommodate to the more rugged 
surface topography (Table 2, Fig. 1). An effect of Sr, Ca, and P ions, 
dissolved from MAO-treated surfaces, on the cell morphology is also 
possible, even on day 1, as shown in Fig. 11. In addition, we observed 
improved metabolic activity of hBMSC on both TAV(P) and TAV(P)-Sr 
compared to all other samples on day 1. In a study by Zhang et al. 
[27], the initial cell adhesion of MC3T3-E1 cells on porous 
Sr/Ag-containing TiO2 coatings, prepared by MAO, was highest on the 
surfaces with a Sr/Ag ratio of 19.3/0 wt% and decreased with increased 
Ag content, reaching a minimum at a Sr/Ag ratio of 14.85/1.25 wt% one 
and two hours after seeding. On day 1, a decrease in cell proliferation 
was observed in these samples from the Sr/Ag content of 18.73/0.26 wt 
%. The increased Ag content was accompanied by a decrease in O con
tent, which may have influenced the initial cell attachment. Our 
MAO-modified samples contained Sr in the range of 16.4–27.5 wt%, 
corresponding to 5.9–9.9 at% (Tables 2, S1), and the cells proliferated 
on all samples for 21 days.

The number of cells growing on the samples after 3 days showed that 
the TAV(P) samples promoted an increase in cell proliferation (Fig. 12b). 
A similar effect was seen in the increased cell metabolic activity, 
normalized per cell, on the TAV(P) samples, which reached the highest 
levels of all the samples, together with TAV(P)-Sr samples on day 3. In 
general, the samples with the lowest relative surface roughness and 
porosity, i.e. TAV(P) and TAV(P)-Sr, appeared to promote faster cell 
proliferation. Among the blasted sample group, the highest metabolic 
activity was observed in TAV(B) (Fig. 12c). After 3 days of cultivation, 
the proliferation culture medium was changed to the medium support
ing osteogenic cell differentiation. On day 7, the TAV(P) and TAV(P)-Sr 
samples, where the cells reached the highest population densities, 
exhibited a notable reduction in metabolic activity. Conversely, on 
samples with lower cell population densities, the cells became more 
metabolically active (Fig. 12d).

During the following week, the cells on all samples reached conflu
ence, and their proliferation rate was lower, except for the TAV(B)-Sr-Ca 
sample, on which the cell number exceeded the value on the other 
samples on day 14 of cultivation (Fig. 12b). This is in accordance with a 
recent study by Li et al. [28] who observed that Sr2+ ions supported stem 
cell asymmetric division and stem cell renewal, preserved a high number 
of cells in S-phase and thus enhanced proliferation in the early stage of 
osteogenic induction both in vitro and in vivo.

In a study by Zhang et al. [10] MC3T3-E1 preosteoblasts exhibited 
higher metabolic activity when grown on strontium-containing 

Fig. 7. EDX point chemical analysis of TAV(P)-Sr wear track: Spectrum 1 – 
Ti6Al4V substrate, Spectrum 2 – inner MAO layer, and Spectrum 3 – outer 
MAO layer.

Table 3 
EDX analysis of the chemical composition of the TAV (P)-Sr sample at the tested 
points of the friction track. Data are expressed as mean±SD (wt%).

Spectrum O Al Ti V Sr P

1 28.5 
± 0.3

3.5 
± 0.2

63.8 
± 0.1

2.6 
± 0.2

- 1.3 
± 0.2

2 54.8 
± 0.2

2.6 
± 0.2

29.8 
± 0.1

0.8 
± 0.2

- 11.8 
± 0.1

3 43.6 
± 0.3

2.5 
± 0.2

38.0 
± 0.1

1.2 
± 0.2

2.1 
± 0.3

12.3 
± 0.1

Fig. 8. Scratch test of (a) TAV (P)-Sr-Ca and (b) TAV (P)-Sr coatings. Load from 
1 N to 30 N on a 3 mm scratch length.
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hydroxyapatite layers developed by MAO technique on Ti6Al4V on days 
3 and 7 of culture. This activity increased proportionally to the Sr con
tent, which was in the range from 0.86 to 5.4 at%. The highest value is 
similar to that of our MAO-modified TAV samples, with Sr content 
ranging from 5.9 to 9.9 at%, i.e. from 16.4 to 27.5 wt%.

