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Supplementary Materials and Methods

MAO coating fabrication on the surface of flat disk-like samples: The preparation of the sample surfaces
before the coating included the chemical etching in an aqueous solution of nitric and hydrofluoric acids in
volume ratios of HNOz:HF:H20 = 1:2.5:2.5, at room temperature for 10 — 15 s, followed by a neutralization
in a 1% aqueous solution of sodium hydroxide for 15 s and the three-time rinsing in distilled water, where
the beaker was placed in an ultrasound bath.

To fabricate the first MAO coating (MAO 1), the disk-like samples were processed in a water-based
electrolyte solution with 10% phosphoric acid (HsPOs, reagent grade, Component-Reaktiv, LLC, Moscow,
Russian Federation) at a voltage of 270 V, a voltage rise rate of 2 V/s, a pulse repetition rate of 100 Hz and
a pulse duration of 70 s for 15 minutes. A supersaturated solution of CaO (reagent grade, Component-
Reaktiv, LLC, Moscow, Russian Federation) in a 10% HsPOs solution with 10 g/L dispersed hydroxyapatite
(reagent grade, Fluidinova, Maia, Portugal) was applied to form the second MAO coatings (MAO 2) on the
disk-like samples. The MAO process parameters were as follows: voltage 320 V, voltage rise rate: 3 V/s, a
pulse repetition frequency of 200 Hz, a pulse duration of 100 s and a formation time of 15 minutes. To
form the third MAO coating (MAO 3) on the disk-like samples, an electrolyte solution containing calcium
acetate hydrate (reagent grade, Ca(CHsCOO): - H20, ¢ = 15.6 g/L, Component-Reaktiv, LLC, Moscow,
Russian Federation) and disodium hydrogen phosphate anhydrous (reagent grade, Na2zHPOs, ¢ =36.8 g/L,
VEKTON JSC, Saint Petersburg, Russian Federation), with the addition of HsPO: at a concentration of 2.5
mL/L was applied. The formations of MAO 3 coatings were performed at a voltage of 500 V, a voltage rise
rate of 3 V/s, a pulse repetition frequency of 500 Hz and a pulse duration of 400 s for 15 minutes. In all
cases for coating the disk-like samples, the electrolyte solution temperature was kept at 15 °C during the
MAO process.

MAO coating fabrication on the surface of 3D printed implant samples: Due to the complex geometric
structure of 3D printed samples (SI Figure S1 and S2C), the parameters of the MAO process for coating
their surfaces differ from parameters for the flat disk-like samples. Therefore, the coatings of the MAO 1
were treated in an electrolyte containing 10% HsPOs (reagent grade, Component-Reaktiv, LLC, Moscow,
Russian Federation) at a voltage of 320 V with a voltage rise rate of 3 V/s, with a pulse repetition rate of 230
Hz and a pulse duration of 120 s for 50 minutes. The coatings of the MAO 2 were fabricated in a
supersaturated solution of CaO (purchased from Component-Reaktiv, LLC, Moscow, Russian Federation)
in 10% HsPOs with 10 g/L dispersed hydroxyapatite (purchased from Fluidinova, Maia, Portugal) at process
parameters: a voltage of 320 V; a voltage rise rate of 3 V/s, a pulse repetition rate of 230 Hz; pulse duration
of 120 s; formation time — 50 minutes. And at last, the micro-arc oxidation process of the samples of MAO
3 was carried out in an electrolyte containing calcium acetate hydrate (Ca(CH3COO): - H20, ¢ =15.6 g/L,
purchased from Component-Reaktiv, LLC, Moscow, Russian Federation) and disodium hydrogen
phosphate anhydrous (Na2HPOs, ¢ =36.8 g/L, purchased from VEKTON, JSC, St. Petersburg, Russia), with
the addition of HsPOs at concentrations of 2.5 mL/L at follows parameters: a voltage of 500 V; a voltage rise
rate of 3 V/s, a pulse repetition rate of 500 Hz and a pulse duration of 400 s; formation time — 20 minutes.
The electrolyte temperature in all cases did not exceed 25 °C during the MAO process.

