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HIGHLIGHTS

« Unique combination of PVD and MAO
techniques was used to prepare
hybrid coatings to improve Ti-6Al-4V
alloy properties.

« Prepared hybrid coatings with ZrTi
exhibited improved corrosion and
abrasion resistance, and a lower
coefficient of friction.

« Hydrophilic oxide structure of
prepared hybrid coatings increased
osteogenic differentiation of human
bone marrow mesenchymal stem
cells in vitro.

« Combined use of MAO nad PVD
techniques provides new possibilities
of fine tuning the material surface
layer properties.
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ABSTRACT

This study is focused on the preparation of new hybrid layers intended for surface modification of Ti-6Al-
4V alloys for potential orthopaedic and dental applications. Combination of the technology of physical
vapour deposition (PVD) and subsequent micro-arc oxidation (MAO) was utilized for the deposition of
Ti and ZrTi to form hybrid oxide layers. The oxide layers were prepared using an alkaline electrolyte with
glycerol as an additive under micro-arc discharge conditions with different Si content on their surfaces.
The hybrid ZrTi coatings with a Zr/Si structure achieved the best tribological properties described by a
low friction coefficient of 0.3 and high abrasion resistance. There was also an increase in corrosion poten-
tial and polarization resistance of hybrid ZrTi coatings. Although the proliferation of human bone marrow
mesenchymal stem cells was slower on these hydrophilic Ti and ZrTi coatings than both on uncoated Ti-
6Al-4V and the reference tissue culture polystyrene dishes, both types of hybrid coating promoted
greater osteogenic differentiation of these cells, indicated by approx. twice as high activity of alkaline
phosphatase. The hybrid oxide layers newly developed in this study - especially the layers with Zr -

are therefore promising for coating metallic bone implants.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The design and the uses of biomaterials for bone implantation
are closely bound to their strength, modulus of elasticity, wear
resistance and non-toxicity, osseointegration or bioinertness. High
osseointegration potential, i.e. attractiveness for the adhesion,
growth and phenotypic maturation of bone cells, is needed for
long-term/permanent orthopedic implants, such as stems for
replacements of large and small joints (e.g., hip, knee, shoulder,
and trapeziometacarpal joints) and for stomatological implants,
especially for parts which are integrated into the bone (e.g., the
stems and cups of hip joint replacements). Firm osseointegration
of these implants improves their stability, prolongs their lifetime
and, at the same time, reduces the likelihood of failure and the
need for reoperation. Bioinertness, i.e. repulsiveness of a biocom-
patible material for cell adhesion and growth, is needed for
short-term/temporary implants, e.g. for traumatological implants
such as splints, wires, screws or spikes, so that they can be
removed easily after the bone damage has healed [1].

The excellent corrosive and mechanical properties of pure Ti
and Ti alloys make them suitable for application in both types of
bone implants mentioned above [2]. Significantly better mechani-
cal properties were achieved via stabilisation of the o + B phases in
Ti-6Al-4V alloy [3]. Titanium alloys with a stabilised B phase, con-
taining elements such as Nb, Ta or Zr, are becoming more and more
popular. The main benefits of these alloys are their lower modulus
of elasticity and the absence of toxic elements such as Aland V [1].
Growing evidence of the release of these elements into the body is
being gathered. This release is linked with neurodegenerative dis-
eases like Alzheimer and Parkinson, peripheral neuropathy, and
also can affect negatively the proliferation of adjacent bone cells,
extracellular matrix synthesis and the formation of bone apatite,
which an lead to osteomalacia [4]. The cytotoxicity of these ele-
ments is further potentiated or enhanced by the release of other
metal ion species (particularly Ti), which is of increasing impor-
tance, especially during tribocorrosion phenomena. This type of
synergistic adverse effect of the released ions is well-known both
for pure Ti and for titanium alloys, and it is therefore crucial to
address the material surface degradation process in the human
body [5]. Titanium itself in the form of ions, and in the form of
nanoparticles and microparticles, can cause cytotoxic, inflamma-
tory, allergenic and even mutagenic and carcinogenic effects [6].

The well-known poor tribological properties of Ti and titanium
alloys, accompanied by a high friction coefficient and insufficient
abrasion resistance, place increased emphasis on the subsequent
surface treatment ensuring sufficient tribological, corrosion, and
biocompatible properties [7]. Commercial coatings for implants
that are most commonly applied to improve these properties
include diamond-like carbon (DLC) [8], nitride [9] and oxide cera-
mic coatings [10]. Other promising bioactive coatings include var-
ious inorganic substances, such as calcium phosphates or bioactive
glass, and also organic substances, such as natural polymers (colla-
gen, gelatin, cellulose, chitosan, alginate, hyaluronic acid) and syn-
thetic polymers (polycaprolactone, polyether ether ketone, poly-L-
lactic acid, poly lactic-co-glycolic acid, polyurethane, polyvinyl
alcohol), which can serve as carrier matrices for the delivery of
therapeutic drugs, antimicrobial agents, growth factors and other
biologically active compounds [11].

Steady progress in the application of protective coatings in the
last two decades has achieved required properties such as wear
resistance, good tribological properties, oxidation resistance, corro-
sion resistance, and a low coefficient of friction [12]. Coatings pro-
viding these properties can be applied using physical vapour
deposition (PVD) technology [13], for example cathodic arc evapo-
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ration (CAE), direct current (DC) or pulsed DC magnetron sputter-
ing [14], radio frequency (RF) magnetron sputtering [15], and high
power impulse magnetron sputtering (HIPIMS), which is widely
applied today [16]. Other important coating technologies include
chemical vapor deposition (CVD), electrophoretic deposition, sol-
gel deposition, layer-by-layer deposition, biomimetic deposition,
dip coating, drop coating, plasma spraying and 3D printing [11].

A promising alternative to the methods mentioned above,
microarc oxidation (MAO), also referred to as the plasma elec-
trolytic oxidation (PEO) technique, can be used to prepare contin-
uous ceramic oxide layers with excellently high adhesion to the
substrate (e.g. Ti, Al, Nb, Zr, Ta, Hf), and with high resistance to
wear and corrosion. In the preparation of hard ceramic layers, a
pulsed BI- or UNI-polar mode is used to produce the discharge
observed during plasma electrolysis in a liquid electrolyte [10].
The oxide layer prepared by the MAO technique consists of a por-
ous amorphous outer layer and a compact crystalline inner layer
[17]. The growth of the ceramic layer (up to 20 pm) occurs at tem-
peratures of 103-10* K and at a pressure of 10%-10° Pa after exceed-
ing the breakdown voltage while the formation of plasma channels
with a micro-arc discharge is taking place [18]. The surface proper-
ties of these ceramic layers, including their porosity, roughness,
and chemical composition, determine whether their successful
application range is for short-term implants or for long-term
implants [19]. The properties of ceramic coatings defined in this
way are affected not only by the applied voltage, the pulse size,
the pulse width and the process time but also by the composition
of the electrolyte that is applied. The ions (Ca, P, Si) from the elec-
trolyte are incorporated into the coating and affect its functional
properties, including corrosion resistance, abrasion resistance,
and biocompatibility [20]. The roughness and the porous structure
of the outer porous layer of the MAO coating negatively affect the
resulting coefficient of friction [21]. Although MAO coatings
achieve high corrosion resistance, both layer failure and reduced
corrosion resistance can occur under loading. In an effort to elim-
inate these shortcomings, many authors have investigated the pos-
sibility of doping the MAO electrolyte using nano particles TiO,
[22], MoS, [23], ZrO, [24] or yttrium [25] and the use of secondary
layer deposition in the form of DLC coating or graphene coating
[26]. The Al/Ti-6Al-4V duplex system prepared by a combination
of MAO and magnetron sputtering was also tested with the aim
to improve the tribological properties of the MAO coatings [27].
The options available in the use of the hybrid system preparation
technique allow a more detailed study of the PVD-deposited layer
and its final properties, achieved by subsequent MAO. Application
of this procedure makes it possible, using PVD with the required
functional properties, to enrich the MAO layers with the oxides
of deposited metals that are formed. To increase the osteointegra-
tion properties, porous Ca/P layers on Ti-6Al-4V and Ti-29Nb-xHf
substrates were prepared using a combination of MAO/PVD tech-
niques [28]. Subsequently, the RF magnetron sputtering technique
was used on the prepared MAO porous layer for the deposition of
an Mn layer [29], and a Zn layer [30].