On day 21, the cells growing on all samples reached similar popu
lation densities. However, significantly higher metabolic activity was 
observed in cells on the TAV(B)-Sr sample compared to both TAV(P) and 
TAV(P)-Sr samples (Fig. 12d). The TAV(B)-Sr sample released Sr into 

PBS in moderate concentrations over long time intervals (Fig. 11), which 
could support the cell metabolism.

On day 7, there was a significant increase in metabolic activity that 
matched the changes in ALP activity, which is a marker of early and mid- 
term osteogenic cell differentiation. This increase was observed in cells 
on samples modified with both Sr and Ca, in both the polished and 
blasted groups, i.e., TAV(P)-Sr-Ca and TAV(B)-Sr-Ca, which were closely 
followed by samples modified only with Sr, i.e., TAV(P)-Sr and TAV(B)- 
Sr. From a biological point of view, the effect on early osteogenic dif
ferentiation of hBMSCs represented by analysis of ALP activity on day 7 
was high, as the increase in ALP activity was ~ 4-fold between TAV(P) 
and TAV(P)-Sr-Ca, and nearly 3-fold between TAV(B) and TAV(B)-Sr-Ca. 
The maximum values of ALP activity of the cells in vitro are usually 
detected between day 7 and 10, followed by a decrease to certain lower 
values. The date demonstrated the earliest onset of the osteogenic cell 
differentiation on both TAV(B)-Sr-Ca and TAV(P)-Sr-Ca (Fig. 12e), 
which is a prerequisite for rapid bone regeneration and can significantly 
shorten the healing time in patients. On day 14, the ALP activity reached 
relatively similar levels in all samples, with the highest value recorded in 
the TAV(B) group. This suggests either a delayed or, rather, a weaker but 
prolonged, positive effect of TAV(B) on osteogenic cell differentiation 
compared to the other samples in the blasted group. This effect 

Fig. 9. Electrochemical corrosion behavior.

Table 4 
Corrosion parameters of the studied samples obtained by the Tafel method.

Sample Corrosion potential Ecor (mV vs. 
SCE)

Corrosion current density JC 

(μA/cm2)

TAV (P) -551.8 0.095
TAV (P)-Sr -25.6 0.508
TAV (P)-Sr- 

Ca
188.6 0.770

TAV (B) -222.5 0.239
TAV (B)-Sr -536.0 1.410
TAV (B)-Sr- 

Ca
-685.9 2.629

Fig. 10. (a) Bode and (b) Nyquist diagrams.
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diminished but remained still observable on day 21.
The supportive effect of Sr-Ca modification on the early osteogenic 

differentiation is also indicated by the higher cellular production and 
deposition of type I collagen on the sample surface on day 7. Signifi
cantly higher collagen deposition per single cell was observed on TAV 
(P)-Sr-Ca samples compared to all other samples except for TAV(B)-Sr- 
Ca (Fig. 13a,b). A gradually increasing but similar deposition of type I 
collagen and osteocalcin was observed on all tested samples by confocal 
microscopy on days 14 and 21 (Supplementary Fig. S1). On day 21, the 
mature, correctly assembled collagen fibers were present on all samples, 
as documented by SHG imaging (Supplementary Fig. S2). The collagen 
fibers visualized on the blasted sample group appear less bright due to 
their prominent topography. This topography penetrates the layers of 
the extracellular matrix deposited by the cells, so the fibers could not be 
fully distinguished when the maximum projection was created from the 
z-stack image.

Due to their similar structures, calcium and strontium both act as 
agonists to calcium-sensing receptors, which are expressed on the sur
face of precursor cells, such as bone marrow mesenchymal stromal cells 
(BMSC), or differentiated cells, including osteoblasts and osteoclasts 
[29,30]. The effects of Sr and Ca are mediated through the activation of 
multiple intracellular signaling pathways that regulate cell behavior in 
terms of survival, proliferation, and differentiation. For example, acti
vating the PI3K/AKT and the canonical Wnt/β-catenin pathways in os
teoblasts leads to the upregulation of genes related to osteogenic 
differentiation (e.g., alkaline phosphatase, osteocalcin, type I collagen). 
Stroncium can also inhibit the formation and differentiation of 
bone-resorbing osteoclast cells and promote the apoptosis of mature 
osteoclasts by activating DAG-PKC βII and other pathways (for a review, 
see [31]). In our experiments, we observed a positive effect of Sr on early 
osteogenic differentiation, evidenced by notably higher alkaline phos
phatase activity and increased type I collagen deposition by hBMSCs 
growing for 7 days on the samples modified with Sr and Ca (Fig. 12e, 
Fig. 13).