Supplementary Results and Discussion

X-ray diffraction: X-ray patterns of MAO 1 coating display reflections from the planes (101), (004),
and (200) at the angles 2 = 25.26°, 37.60°, 48.12° and which are correlating to the anatase phase (Figure
3D). In turn, the reflections from the planes of (110), (101), (200), (111), (211), (220), (002) and (301) at the
angles of 2 = 27.32°, 36.04°, 39.58°, 41.18°, 54.26°, 56.63°, 62.92° and 68.82°, respectively correspond to
rutile phase. The remaining peaks present in the diffraction pattern of the MAO 1 coatings correspond to
reflections of the a-Ti phase, which are the reflections from the planes of (100), (002), (101), (102), (110),
(103), (200), (112) and (201) at the angles of 2 = 35.40°, 38.46°, 40.38°, 53.30°, 63.68°, 71.02°, 75.18°, 76.98°
and 78.28°, respectively. The phase fractions of the crystallite phases reveals that the amorphous phase is
the dominating fraction followed by «-Tij, rutile and anatase (Figure 3E). The large excess of amorphous
phase suggests that a high level of biocompatibility can be expected (Figure 3D, 3E, SI Figure S5 and SI
Table 54 - S6). It is likely that the amorphous phase of MAO 2 and MAO 3 is predominantly calcium
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phosphate, while the one for MAO 1 is amorphous titanium dioxide. A possible reason for the absence of
rutile and anatase phases in MAO 2 coatings is their great thickness, because of the formation of titanium
dioxide occurs predominantly on the surface of the metal substrate at the beginning of the MAO process.
The thicker the coating on the metal surface, the less likely titanium dioxide phases can be detected.

The X-ray patterns of the MAO 3 coatings look very similar to the ones of the MAO 1 coatings
(Figure 3D). Intensity and full width at half maximum of the crystallite peaks for the anatase phase are
larger compared to the same peaks in the X-ray diffraction patterns of the MAO 1 coatings, hinting either
a more regular phase, or a larger phase fraction. In addition, some of the peaks at angles2  =27.32°, 36.04°,
41.18°, 68.82° correspond to reflections from the (110), (101), (111) and (301) planes of the crystalline phase
of rutile are missing on the X-ray patterns of MAO 3 coatings. It should be noted that the distribution of
crystallite fraction for this coating is comparable to MAO 1 (Figure 3E, SI Figure S6 and SI Table 54 — 56). It
has been reported that the presence of titanium dioxide polymorphs such as rutile and anatase promotes
biocompatibility, cell adhesion and proliferation of such type of coatings [1-3].

The X-ray diffraction patterns of the MAO 2 coatings differ significantly from the MAO 1 and MAO
3 coating samples. MAO 2 displays significant diffuse scattering from the quasi-amorphous phase in the
2 range from 17° to 35° and a few weak peaks at angles 2 = 35.46°, 40.48°, 75.10° and 78.34°, which
correspond to reflections from (100), (101), (200), and (201) planes of the a-Ti phase. Not even one peak
corresponds to the crystalline phase of the calcium phosphate coating, which indicates its highly
amorphous structure. It is known, that the amorphous calcium phosphate materials contribute to
improving osteoconduction in the early stages (unlike crystalline ones) due to the rapid dissolution and
release of calcium and phosphorus [4,5]. The phase composition, elemental composition mapping and
crystal lattice parameters for the examined coatings are given in Figure 3E, SI Figure S5, SI Table S3 and 54,
respectively.