Several works [31,32] have studied titanium alloys with Nb, Zr,
Ta, which - after MAO treatment - achieved increased wear resis-
tance and excellent corrosion properties due to the presence of
stable oxides (e.g. Tay0s, ZITiO,).

Due to their high corrosion resistance, very good mechanical
properties and excellent biocompatibility, zirconium and its alloys
are promising biomaterials for orthopaedic implants [33]. MAO
applications - previously used for titanium and its alloys - can also
be used for the preparation of oxide layers based on zirconium
[34]. The zirconium oxide layers thus prepared can increase corro-
sion resistance and wear resistance, and can reduce the coefficient
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of friction [35], while eliminating the release of toxic Al and V ions
from the Ti-6Al-4V alloy substrate.

As proved by our earlier study [36], MAO enables the prepara-
tion of highly hydrophilic and bioinert surfaces that reduce cell
adhesion and growth without affecting the cell viability, and fur-
ther modification of the MAO-deposited layers can modulate the
surface wettability and attractiveness for cell colonisation in a con-
trollable manner.

Options for readily modifying the process parameters of the
formation and composition of a material coating are valuable for
fine tuning the surface properties to modulate the desired cell
response. For this purpose, we propose the application of a novel
combination of surface treatment and deposition techniques of
magnetron sputtering and MAO. Although each of these tech-
niques is commonly used for modifying materials, they have
not yet been systematically used and researched together. The
combined use of these techniques could provide an interesting
opportunity to study their possibilities with regard to their mate-
rial properties and their performance in biological environments
represented by cultures of osteogenic cells in vitro. In this study,
a combined PVD and MAO technology was used for the develop-
ment of Ti and ZrTi layers on a Ti-6Al-4V substrate. These layers
were then characterized in terms of their physical, chemical and
tribological properties and their interaction with human bone
marrow mesenchymal stem cells in cultures on their surface.
We found that the deposition of both types of coatings, particu-
larly ZrTi, improved the resistance of the samples against friction,
wear and corrosion, and improved the cell osteogenic
differentiation.

2. Materials and methods
2.1. Sample preparation

Round samples of Ti-6Al-4V titanium alloy (15 mm diameter,
2.6 mm thickness) were subjected to mass finishing to unify the
surface using an HV 20 vibratory finishing machine (OTEC, Ger-
many) for 8 h with the use of KF 10 plastic bodies. Ti and ZrTi
PVD layers were deposited on mechanically treated samples of
Ti-6Al-4V alloy in the Hauzer Flexicoat 850 (Hauzer, Netherlands)
PVD unit based on cathodic arc evaporation. The targets used for
arc evaporation of Ti and ZrTi were 63 mm in diameter, and the
pressure in the working chamber was 107> mbar during the appli-
cation. The process parameters of the PVD unit used for deposition
of the Ti and ZrTi layers are given in Table 1.

Samples with PVD layers (Ti-PVD, ZrTi-PVD) deposited on a Ti-
6Al-4V substrate were modified under MAO conditions using a
pulse source at 93 Hz, 7 % duty cycle, voltage 500 V reached in
30 s, voltage 500 V for 15 min (Fig. 1). Samples with MAO coatings
(Ti-MAO, ZrTi-MAO) were prepared in an electrolyte containing
15 g/L Na,SiO3 9H,0; 8 g/L NaOH; 80 g/L glycerol (conductivity
28.8 mS/cm, pH 12.5).

Table 1

Process parameters.
Parameters Ti ZrTi
Target 99.98 % Ti 85%Zr [15% Ti
Coating pressure (mbar) 5.0 103 8.0103
Temperature (°C) 430 430
Gas Ar Ar
Gas Flow (sccm) 540 380
Deposition time (min) 180 150
Current on target (A) 60 80
Voltage bias (V) -80 -80
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2.2. Surface analysis of the coatings

The surfaces and cross-sections of the coatings were studied
using the JEOL JSM-7610F Plus (JEOL, Japan) Scanning Electron
Microscope (SEM) equipped with an autoemission cathode as the
electron source. The samples were scanned in BSE mode (20 keV
accelerating voltage) with detection of the secondary electrons.
The chemical composition of the coating was determined using
an energy dispersive X-ray spectrometer (EDX, Oxford Instru-
ments). The KSG 110 Calotest device (INOVAP, Germany) was used
to determine the thickness of the PVD coatings. The MAO coating
thickness was studied by SEM from polished cross-sections in back
scatter emission mode. An atomic force microscope (AFM, LiteS-
cope™) was used in semi-contact mode to measure the topogra-
phy and the surface roughness of the sample surfaces. The
correlative analysis also provides data from both AFM and SEM
and allows a 3D correlative probe and electron microscopy view
(CPEM, Nenovision s.r.0.). Surface roughness R, measurements
(the arithmetic average of the absolute values of the profile
heights), Ry measurements (the vertical distance between the high-
est and lowest points of the profile) and R, measurements (the
maximum height of the profile) were carried out in contact mode
by AFM (AFM LiteScope™).

The chemical states and the composition of the prepared layers
were analysed using the method of photoelectron spectroscopy -
XPS (X-ray photoelectron spectroscopy), which was carried out in
an ultra-vacuum apparatus with a basic pressure of 1.10”7 Pa. Pho-
toelectrons were emitted using an X-ray tube with a double anode
(Al, Mg). The Al Ko, > line with primary energy of 1486.6 eV was
used in the experiments. XPS spectra were recorded using an Omi-
cron EA125 hemispherical analyser.

2.3. Tribological and adhesion tests

The friction coefficient and the wear rate were tested using a
CSM THT pin-on-disc tribometer (CSM Instruments, Switzerland).
The friction pair consisted of the tested planar sample and an
Al;05 ball 6 mm in diameter. The tests were performed at room
temperature in phosphate-buffered saline (PBS), which served as
a simulation of the human body environment. The solution was
prepared by dissolving one PBS tablet (Sigma-Aldrich, USA) in
200 mL of distilled water. The solution contained 10 mM phos-
phate buffer, 2.7 mM KCl and 137.0 mM NacCl with pH 7.4 at 25 °C.