The long-term release of Sr from the samples was highest for TAV(B)- 
Sr-Ca, followed by TAV(P)-Sr-Ca and the other samples. The sustained 
release of Sr is important for the long-term bioactivity of implants. EDX 
analysis of the MAO coatings after the 21-day incubation with cells 
(Table 5) showed relatively high concentrations of Sr and P, and an 
average Ca concentration on the TAV(P)-Sr-Ca sample. Interestingly, the 
TAV(P)-Sr samples contained as many Ca ions as the MAO coatings with 
Sr and Ca. This suggests significant deposition of Ca by the hBMSCs on 
this sample. On the other hand, TAV (B)-Sr contained lower concen
trations of Ca on its surface, although the P and Sr concentrations were 
similar to those of most of the samples. The precipitation/dissolution of 
hydroxyapatite and the relative incorporation of Sr into hydroxyapatite 
seemed to differ in the tested samples. The surface created by MAO 
modification with both Ca and Sr ions more closely simulated natural 
conditions for hydroxyapatite precipitation.

Zhou et al. [32] studied the osteogenic potential of Ti coatings doped 
with Ca, P, Co and F, with different Sr contents, i.e. 6, 11, and 18 wt%, 
prepared by MAO. RT-PCR analysis of rabbit bone marrow MSCs 
cultured on these layers showed increased expression of the genes 
involved in osteogenesis, such as runt-related transcription factor 2 
(runx2), osteocalcin, bone sialoprotein, type I collagen, and osteopontin 
on all MAO-treated samples compared to control Ti during 14-day cell 
culture. Increasing the Sr content further stimulated all these genes, 
reaching a maximum level at 15 wt% Sr. In vivo implantation of Ti im
plants coated with the same layers in the femoral shafts of rabbits for 8 
weeks also showed enhanced osseointegration, as measured by 
bone-to-implant contact rate and a pull-out force. The highest values 
were observed for the Sr content of 11 wt%, with values gradually 
decreasing for 18, 6 and 0 wt%.

There are also water molecules present within the apatite crystal and 
on its surface, creating a hydrated layer with an amorphous calcium 
phosphate-like phase [8], which may contain a variety of ions and 
charged proteins. The mineral ions present in the hydrated layer may be 
incorporated into the regular, non-stoichiometric apatite crystals during 
their growth [33]. Conversely, nanocrystalline apatites can act as res
ervoirs of mineral ions, which are slowly released either spontaneously 
through reverse ion exchange with calcium ions in body fluids in the 
surrounding environment, or through the complete dissolution of the 
apatite crystals by osteoclasts. The former process of ion release could 
predominantly be involved in the local stimulation of stem cells or os
teoblasts on Ca-P (Sr) nanocrystalline materials and other ceramics, as 
well as in their interaction with tissues [33].

Strontium is rapidly incorporated into newly formed bone regions. 
Cooper et al. [34] proved the presence of higher concentrations of Sr in 
the periosteal lamellae and in the trabecular remodeling sites of the 
vertebrae of rats treated with strontium ranelate. Li et al. [35] quantified 
the incorporation of Sr into newly-formed bone and discovered that Sr 
replaced around 3–5 % of Ca within the apatite crystal lattice. During 
the treatment of osteoporosis in postmenopausal women, the adminis
tration of 2 g/day of strontium ranelate resulted in around 5 % of Ca 
replacement by Sr in the lattice of newly formed bone apatite [35]. In a 
study performed on dogs, Frankær et al. [36] found that 35–45 % of Sr 
was present in the highly ordered sites of the hydroxyapatite, 5–35 % of 
Sr was found on the surface of the apatite crystals or collagen, and a 
significant proportion (30–50 %) of Sr was present in bone fluids. 
Modifying the hydroxyapatite crystals with 10 % Sr changed their 
properties, making them smaller and more soluble; the apatite crystals 
also contained more CO3 in their lattice.