Scratch Test: Upon higher magnifications of the scratches, micro-cracks are clearly observed,
propagating in opposite directions inside the grooves and opening in the direction of the indenter
movement (SI Figure S7, top view zoom-in micrographs). The formation of such cracks is caused by the
action of tensile stress behind the indenter. It should be noted that the cracks are localized inside the
grooves. Damage features by means of chevron cracks for MAO 1 and MAO 3 coatings and by means of
arc tensile cracking for MAO 2 coatings (SI Figure S7, top view zoom-in micrographs) indicate on brittle
tensile cracking pattern of the investigated coatings. Cracks located outside the groove observed on the
MAO 3 coatings were not caused by the action of the indenter but were formed on the surface during the
formation of coatings under the action of micro-arc discharges (SI Figure S7C, top view zoom-in
micrograph). It is assumed that these cracks are superficial and do not propagate to the entire depth of the
coatings, since delamination of the coatings from the substrate, as in the two previous cases, was not
observed. For this reason, it can be assumed that the adhesion and mechanical strength of the MAO
coatings investigated is sufficient. This statement is supported by the indentation profile curves shown in
SI Figure S7. Inside the plow grooves and near to them, crumbling particles of ploughed material are also
observed (SI Figure 57, top view zoom-in micrographs).



Supplementary Figures

E|[©]150

[8Te[120dn] o [5.00] ° [F[e[oe8.00

G|©|8.00
A|©]12.00

Figure S1. Technical drawings of the 3D printed implant samples with a mushroom-like shape.
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Figure S2. Macroscopic appearance of the sample types utilized in this study with applied MAO

coatings. (A) Small titanium disks with a diameter of 10 mm, (B) Large titanium disks with a
diameter of 40 mm and (C) 3D printed titanium implant samples with a mushroom-like shape.
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Figure S3. (A) Photographs of the formed bone defect, (B) fixation of the 3D printed implant, (C)
the appearance of the rabbits after suturing the wound (D) and after removing the sutures.
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Figure S4. (A) Water contact angle (WCA) and diiodomethane contact angles (DCA) and (B)
resultant surface energy , as well as the disperse component P and the polar component P of .
The values are given in Table S2.
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Figure S5. Different image overlays of EDX elemental mapping micrographs of the elements

titanium (Ti), oxygen (O), phosphorus (P) and calcium (Ca) for the examined MAO 1 - 3 coatings.
The scale bar is 50 mm and representative for all micrographs shown in this figure.
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Figure S6. Gaussian fits of the X-ray scattering patterns shown in Figure 3 of the main manuscript.
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Figure S7. SEM micrographs of the investigated MAO coating surfaces with top views shown in
the upper line and corresponding top view zooms in the lower line. (A) MAO 1 coating, (B) MAO
2 coating and (C) MAO 3 coating after scratch test. The last row displays averaged scratch test
profilograms (consists of three scratch test measurements) of the MAO coatings with their
respective linear fits included.
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Figure S8. The indentation hardness (Hir) and indentation elastic modulus (Eir) of the coatings
MAO 1, MAO 2 and MAO 3, values displayed in Table S8.
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Figure S9. Equivalent electrical circuits schemes used for modelling the electrochemical impedance
spectroscopy (EIS) spectra shown in Figure 3F — 3H in the main manuscript for: (A) an unmodified
titanium alloy sample surface and (B) a MAO coated sample surface.

S-8



Supplementary Tables

Table S1. Average coating thickness and morphological surface parameters of the investigated MAO
coatings. The Roughness is given as average roughness (Ra) and average height difference (Rz).

Sample Average Number of Average Pore Roughness ( m)
Coating Pores per Diameter ( m) Ra Rz
Thickness 1000 m?
( m)
MAO1 3.90+1.16 345+15 0.90 + 0.56 1.7+0.3 42+04
(titanium
oxide)
MAO 2 42.00 +2.09 25.6+2.3 3.76 + 1.08 (pores) 29+05 6.2+0.7
(Ca/P =0.4) (pores) 10.71 £2.50
19.6 +2.4 (spheres)
(spheres)
MAO 3 21.85+5.53 1725+12.6 0.82+0.20 22+0.3 47+04
(Ca/P = 1.0)

Table S2. Wettability results for all investigated samples given by water contact angles (WCA) and
diiodmethane contact angles (DCA). The surface energy vy of the samples, as well as their disperse
component YP and the polar component Yy of the surface energy.