During the tribological test, a normal load of 1 N, linear sliding
speed 50 mm s~ and number of laps 5000 with a radius of 6 mm
were used. Each measurement was repeated twice for each sample.
The coefficient of friction (i) was calculated from the ratio of the
tangential friction force and the normal force. The wear of the sur-
face of the Al,0O3 ball and the width of the wear track on the planar
sample were analysed using an Olympus DSX1000 (Olympus Cor-
poration, Japan) digital microscope after the test. The wear rate
was calculated from the following equation (Archard,1953):

k=V/Fs

where k is the wear rate, V is the wear volume, F is the normal load,
and s is the sliding distance. The wear volume was obtained by mul-
tiplying the area of the wear track cross-section and the circumfer-
ence of the wear track. The wear track cross-section area was
calculated from the wear track profile, which was analysed by a
Zygo NewView 7200 optical profilometer (Zygo Corporation, USA).

The CSM Revetest Xpress+ (CSM Instruments, Switzerland)
scratch tester was used for adhesion evalution. The scratch tester
was equipped with a Rockwell diamond indenter (tip radius
200 pm). The scratch test load was set to increase linearly from
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MAO

Fig. 1. Schematic diagram of the deposition and layer modification process applied to the Ti-6Al-4V substrate material.

1 N to 30 N along the 5 mm scratch path with linear speed 10 mm.

min~.

2.4. Corrosion tests

As the corrosion resistance of titanium and its alloys is signifi-
cant, direct exposure corrosion tests would not be suitable; a
potentiodynamic polarisation method was therefore used for
determining the corrosion parameters of the tested samples. All
electrochemical tests were performed using a Voltalab PGZ 100
potentiostat equipped with Voltamaster 10 software. The parame-
ters of the test were used according to the ASTM F 2129 and ASTM
F 746 standard test methods [37]. PTFE/PE corrosion cells with a
lower exposure hole (0.5 cm?) and a volume of 20 mL were used
for testing. The samples were tested in an isotonic physiological
solution (0.9 wt% NaCl in double-distilled H,O) in order to simulate
the environment of a living tissue. No gas bubbling was applied
during testing, and the temperature was set to 25 °C. A three-
electrode setup was used, consisting of a sample connected as a
working electrode, a saturated Calomel electrode (SCE, +241 mV
vs SHE) set as a reference electrode, and a high purity carbon rod
connected as an auxiliary electrode.

A 60-minute time lag was applied after filling the corrosion cells
with the solution to stabilise partial corrosion processes. After the
time gap, an electrochemical impedance spectroscopy (EIS)
method was used to determine the electrochemical 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~'. The
dependence between the current flowing through the sample and
the potential applied to the test sample was recorded during the
measurement. The potential was gradually applied to the tested
sample, which increased over time with the value of the polarisa-
tion rate.

2.5. Contact angle

The angle between the tested surface and the physiological
solution was evaluated by the sessile drop method. The surface
contact angle was measured by the SEE system, and the free sur-
face energy was calculated by Advex Instrument software (Advex
Instruments, s.r.o., Czech Republic). Two L droplets of high purity
water were applied to the tested surface, and the contact angle 0
was determined by the tangent to the drop profile at the point of
contact of the three phases (liquid, solid and gas) with the line of
the surface of the sample.

2.6. Cell culture conditions

Human mesenchymal stem cells derived from bone marrow
(hMSCs; No. 7500, ScienCell Research Laboratories, USA) were used
in all experiments. Prior to the experiments, the hMSCs were cul-
tured in 75 cm? tissue culture flasks (TPP, Switzerland) in 15 mL
of Mesenchymal Stem Cell Medium (MSCM medium; No.7501,
ScienCell Research Laboratories, USA) to reach ca 70% confluence.

The Ti-6Al-4V samples (Ti-6Al-4V, Ti-MAO, ZrTi-MAO) were disin-
fected with ethanol for 2 h, were rinsed in dH,0, were sterilised in
an autoclave, and were then inserted into tissue culture polystyr-
ene 24-well plates (TPP, Switzerland). The hMSCs were seeded
on these samples at a density of 9,000 viable cells per well (ca
5,000 cells/cm?) in 1.5 mL of o-MEM medium (No.11900-016,
Gibco, USA) supplemented with 10% of fetal bovine serum (FBS),
L-glutamine (2 mmol/L; No. A2916801, Gibco, USA) and gentam-
icin (40 pg/mL). In addition to the samples, the cells were also
seeded directly into the tissue culture plate wells (PS), to provide
information about the standard cell behaviour. The cells were cul-
tured at 37 °C in a humidified atmosphere with 5% CO, for 14 days.
In order to support osteogenic differentiation of the cells, the cul-
ture medium was enriched with ascorbic acid (50 pmol/L;
No.49752-10G, Sigma-Aldrich, USA), B-glycerophosphate
(20 mmol/L; No. G9422, Sigma-Aldrich) and dexamethasone
(10 nmol/L; No. D2915, Sigma-Aldrich). The medium was replaced
twice per week.

2.7. Fluorescence staining

Fluorescence staining was used for visualising and analysing the
cell spreading area and morphology (day1), and for evaluating the
number and the viability of the cells growing on the samples (day
1, 3, 7 and 14). The samples were rinsed with PBS, then fixed with
4% paraformaldehyde (pH 7.4, 15 min), and were rinsed again
twice with PBS. The fixed samples were treated with 1% bovine
serum albumin in PBS containing 0.1% Triton X-100 (20 min) and
with 1% Tween 20 in PBS (20 min) (both Sigma-Aldrich, USA). Sub-
sequently, the cell nuclei were stained with DAPI (100 ng/mL, blue
fluorescent signal; No. 32670, Sigma-Aldrich), the cell membrane
and cytoplasm were stained with Texas Red C,-maleimide
(20 ng/mL, red fluorescent signal; Molecular Probes, Invitrogen,
USA), or the F-actin cytoskeleton was stained with TRITC-
conjugated phalloidin (100 ng/mL, red fluorescent signal; Sigma-
Aldrich). All dyes were diluted in PBS and were added to the cells
for 1 h at room temperature (protected from light).

A parallel set of samples for each time interval was rinsed with
PBS and was stained with a Live/Dead Viability/Cytotoxicity kit for
mammalian cells (No. L3224, ThermoFisher Scientific, USA) accord-
ing to the manufacturer’s instructions. Calcein AM stains the living
cells in green, whereas ethidium homodimer 1 stains the dead cells
with damaged cell membranes in red. Additional staining of the
cell nuclei with DAPI was performed on day 7 and 14 for easier cell
counting.

Microphotographs (20 per samples/well) of randomly chosen
fields were taken with an Olympus IX51 epifluorescence micro-
scope, equipped with a DP70 camera (both from Olympus Corp.,
Japan). The microphotographs were analysed in Image] FIJI soft-
ware (https://imagej.net/Fiji; 51). The initial cell spreading areas
are presented in um?. The cell viability was determined as the per-
centage of living cells on the sample. The cell population densities
on the samples are presented as the cell number per cm? on a log
scale to assess proliferation. The data from day 1 and day 3 were
used for calculating the cell population doubling times, according
to the following equation:
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t—to

DT = log2 logN; — logN¢,

The time intervals are represented by ty (day 1) and t (day 3),
and Nty and Nt represent the number of cells in a particular time
interval.