Pure titanium implants with a surface that was sandblasted and acid- 
etched were implanted into the proximal tibias of rats [37]. The animals 
treated with strontium ranelate showed improvement in bone micro
architecture around the implant, as well as increased pull-out strength, 
elastic modulus, tissue hardness, and working energy of the cortical 
bone near the implants, compared to the untreated control group.

Fig. 11. Determination of Sr stability in MAO coatings in SBF solution (1, 7, 14, 28, and 60 days). All experiments and measurements were performed in four 
replicates; the results are represented by mean ± standard deviation (S.D.).
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However, some studies have not proven the positive effect of Sr 
doping on implant osseointegration. The in vivo implantation of cylin
drical Ti6Al4V implants coated with 5 % Sr-doped hydroxyapatite into 
dog bones did not affect implant fixation or osseointegration compared 
to HA-coated implants after 4 and 12 weeks. When Sr-doped hydroxy
apatite was mixed with an allograft and implanted as a bone graft 
extender, increased bone formation (by 21 %) and allograft preservation 
(by 18 %) were observed, but the newly-formed bone was not in direct 
contact with the implant [38]. In these studies, however, the long-term 
release of Sr was not evaluated.

4. Conclusions

We prepared polished or blasted Ti6Al4V samples, i.e. TAV(P) and 
TAV(B) samples of different surface roughness, which were further 
modified using the MAO technique. The MAO treatment resulted in the 
creation of TAV(P)-Sr, TAV(P)-Sr-Ca, TAV(B)-Sr and TAV(B)-Sr-Ca sur
faces. The physical and chemical properties, as well as the biocompati
bility of the prepared samples were then analyzed.

The presence of Sr, P, and Ca in the prepared ceramic coatings was 
confirmed by EDX and XPS analyses. The Sr ions were released contin
uously from the samples for 60 days. TAV(B)-Sr and TAV(B)-Sr-Ca 

Fig. 12. Proliferation and differentiation of hBMSC on the material surface. (a) Cell morphology on day 1 visualized by fluorescent staining of the cell nuclei (blue 
fluorescence) and F-actin filaments of the cell cytoskeleton (red fluorescence). Olympus IX51, DP74 camera, objective × 10, scale bar = 200 µm. (b) Proliferation of 
hBMSC on the materials. The data are expressed as median with IQR; n = 20–30 (day 1 and 3), n = 16 (day 7), n = 8 (day 14 and 21). (c) Cell metabolic activity 
measured on days 1 and 3, and (d) on days 7, 14, and 21 after seeding. Mean with S.D., n = 3. (e) Differentiation of hBMSC cells on the materials was measured as the 
enzymatic activity of alkaline phosphatase (ALP). Mean with S.D., n = 3. Two-Way ANOVA with Tukey’s multiple comparisons test, or Kruskall-Wallis ANOVA with 
Dunn’s test, was applied depending on the data (p < 0.05). Comparisons were made for each time interval separately; * means significance against all samples.
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coating layers exhibited higher Ra and Rz roughness values than TAV 
(P)-Sr and TAV(P)-Sr-Ca surfaces. Thicker coatings were produced on 
the samples with Sr-Ca doping.

The MAO process enabled the creation of an abrasion-resistant sur
face. The analysis of wear resistance revealed an increasing coefficient of 
friction as follows: TAV(B)-Sr coating < TAV(P) < TAV(B) < TAV(B)-Sr- 
Ca < < TAV(P)-Sr-Ca < TAV(P)-Sr.

The results describing the corrosion behavior of MAO indicated a 
significant effect of surface pretreatment, particularly due to surface 
defects introduced by blasting. The incorporation of Sr and Ca ions into 
the electrolyte contributed to the formation of a stable MAO oxide layer 
and enhanced the surface bioactivity.

In vitro experiments with human bone marrow stromal cells 
(hBMSCs) showed the excellent biocompatibility of all the prepared 
surface layers. The supportive effect of Sr and Sr-Ca modification on 
early osteogenic cell differentiation was documented by an increase in 
alkaline phosphatase activity and type I collagen deposition, which was 
prominent on both polished TAV(P) and shot-blasted TAV(B) samples.
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