Sample WCA (°) DCA (°) Surface Energy Dispersive Polar Component
(m]/m?) Component P P (m]J/m?)
(mJ/m?)
Control 64.70+4.04 28.40+287 53.01 +0.99 53.01 + 0.99 53.01 + 0.99
MAO1 3270+4.51 3540+1.78 63.89 +0.87 40.83 +£0.39 23.06 +0.48
MAO2 1190+292 56.40 +3.06 71.90 +1.20 30.15 £ 0.58 41.75 £ 0.62
MAO3 2470+249 27.10+1.32 72.51+0.64 4494 +0.31 27.58 +0.33

Table S3. Elemental composition of the MAO coatings determined by EDX for the elements carbon (C),
oxygen (O), aluminium (Al), phosphorus (P), calcium (Ca), titanium (Ti) and the calcium to phosphorus
(Ca/P) ratio.

Sample C (at.%) O (at.%) Al (at.%) P (at.%) Ca (at.%) Ti (at.%) Ca/P
MAO1 398+3.54 5094+194 1.07+£0.04 928+040 0.12+0.12 34.61+1.26 -
MAO2 21.10+149 4447+131 029+0.07 1713+0.15 6.67+0.18 10.34+0.20 0.39+0.01
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MAO 3 - 43.92 +1.51

0.90+0.15

2.38+0.12

249+0.09 50.31+1.36

1.05+0.05

Table S4. The phase composition and crystal lattice parameters of the examined MAO coatings by XRD.

Sample Phase Crystal Lattice Coherent Ad/dx107
Parameters Scattering Region
(A)
MAO1 a-Ti a=2.9165 49 1.0
¢ =4.6596
TiO:z Rutile a=4.5845 34 1.3
c=2.9576
TiO2 Anatase a=23.7784 45 6.3
c=9.4790
MAO 2 a-Ti a=2.9203 64 0.6
c=4.6205
MAO 3 a-Ti a=29218 49 0.8
c=4.6651
TiO:z Rutile a=4.5433 - -
c=2.8612
TiO2 Anatase a=23.7883 45 6.4
c=9.4794

Table S5. XRD peak fitting parameters (XC — peak center, W — peak width) calculated from the XRD

pattern shown in Figure 3D of the main manuscript.

Sample Peak Number XC2 ) W@ ©p Area Area Error
MAO1 1 6.0 11.0 729.8 23.0
2 254 0.5 27.0 2.0
3 27.6 0.4 184 1.8
4 35.5 0.4 185.7 1.7
18.0 33.0 400.0 4.0
6 39.5 1.7 97.1 3.9
7 40.7 0.9 91.7 2.8
8 48.1 0.5 7.0 0.4
9 53.5 0.5 9.0 0.5
10 54.3 0.8 24.7 1.2
11 57.0 1.0 7.0 0.4
12 63.0 0.6 8.0 0.4
13 63.8 0.8 28.0 14
14 69.0 0.5 5.0 0.3
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15 70.0 1.0 6.0 0.3

16 71.2 0.5 8.0 0.4
17 75.0 0.5 25.0 1.3
18 77.0 0.6 12.0 0.6
19 78.3 0.5 69.0 3.5
MAO 2 1 6.0 9.0 589.0 44
2 25.7 13.6 696.0 2.5
3 35.6 0.5 8.4 0.2
4 40.3 0.5 53 0.3
5 54.5 20.0 341.0 1.8
6 75.3 0.8 8.2 0.4
7 78.0 0.8 19.8 0.4
MAO3 1 7.0 12.0 575.0 28.8
2 25.0 0.8 39.3 14
3 25.0 12.0 300.0 15.0
4 35.5 0.5 119.0 6.0
38.6 0.8 30.0 1.5

6 40.0 0.5 5.0 0.3
7 40.8 0.5 47.4 1.1
8 48.1 0.8 20.0 1.5
9 54.0 5.1 714 4.6
10 55.3 0.5 2.6 1.2
11 64.0 0.5 54 1.3
12 52.7 24 39.0 3.5
13 71.6 1.5 21.7 19
14 75.3 0.9 28.9 14
15 77.0 0.5 7.8 1.1
16 78.3 1.1 63.9 1.7

Table S6. MAO phase composition based on SI Table S4.