2.8. Resazurin assay

A resazurin assay based on the activity of mitochondrial
enzymes was used to investigate the metabolic activity of the
hBMSC cells. On days 1, 3, 7 and 14 of cultivation, the samples were
transferred to fresh 24-well culture plates with a fresh culture
medium without phenol red supplemented with 10% of FBS. The
samples were then incubated with resazurin (No. R7017, Sigma-
Aldrich, USA) diluted to afinal concentration of 40 pmol/L in a
fresh culture medium without phenol red (1 mL/well) at 37 °C in
a humidified atmosphere containing 5% CO,, protected from light.
After 4 h (day 1 and 3) or 2.5 h (day 7 and 14) of incubation, the
fluorescence was measured (Ex/Em = 530/590 nm) by a Synergy
HT Multi-Mode Microplate reader (BioTek, USA) in triplicate ali-
quots. A solution incubated in a well without cells served as a
blank control. The results were corrected to the background con-
trol (solution without cells) and were then relativised to the esti-
mated total number of cells growing on each sample.

2.9. ALP assay

A quantitative analysis of alkaline phosphatase (ALP) enzymatic
activity to assess early osteogenic differentiation of the cells on the
samples was performed using 1-Step PNPP Substrate Solution (p-
nitrophenyl phosphate; No. 37621, ThermoFisher Scientific) on
days 7 and 14 of culture. The samples were rinsed with PBS three
times. After a total of 250 pL of PNPP had been added to each sam-
ple, the culture plate was incubated for 20 min at room tempera-
ture for the reaction to develop. The absorbance of the water-
soluble yellow-colour product was measured at 405 nm using a
Synergy HT Multi-Mode Microplate reader (BioTek, USA), in dupli-
cates for each well. The absorbance results were corrected to a
blank control (PNPP solution without cells), and were then rela-
tivised to the estimated total number of cells growing on each
sample.

2.10. Statistical analysis

All biological experiments were performed independently three
times with samples in triplicate in each time interval (n = 3 for
each experimental group). Statistical analyses and data visualiza-
tion were performed in GraphPad Prism 8.3.0 (GraphPad Software,
USA). One Way ANOVA with Tukey’s test or Kruskal-Wallis ANOVA
with Dunn’s post hoc test were performed on the data from the
biological experiments. The data are expressed in summary graphs
as median with interquartile range (IQR). The results were consid-
ered statistically significant at p < 0.05.

3. Results and discussion
3.1. Morphology and chemical analysis

Fig. 2a-c presents SEM images of the surface structure of the
substrate and of the PVD coating. The images confirm the homoge-
neous and compact structure of the coatings regarding their thick-
ness and roughness, which was also determined by a Calotest
instrument (Table 2). The results of the CPEM analysis, presented
in Fig. 2d-f, revealed microscopic defects on the surfaces (such as
traces of mechanical treatment or droplets). The occurrence of
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these defects following PVD deposition can be reduced by lowering
the arc target current [38].

The SEM and CPEM images in Fig. 3a-d show that the surface
morphology of the MAO coating is a compact porous structure with
an average pore size of about 1 pm. The formation of a micro-arc
discharge was recorded after reaching 500 V, and it was followed
by a decrease in current associated with the growth of the oxide
layer. The presence of commonly known structural microscopic
defects of the MAO coating involving cracks was not confirmed
on the studied surfaces with the unique CPEM technology. The
development of the coating is accompanied by the formation of
so-called volcanic craters (Fig. 3) during micro-discharges, when
the released melt of the substrate (PVD layer) is deposited via dis-
charge channels on the surface. Well-visible changes in surface
topography imaged using CPEM technology indicate through 3D
imaging the presence of craters that affect the resulting roughness
of the hybrid MAO layers compared to the surface roughness for
the deposited PVD layers (Fig. 2).

The resulting measured thickness and roughness parameters of
the MAO coatings are given in Table 2. The layer thicknesses were
determined from the cross-sections of individual MAO coatings on
which the distribution of the elements present in the layer was
evaluated. Figs. 4 and 5 show the presence of the outer and inner
MADO layers. Element mapping from cross-sections of the Ti-MAO
sample (Fig. 4) and of the ZrTi-MAO sample (Fig. 5) confirmed both
the presence of elements from PVD deposition and the elements
incorporated from the solution.

The resulting values of the porosity structure of the MAO coat-
ings (Table 2) confirmed the increase in roughness in all three
monitored parameters (R,, R,, Ry) of the surfaces of the MAO coat-
ings in comparison with the bare substrate and the PVD coatings
(Ti-PVD, ZrTi-PVD). The resulting surface structure is due to the
high temperature (10°-107 K/s) and the pressure in the discharge
of the channels during the MAO process. The resulting melt passes
through the discharge channel and, after leaving the channel, it
solidifies in the electrolyte environment [18]. The growth of the
surface roughness and of the oxide layer is mainly associated with
the process conditions (voltage, current density, time, temperature,
electrolyte composition) and the presence of additives. The effect
of glycerol as an additive on the surface roughness and on the
structure of the MAO coating was described in detail in an earlier
study by Gabor et al. [39]. In an effort to reduce the surface rough-
ness and to improve the tribological and corrosive properties of the
coating, glycerol was used as an additive in this work.

The different values of the achieved thickness and roughness of
the MAO coating (Table 2) are caused by the different development
of the spark discharge, while the distribution and the intensity of
the spark discharge directly affect both the resulting surface mor-
phology and its phase composition [40]. The course of the MAO
process is influenced by the different melting temperatures of Ti
(1660 °C), Zr (1852 °C) and of ZrTi, which may lead to more difficult
MAO development of the ZrTi-PVD sample, subsequently affecting
the resulting surface microstructure [41]. The higher roughness
parameters of the Ti-MAO coating are caused by the greater inten-
sity and the larger amount of microdischarges on the surface of the
sample than on the ZrTi-MAO coating. High microdischarge tem-
peratures lead to dissolution of the substrates and to subsequent
reactions with the electrolyte elements that are present, including
rapid solidification and the formation of oxides that affect the
resulting surface morphology [42].

Cross-sections and elemental mapping confirm the phe-
nomenon of MAO coatings, the presence of a compact inner layer
and a porous outer layer (Figs. 4 and 5). The outer layer is highly
porous, rough, amorphous and not corrosion-resistant. The dense
inner layer, characteristic of the MAO process, is corrosion-
resistant, crystalline and its thickness increases with the process-
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Fig. 2. Morphology of PVD coatings. SEM images of the Ti-6Al-4V substrate (a), Ti-PVD (b) and ZrTi-PVD (c); AFM images of the Ti-6Al-4V substrate (d), Ti-PVD (e) and ZrTi-
PVD (f).