Crystallite Phase Percentage
Sample Area Area Error Percentage Error
Fraction (%)
MAO1 Amorphous phase 1129.8 27.0 64.3 1.5
TiO2 Anatase 34.0 2.4 1.90 0.1
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TiOz Rutile 203.1 10.1 11.5 0.6

a-Ti 391.4 10.2 223 0.6

Total 1758.3 49.7 100 2.8

MAO 2 Amorphous phase 1626.0 8.7 97.5 0.5
TiO2 Anatase B B B B
TiOz Rutile ~ ~ _ i

a-Ti 41.7 1.3 25 0.1

Total 1667.7 10.0 100 0.6

MAO 3 Amorphous phase 946.4 48.4 65.4 3.3

TiO2 Anatase 59.3 29 4.10 0.2

TiOz Rutile 151.4 8.4 10.4 0.6

a-Ti 290.7 17.1 20.1 12

Total 1447.8 76.8 100 5.3

Table S7. Mechanical properties of the investigated coatings, Fmax is the maximum indentation force, hmax
is the maximum indentation height, Eir is indentation elastic modulus and Hir is the indentation hardness.

Sample Fmax (mN) hmax ( m)

Eir (MPa)

Hir (MPa)

MAO1 50 0.860 £0.155 81400 +19486 4255 + 2061
MAO 2 50 4.878 £1.966 9620 + 2928 164 + 185
MAO3 50 1.018 +0.258 52600 + 19974 3435 + 1666

Table S8. Calculated parameters of the electrical equivalent circuit elements (EEC, the constant phase
elements CPE1 and CPE;, the CPE coefficients Q: and Q:) for the electrochemical impedance spectroscopy

(EIS) of the MAO 1 - 3 coatings.

CPE: CPE:
Ra R2

Sample Q Q:
Q-cm? Q-cm?
(S-Cm-z.sn) ni ( cm ) (S.Cm-Z.Sn) n2 ( cm )
Control e 2.6:10° 0.94 2.3-10¢
MAO1 3.5-107 0.81 5.5-104 1.2-10¢ 0.57 4.6-107
MAO 2 2.5:107 0.86 6.7-104 5.4-10° 0.51 2.0-107
MAO 3 3.7:107 0.86 5.9-104 6.8-10¢ 0.51 5.5-10¢

Table S9. Electrochemical parameters (corrosion potential Ec, current density jc, Tafel slope of the anodic

branch of the potentiodynamic polarization curve

o, Tafel slope of the cathodic branch of the

potentiodynamic polarization curve — £, polarization resistance Rp and the value of the impedance |Z1) of
the MAQO 1 - 3 coatings determined by electrochemical impedance spectroscopy (EIS).
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Ec . y5 -5

jc Ry, |Z|¢-0nz,

Sample A(;/]L;VCSI) (A-cm?) (V/decade) (V/decade) (Q-cm?) (Q-cm?)
Ti control -0.28 8.1-108 0.28 0.15 49105 4.7-105
MAO1 0.41 7.7-10° 0.51 0.15 6.7-106 3.4-106
MAO 2 0.51 3.9-10 0.66 0.11 1.1-106 7.4-105
MAO 3 0.29 6.1-108 0.73 0.13 9.7-105 6.1-105

Table S10. Surface coverage rate of cells stained with Alizarine red for the samples control (-) (plastic Petri
dish), Ti control (+) (unmodified titanium sample — without a MAO coating) and the MAO 1 - 3 coatings.

Sample After 21 Days

Coverage Rate (%)

Control (-) 0.000
Ti control (+) 0.778
MAO1 7.619
MAO 2 0.134
MAO3 18.001
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