Table 2

Surface roughness and thickness of samples.
Sample Roughness (um) MAO-coating (ptm) PVD-coating (pm)

Ra R, Rt inner layer outer layer layer

Substrate 0.09 = 0.02 0.31 £ 0.62 0.55 £ 0.10 - - -
Ti-PVD 0.19 £ 0.09 0.64 £ 0.30 1.23 £0.30 - - 3.4 +0.50
ZrTi-PVD 0.24 £ 0.11 0.84 £ 0.38 1.55 + 0.69 - - 2.8 £0.44
Ti-MAO 0.82 +0.16 2.37 £ 0.40 3.86 + 0.64 0.60 +0.12 3.35+0.49 -
ZrTi-MAO 0.58 £ 0.22 1.66 + 0.58 2.75 +0.84 0.94 + 0.11 4.25+0.35 -

Fig. 3. Morphology of MAO coatings. SEM images of Ti-MAO (a) and ZrTi-MAO (b); AFM images of Ti-MAO (c) and ZrTi-MAO (d).
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Fig. 4. Cross-section SEM images of the Ti-MAO coating (a) and elemental mappings of Ti, Si, O (b-d).

ing time [43]. The distribution of elements in the Ti-MAO coating is
shown in Fig. 4, and EDX analysis confirmed the presence of Ti, Si
and O elements (Table 3). Increased Si contents were determined
mainly in the outer porous layer, according to Gabor et al. [36].
According to [44], the MAO process in alkaline conditions with
the presence of silicates provides better wear resistance and corro-

Table 3
EDX results analysis of the Ti-MAO and ZrTi-MAO coatings.

Fig. 5. Cross-section SEM images of the ZrTi-MAO coating (a) and elemental mappings of Zr, Ti, Si, O (b-e).

sion resistance. The proportion of silicon in the coating volume dif-
fered significantly for MAO coatings - the ZrTi-MAO silicon content
(Fig. 5) determined by EDX was lower in the coating volume
(Table 3). On the contrary, the Si contents on the surfaces of the
outer MAO layers about 20 nm in thickness were relatively close
due to the sensitivity of the XPS method (Table 4). The reduction

Sample Element (in at.%)

Ti Si Zr 0
Ti-MAO 94+02 13.9£0.2 - 76.7 £ 0.3
ZrTi-MAO 25+0.1 32+01 18.3 £ 0.6 76.0 £ 0.2
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Table 4
XPS analysis results of MAO coatings.
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Sample Element (in at.%)

Ti (0] C Si Na Zr
Ti-MAO 5.7 65.9 8.2 18.9 13 0.0
ZrTi-MAO 1.6 65.2 8.0 153 1.6 8.4

of the silicon content in the outer layer is probably associated with
the migration of Zr ions towards the surface and the limited trans-
fer of the silicon species from the electrolyte to the depth of the
coating [45]. This fact is related to the development of so-called
“soft” sparking, which is reflected in the high density of blue-
white micro-discharges after the overall reduction of discharges
over the entire sample area and noise reduction [46]. The resulting
“soft” sparking is probably related to the occurrence of small diam-
eter discharge channels and the associated limited mass transfer
and reduced silicon content in the volume of the outer porous layer
[47].

Both the composition of the surface and its chemical state were
monitored by the XPS method. The results of the semi-quantitative
analysis determined by the XPS method on individual samples (Ti-
MAQO, ZrTi-MAO) are shown in Table 4. The contents of the individ-
ual elements were determined from the peak area by the method
of relative sensitivity factors after subtracting the Shirley back-
ground. The presence of Ti, O, C, Si and Na was registered on the
surface of both samples. The presence of Zr from PVD deposition
(ZrTi) was also determined on the surface of the ZrTi-MAO sample.
Elements Si, Na and C were incorporated into the surface of the
MADO layer of the electrolyte.

The chemical state of individual elements was determined from
the peak shifts of individual elements. The axis of binding energies
- Eg - was calibrated under the assumption that the main compo-
nent of the peak C 1s lies at Ez = 282.5 eV and corresponds to the
Si-C bond [48]. A second component was also determined at peak C
1s (Fig. 6), which has an intensity of approximately 15% of the total
signal C and lies at Eg = 285.7 eV. According to Wang et al. [48], this
binding energy corresponds to the C-O groups. On the surface of
the Ti-MAO sample, two components of the Si 2p peak at
Eg = 99.7 and 101.0 eV were detected. According to Wang et al.
[49], this corresponds to the structure of Si-C and C-O-Si. On the

C1s 21 01s

ZrTi-MAO 16

Intensity [arb. u.]
Intensity [arb. u.]

ZrTi-MAO coating, three components of the Si 2p peak were regis-
tered, namely Eg = 97.7, 98.7 and 100.00 eV. There is probably an
interaction of Si with Zr (Fig. 6), which is evident from the shift
of Eg to lower values by approximately 1 eV. The peaks at
Ez = 98.7 and 100.0 eV can both be identified as for the Ti-MAO
sample, and correspond to Si-C and C-O-Si structures. The spec-
trum also has a peak at Eg = 97.7 eV. This value is comparable to
Eg = 99.3 eV, reported in a study by Ding et al. [50] for the Zr-Si
structure.

The overall structure of Si can be shifted to Eg lower by 1 eV.
This peak can also be attributed to the Si-Si structure. Shifts of
the Si 2p peaks to lower binding energies can be caused by a charge
transfer from Zr to Si and other elements, because Zr has lower
electronegativity (Pauling electronegativity 1.33) than Si (1.90)
and other elements. This causes a reduction in the measured bind-
ing energy of the element to which the charge shifts moves. The O
1s oxygen peak (Fig. 6) of the Ti-MAO sample surface is wide, and
can be divided into two components at energies of 529.3 and
529.9 eV. On the surface of the ZrTi-MAO coating, another compo-
nent at Egz = 527.7 eV was identified. All these peaks can be
explained by an oxidic bond, because the range of oxygen binding
energies in oxides is relatively wide (528.1 - 531.1 eV) [51]. These
are probably therefore oxides of Si, Ti and Zr. The Ti 2p peak on the
Ti-MAO sample lies at Eg = 456.9 eV. Due to the energy distance of
the Ti 2psj and O 1s peaks of 72.8 eV, we conclude that Ti,O3 is
present [52].

In both samples (Ti-MAO, ZrTi-MAO), the extension of the Ti 2p
and O 1s spectra is evident. This suggests the presence of a mixture
of lower Ti oxides and, at the same time, it corresponds to the mea-
sured O 1s binding energies. In the spectrum of zirconium Zr 3ds,
(Fig. 6) on the surface of the ZrTi-MAO sample, we find two com-
ponents at Eg = 177.6 and 179.2 eV. The peaks are widespread
and the saddle between components 3ds;; and 3ds; is almost
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Fig. 6. XPS spectra of MAO coatings.
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indistinguishable, indicating high dispersion of the Zr present in
the layer. According to Ding et al. [50], who studied the effect of
ZrSi, particles on phenol degradation, the determined binding
energy Eg = 179.2 eV corresponds to the Zr/Si structure. The com-
ponent with a lower binding energy Egz = 177.6 eV could not be
identified according to the spectrum atlas [51]. The XPS spectrum
of Zr 3dsp; and Zr 3ds,, of the ZrTi-MAO sample is probably influ-
enced by the atomic dispersion of zirconium and/or by the change
in the coordination number of zirconia to form a complex oxide
phase, which appears to occur on the sample surface [53]. The Zr
3ds; binding energy values that were determined are lower than
for pure ZrO, (182.5 eV). The Na 1 s peak at 1070.2 and
1067.9 eV binding energies was also registered on the surfaces of
the sample (Ti-MAO, ZrTi-MAO).

The wettability of the surfaces was evaluated using the deter-
mined contact angles (CA) of the substrate and of the MAO coatings
(Supplementary Fig. S1). Compared to the substrate, which had
CA = 89.07° + 3.28, the determined CA of the modified MAO coat-
ings showed hydrophilic properties corresponding to CA = 72.32° +
4.15 of the Ti-MAO coating and CA = 69.01° + 5.63 of the ZrTi-MAO
coating. The results confirm the well-known fact that MAO coat-
ings, with their porous structure and greater roughness, are more
hydrophilic than unmodified substrates [54].

3.2. Wear behavior and coating adhesion

The course of the coefficient of friction was first tested on the
Ti-6Al-4V base material without surface treatment. Subsequently,
this was compared with the course of the coefficient of friction
for samples with a coating of pure Ti-PVD and ZrTi-PVD without
and with MAO treatment. Fig. 7 shows that, after running-in, the
coefficient of friction for the MAO samples is very stable, and that
adhesive friction predominates. In the base material and in pure Ti
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and ZrTi metals, however. the course of the coefficient of friction is
less stable, and a combination of adhesive and abrasive friction
prevails. The average coefficient of friction of the tested samples
is very similar, and ranges from 0.4 to 0.5, except for the ZrTi-
MAO coating, for which the friction coefficient decreased to 0.3.

The wear rate (Fig. 9b) was determined from the wear track
profile (Fig. 8), and the width of the wear track was used as an
additional parameter for wear comparison (Fig. 9a). For the Ti-
PVD and ZrTi-PVD samples, the measured values were comparable
to the values for the Ti-6Al-4V alloy. Both the Ti-PVD coatings and
the ZrTi-PVD coatings were abraded to the Ti-6AI-4V base material.
This is also confirmed by the analysis of the chemical composition
of EDX after tribological tests in PBS presented in Table 6. The
chemical composition in the middle of the trace is comparable to
the chemical composition of the Ti-6Al-4V base material.

In contrast, a significant decrease in the wear rate was con-
firmed for the MAO coatings. Only the outer layer (Fig. 8) of the
Ti-MAO coating was abraded. This is confirmed in Table 6, where
there is a clear decrease in Si in the middle of the friction trace.
The amount of Si dropped from 21.0 wt% to 3.8 wt%.

However, the ZrTi-MAO coating clearly showed the best wear
resistance properties. The outer layer was minimally abraded at
the point of friction (Fig. 8). This is confirmed by a comparison
between the chemical composition in the middle of the wear trace
and on the outside of the wear trace, which is unchanged (Table 5).

The ZrTi-MAO sample confirmed low friction and very good
wear resistance in comparison with the Ti-MAO sample (Fig. 9
and Table 5), and also in comparison with the MAO sample (basic
Ti-6Al-4V material modified with MAO), which was tested in our
previous work [36].

Because only a small amount of surface wear was detected on
the ZrTi-MAO sample, the chemical and bonding composition anal-
ysed by XPS can be used to explain this significant difference in
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Fig. 7. A comparison of the friction coefficients of the Ti-6AI-4V, Ti-PVD and ZrTi-PVD samples (a), the Ti-MAO and ZrTi-MAO samples (b), and their running-in phases (c, d).
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Fig. 8. Al,03 ball wear from an optical microscope (left), the wear track from SEM (middle) and the wear track profile from an optical profilometer (right) for the Ti-6Al-4V (a),

Ti-PVD (b), ZrTi-PVD (c), Ti-MAO (d) and ZrTi-MAO (e) samples.

wear. XPS analysis confirmed the occurrence of the a Zr/Si struc-
ture, most likely ZrSi,. The presence of a higher amount of ZrSi,
reduces the wear [55] and can lead to the formation of ZrO, subox-
ides, which can have the effect of reducing the friction and wear
[56]. The combination of a PVD coating with a suitable electrolyte
makes it possible to optimize the chemical composition, which has
a positive effect on the formation of an abrasion-resistant MAO
layer.

The adhesion was evaluated using the scratch test method with
aload of 1 N to 30 N. The adhesion between the substrate and PVD
coatings was tested before and after MAO treatment (Supplemen-
tary Fig. S2). Although MAO coatings based on oxides are brittle,

10

due to the partial porosity and tough interlayer of Ti or TiZr, the
cohesion and adhesion of the coating around scratches were not
impaired even when a critical force of 30 N was reached. This con-
firms that hybrid MAO systems have sufficient cohesion and com-
pactness and can be used for the surface treatment of long-term
orthopedic implants.

3.3. Corrosion resistance
The impedance spectres were obtained at an amplitude of

10 mV. The tests were always initiated at 100 kHz and were termi-
nated when the sensitivity limit of the testing device was reached
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coating (Ti-MAO, ZrTi-MAO), and for the reference Ti-6Al-4V bulk material.

Table 5
EDX analysis of the chemical composition in the middle (in) and outside (out) parts of the wear trace after tribological tests in PBS.
Element (in wt.%) Sample
Ti-6Al-4V Ti-PVD ZrTi-PVD Ti-MAO ZrTi-MAO
Ti in 86.8 £ 0.9 86.2 +0.4 86.0 £ 0.4 205+1.3 29+0.1
out 85.7+0.2 78.2 £ 0.6 9.9+0.2 86+1.1 25+0.2
Al in 109 £ 0.8 11104 11.1+0.7 0.2 +0.1 0.2 +0.1
out 114 +£0.2 0.5+ 0.2 53+0.2 03 +0.1 -
\Y in 23 +0.1 2.7+0.5 26+04 - -
out 29+0.2 - 03 £0.1 - -
Si in - - - 3.1+0.7 53+0.1
out - - - 154+ 0.5 51+0.2
Zr in - - 02 +£0.1 - 17.6 £+ 0.3
out - - 68.0 £ 2.0 - 18.6 £ 0.2
(o] in - - - 76.3 £ 0.6 73.9+0.3
out - 213 +£0.7 16.5+23 75.7 £0.7 738 £0.2
Table 6

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

Sample Corrosion potential Ec,, (mV vs. SCE) Corrosion rate Cg (pLm/year) Polarisation resistance R, (kQ.cm?) Corrosion current density Jc (uA/cm?)
Ti-6Al-4V -51 0.4 199 0.023
Ti-PVD 28 1.7 110 0.100
Ti-MAO -8 2.1 174 0.125
ZrTi-PVD —369 0.2 1310 0.012
ZrTi-MAO 56 1.1 673 0.064

at approx. 0.1-1 Hz due to the high value of the impedance itself.
Ten measurements were performed per each frequency decade.
The values of the real impedance (Z;) and the imaginary impedance
(Z;) were obtained for each frequency. These values were later used
for calculating the absolute impedance (Z) according to equation
(1) and phase shift (0) according to equation (2) [57].

Z=\Z?+2? (1)
0 = arctg (?) (2)

Bode (Fig. 10a), Nyquist (Fig. 10b) and phase shift diagrams
(Fig. 10c) were assembled from measured and calculated values.
These diagrams truly represent the electrochemical behaviour of
the surface layers at varying applied frequencies.

The equivalent circuit was found for each sample with the use
of EIS Spectrum Analyser software. Each curve was fitted to the
simulated data with relative deviation lower than 2%. The equiva-
lent circuits consisting of resistors (R), capacitors (C), the Warburg
element (W) and the constant phase elements (CPE) are shown in
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Supplementary Fig. S3. Each element of the circuit represents a cer-
tain electrochemical property of a complex surface layer.

A polarization curve was recorded during the testing procedure
to determine the common corrosion parameters by Tafel extrapo-
lation [58] and by the Stern-Geary method [59]. The test was auto-
matically stopped when the potential value reached 8000 mV vs.
SCE, or when the current density reached 5 mA/cm?. The curves
obtained by polarization are illustrated in Fig. 11.

The corrosion parameters (corrosion potential, polarization
resistance and corrosion current density) were determined auto-
matically by Voltamaster 10 software by Tafel extrapolation
method.The corrosion rate was further calculated from the value
of corrosion current density using the Faraday equation [60],
where Ti-6Al-4V density of 4.5 g/cm® and corroded ions valency
of 4 were considered. There was a general corrosion considered
for the calculation. The corrosion parameters of the tested samples
are summarized and presented in Table 6.

Corrosion pits were found on the surface of samples on which a
breakdown of the passive layer occurred during potentiodynamic
polarization. This was characterized by a sudden change of the cur-
rent density. The pits were very shallow and wide open, which
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indicates high stability of the substrate material. A representative
pit found on the surface of the Ti-PVD sample accompanied by
the EDX spectrum of the corrosion products is illustrated in
Supplementary Fig. S4. The only sample which remained stable
until the maximum device voltage limit was Ti-PVD + MAO. In
addition, no corrosion pits were found on the exposed surface.
Three different equivalent circuits were found for different sur-
face states of the tested samples. The number of elements in each
circuit increases with the complexity of the surface treatment of
the sample. Similar circuits have been proposed by other authors
for a passivated titanium surface and for more complicated layers
[61,62]. In contrast with these studies, it was found by simulation
that in more complicated and partially porous layers, Warburg ele-
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ments fit the measured spectres better than standard resistors.
Warburg elements represent the diffusion coefficient of charged
ions across the surface layers. Additionally, on the frequency
domain, the spectrum of Warburg element appears at low frequen-
cies (<10 Hz). For this reason, the Warburg impedance is a central
key parameter for determining diffusion coefficient values. The
curves illustrated in the phase shift diagram also indicate that
micro arc oxidation significantly changes the electrochemical
properties of the surface layers, as these curves vary considerably
from the other curves, especially at lower frequencies and at higher
frequencies, where the diffusivity or the conductivity of the surface
layers changes the shape of the curves the most. All three diagrams
related to EIS measurements suggest that a single PVD surface
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Fig. 12. Assessing the growth and differentiation of hBMSC cells on the materials. Cell morphology (a), cell spreading area (b), cell proliferation (c), metabolic activity of cells
growing on the samples (d), and an estimate of the early osteogenic differentiation potential measured by the enzymatic activity of alkaline phosphatase (e). The cells in (a)
are stained with phalloidin-TRITC (red fluorescence; F-actin cytoskeleton), and with DAPI (blue fluorescence; nuclei), scale bar = 100 pm. Graph (b) shows single
measurements with a median red line. The data in graphs (c, d, e) are expressed as the median with IQR. The data in (d) and (e) were normalized to the number of cells
approximated per sample. Statistical significance (p < 0.05): $ vs. Ti-MAO; # vs. Ti-MAO, ZrTi-MAO; * vs. all other samples.

treatment changes the character of the surface charge transfer phe-
nomena less significantly than when the material is used in the as-
received state.

The corrosion parameters of the as-received sample were com-
parable with and in accordance with previous studies [63]. In com-
parison with the as-received state, no significant shift of corrosion
potential was found for any sample except ZrTi-PVD, where an
almost 300 mV shift to a more negative potential was measured.
This may have been due to the more negative standard potential
of zirconium, which greatly affects the resulting corrosion poten-
tial. On the other hand, the same sample showed the lowest cur-
rent density and the lowest annual corrosion rate, which
indicates improved stability of the spontaneously formed passive
layer [64]. However, if the potential is increased to higher values,
the untreated layer becomes unstable and even causes a substan-
tial reduction in breakdown potential to values typical for lower
grade stainless steels [65]. The highest polarization resistance
found for samples with added Zr are in correlation with the EIS
method results, i.e. the dielectric properties of zirconium oxides
also raise the absolute impedance values. The proposed surface
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treatment of Ti-MAO and ZrTi-MAO increases the values of the
breakdown potential of the tested surface, and according to [66],
this treatment can be recommended for application in long-term
implant surface coatings.

3.4. Cell adhesion, proliferation and differentiation

The initial adhesion and spreading of mesenchymal stem cells
from human bone marrow (hBMSC) showed that both modified
samples (Ti-MAO, ZrTi-MAO) supported cell adhesion to a similar
extent (Fig. 12a, b). The cells on the modified samples were mostly
of compact shape, with a predominantly polygonal morphology
and small protrusions, or were spindle-shaped. The cells on sam-
ples of untreated Ti-6Al-4V alloy (substrate) and standard poly-
styrene tissue culture well bottoms (PS, reference) were found to
be more spread, more articulated (indented), and with longer pro-
trusions (Fig. 12a). However, the number of adhered cells on day 1
was comparable on all samples. This is typically a result of the
immediate interaction of cells with the surface of the sample,
which was rougher in the modified samples, in contrast to the
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Table 7

Doubling times and cell viability of hBMSC cells in the exponential growth phase.
Calculation based on the number of cells growing on the samples on day 1 and on
day 3. Data expressed as mean * SD. Statistical significance (p < 0.05): # vs. Ti-MAO,
ZrTi-MAO.

Population doubling time D1-D3 Cell viability (%)

Sample Hours Day 3

PS 25.40 + 2.89 99.91 + 0.26
Ti-6Al-4V 23.17 £ 5.95 99.95 + 0.20
Ti-MAO 41.28 £9.90 98.30 +2.33
ZrTi-MAO 39.64 £ 8.97 97.93 £ 1.59

reference Ti-6Al-4V and PS smooth surfaces. The slight increase in
cell numbers on ZrTi-MAO in comparison with the Ti-MAO sam-
ples which was seen on day 1 (Fig. 12¢) can be attributed to an
early cell reaction to the higher hydrophilicity of the ZrTi-MAO sur-
face (contact angle 69.01°+5.63° in comparison with 72.32°+4.15°
on Ti-MAO). This slight difference is also documented by the calcu-
lated cell population doubling time on the Ti-MAO and ZrTi-MAO
samples, which were similar to each other (41.3 and 39.6 h, respec-
tively), but these times were significantly slower than on Ti-6Al-4V
(23.2 h) and on PS (25.4 h) (Table 7). Slower cell growth on the
modified samples was observable from day 3 through the rest of
the experiment (Fig. 12c). Since the cells were cultured in the
growth medium until day 3 of culture, it can be assumed that the
differences in cell proliferation that were initiated between days
1 and 3 were so pronounced that this trend persisted until day 7,
and was still observable on day 14, when the cells were cultured
in the medium promoting osteogenic differentiation. On day 3,
when the differences in the proliferation rate on the samples
became more pronounced, the viability of the cells remained very
high and was similar for all types of samples (Table 7). These differ-
ences should therefore probably be attributed to the distinctive
surface morphology and the roughness of the samples, which can
hamper the ability of the cells to spread and proliferate without
negatively affecting their viability.

Although the adhering hBMSC cells spread easily and prolifer-
ated more quickly on the surface of the unmodified samples, the
cells on the modified Ti-MAO and ZrTi-MAO samples were more
metabolically active than the cells on Ti-6Al-4V, but not on PS,
on day 7 (Fig. 12d). However, the cells on the Ti-MAO and ZrTi-
MAO samples exhibited greater activity of alkaline phosphatase
(ALP; Fig. 12e) than the cells on Ti-6Al-4V and on PS on the same
day of culture. Alkaline phosphatase is commonly used as an early
or mid-term marker of osteogenic cell differentiation, as it plays an
important role during mineralization of the surrounding ECM by
bone cells [1,36]. The ALP activity dropped on day 14 in a similar
manner in all samples (Fig. 12e). However, there was a notable
increase in the metabolic activity (Fig. 12d) but not in the cell pro-
liferation, as indicated by the numbers of cells cultured on PS
(Fig. 12c).

The surface parameters - morphology, roughness, stiffness,
material composition, chemical functional groups, wettability, sur-
face energy and charge - can profoundly affect the cellular
responses. It is widely accepted that these physical and chemical
properties have a synergistic effect; however, this complexity also
means that the effects, taken together, are not easy to assess, nor is
there a clear consensus on their ideal values for specific materials,
for a specific purpose and for a selected in vitro model [67]. Surface
texture properties, such as pore size, volume and structure, can
significantly affect the bone-to-implant contact [68]. It has been
confirmed in Ti-6Al-4V alloy that surfaces with micron-scale
roughness, and especially hierarchically-organised multiscale
surfaces of implants with a combination of micron- and nano-
scale irregularities, achieve better contact and anchorage with
the bone than mechanically machined implant surfaces [69].
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Hierarchically-organised surfaces imitate the architecture of the
native bone tissue and provide structural cues for osteoblasts and
mesenchymal stem cells to stimulate osteogenesis [70,71]. In
addition, these surfaces, developed on Ti-6Al-4V alloy by femtosec-
ond laser treatment combined with sandblasting, showed anti-
inflammatory properties, as documented by the polarization of
macrophages towards M2 phenotype, characterized by increased
secretion of anti-inflammatory factors and decreased production
of pro-inflammatory factors [71].

However, it should be taken into account that increased
micron-scale surface roughness can hamper cell spreading, prolif-
eration and proteosynthesis, including the synthesis of collagen,
an important component of the bone matrix. It can therefore limit
the creation of sufficient bone mass for osseointegration of the
implant [1,36]. The surface topography, together with the presence
of various chemical functional groups on the surface of a biomate-
rial, affects the resulting surface charge and wettability
(hydrophobicity/hydrophilicity). These factors influence the early
cell adhesion, further proliferation and differentiation by affecting
the conformation of the proteins adsorbed at the surface of the
material from the cultivation media in vitro or from the physiolog-
ical fluids in vivo, the amount of adsorbed proteins, and the
strength of their adsorption bonds [68,72]. Proteins on highly
hydrophobic surfaces with low surface energy lose their natural
conformation and are bonded with an altered conformation of
the integrin domain binding receptors. Very hydrophilic surfaces,
on the other hand, provide weak binding, and cell adhesion can
be more or less impaired, or even prevented [36]. Considerably bet-
ter conditions are reported to be provided on slightly hydrophilic
surfaces, which can boost cell adhesion and promote the cell func-
tion [70,71]. The influence of these factors was also observed in our
data. The combined effect of the porous structure, with an average
pore size of 1 um, and the rugged morphology of the MAO-treated
samples, slowed the initial cell spreading and proliferation in com-
parison with a rather smooth Ti-6AI-4V substrate material and PS.
The positive effect of the slight hydrophilicity of the MAO-treated
samples was observable in the numbers of adhered cells on day 1,
which were comparable or even slightly higher than on the sub-
strate material and on the PS control. Of the two types of MAO-
treated samples, ZrTi-MAO, which is more hydrophilic and less
rough (in terms of Rz), exhibited more favorable surface properties
for cell proliferation. However, the less hydrophilic and rougher
surface of Ti-MAO was better for promoting early osteogenic differ-
entiation of the cells. Similar results were obtained with MG-63
cells cultured on MAO-treated Ti substrates [73]. In that study,
the samples modified with porous Ti-Zr oxide films performed bet-
ter than the samples without Zr in cell proliferation and differenti-
ation, as indicated by higher expression of ALP and other
osteogenic genes. Zr-coating of Ti-6Al-4V alloy by magnetron sput-
tering also resulted in good adhesion, enhanced proliferation,
higher ALP activity and expression of early osteogenic markers
by MC3T3-E1 mouse pre-osteoblast cells [74]. In addition, Zr had
a positive effect on the cell and material performance not only as
a component of coating, but also as a component of bulk material.
In a recent study, a Ti-Nb-Ta-Zr-O alloy showed lower corrosion
rate and improved attachment of MC3T3-E1 pre-osteoblasts than
the alloy without Zr, i.e. Ti-Nb-Ta-0 alloy [75].

4. Conclusions

The results of our preliminary study have confirmed the high
potential of the newly-developed hybrid layers for surface modifi-
cation of orthopaedic implants. The hydrophilic oxide structure of
the MAO coatings was prepared using cathodic arc evaporation and
MAO technology. The Ti and ZrTi oxide layers were doped with C
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and Si ions from the electrolyte to optimize the chemical composi-
tion in terms of corrosion resistance, tribological and biological
properties. Application of the EIS non-destructive technique con-
firmed that both types of coatings (Ti-MAO, ZrTi-MAO) increase
the corrosion resistance of the Ti-6Al-4V alloy. Furthermore, the
Ti /| Si component (mainly in the form of ZrSiy) significantly
affected both the friction and the wear of the hybrid ZrTi-MAO
coating. It reduced the wear rate more than tenfold and, at the
same time, reduced the coefficient of friction from 0.5 to 0.3 com-
pared to the Ti-MAO and MAO coatings. Our results also indicate
that both types of sample modifications can stimulate osteogenic
differentiation better than the unmodified alloy, i.e. the cells on
these samples proliferated more slowly but started to differentiate
at an earlier time point, which is documented by increased ALP
enzyme activity. Hybrid surface modification of the Ti-6Al-4V alloy
proved the possibility of purposefully modifying the surface with-
out the presence of undesirable elements (Al, V) in the surface
layer and, at the same time, confirmed that there was an increase
in biocompatibility, wear resistance and corrosion resistance. At
the same time, the hybrid coatings show very good adhesion and
cohesiveness. For these reasons, this combination of methods
seems to be a suitable tool for preparing functional layers on other
types of materials used in orthopaedic bone implants.
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