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Abstract

Surface modification of titanium alloys constitutes one of the 
key development directions of modern biomaterials used in 
orthopedic and dental implantology. This study presents the 
results of investigations into the influence of parameters of 
a two-step surface modification of the Ti-13Zr-13Nb alloy, 
including micro-arc oxidation (MAO) and electrophoretic 
deposition (EPD), on the properties of the obtained surface 
layers. The MAO process was carried out for 5 and 10 min-
utes in an electrolyte containing calcium and phosphorus 
compounds. Subsequently, a nanohydroxyapatite coating 
with the addition of silver nanoparticles was deposited on 
the modified surfaces using the EPD method. The obtained 
samples were subjected to comprehensive characterization, 
including Vickers microhardness measurements, evaluation 
of coating thickness and uniformity, analysis of surface mor-
phology and chemical composition (SEM/EDS), wettability 
and surface free energy measurements, coating adhesion 
tests, and cell studies. The results demonstrated a significant 
increase in microhardness and surface hydrophilicity after 
MAO–EPD modification compared to the reference mate-
rial. The obtained Ca/P ratio was close to that of natural 
bone, indicating the bioactive potential of the produced lay-
ers. Indirect cytotoxicity testing revealed that EPD-modified 
surfaces and MAO (10 min) combined with EPD were non-
cytotoxic, maintaining viability above 90. In contrast, MAO 
(5 min) + EPD extracts significantly reduced cell viability 
to approximately 65–70%. The MAO 5 min + EPD variant 
achieved other favorable properties, as it exhibited good 
uniformity, high microhardness, and acceptable coating 
adhesion. The results confirm the validity of applying the 
two-step surface modification of the Ti-13Zr-13Nb alloy in 
the design of bioactive implant surfaces.

Keywords: titanium alloy, micro-arc oxidation, electropho-
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Introduction

Titanium alloys are widely used in orthopedic and dental 
implantology, and constitute a preferred group of materials 
for biomedical applications due to their excellent biocompat-
ibility and favorable mechanical properties [1-4]. Implants 
made of titanium and its alloys are extensively applied 
in clinical practice; however, despite their high material 
potential, limitations related to the interaction between the 
implant surface and the surrounding tissue still remain [1]. 
Titanium owes its widespread biomedical application to its 
high corrosion resistance in physiological environments, 
good mechanical strength, and the ability to form a stable 
passive oxide layer on its surface [4]. However, this natu-
rally formed TiO2 layer is biologically inert and does not 
actively stimulate bone tissue response [4]. One of the key 
problems associated with metallic implants is the bioinert 
nature of titanium surfaces. Despite good bulk properties, 
Ti alloy surfaces often exhibit limited bioactivity, which may 
hinder close integration of the implant with surrounding tis-
sues and affect the long-term success of implantation [1,5]. 

This phenomenon provides a strong rationale for the 
development of surface engineering methods aimed at 
improving material–tissue interactions and enhancing the 
bioactivity of titanium implant surfaces. Another clinically 
significant issue is the mismatch between the mechanical 
properties of the implant and those of bone tissue. The dif-
ference between the high elastic modulus of conventional 
titanium alloys and the much lower modulus of bone may 
lead to the phenomenon known as stress shielding, result-
ing in bone resorption and an increased risk of implant 
loosening [6]. The elastic modulus of conventional titanium 
alloys significantly exceeds that of cortical bone, leading 
to non-physiological load transfer and the stress shield-
ing effect [6]. In this context, particular attention has been 
focused on β-type titanium alloys, which are characterized 
by a reduced Young’s modulus and are considered ben-
eficial materials for limiting bone loss and improving bone 
remodeling [6-8]. The reduction of the elastic modulus in 
β-type titanium alloys is achieved through the addition of 
non-toxic β-phase stabilizing elements, such as niobium 
and zirconium [6]. Among modern β-type titanium alloys 
intended for biomedical applications is the Ti-13Zr-13Nb 
alloy, which was developed as an alternative to conven-
tional implant alloys. 

The presence of niobium and zirconium as β-phase 
stabilizing elements allows this material to be classified 
as an alloy with a potentially reduced elastic modulus 
and improved mechanical compatibility with bone tissue, 
consistent with general trends in the development of me-
tallic biomaterials reported in the literature [6,9]. For this 
reason, the Ti-13Zr-13Nb alloy has become the subject of 
intensive research in the context of implant applications 
[10]. Despite favorable bulk properties, the surface of Ti-
13Zr-13Nb remains bioinert, similarly to other titanium 
alloys, which necessitates the use of surface modification 
techniques [5]. Due to the simultaneous occurrence of sur-
face bioinertness and the need to enhance implant–bone 
interactions, surface modification methods of titanium alloys 
are of particular importance. 

Among these methods, electrochemical techniques such 
as micro-arc oxidation (MAO) have attracted considerable 
interest, as they enable the formation of porous oxide layers 
strongly bonded to the metallic substrate and allow the in-
corporation of electrolyte components into the coating struc-
ture [1,5]. Compared to conventional anodizing, the MAO 
process enables the formation of thicker and more porous 
oxide layers, which are beneficial for bone ingrowth and 
mechanical stability [5]. The MAO process offers significant 
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potential for creating bioactive layers on titanium implants, 
making it a promising surface modification technique also 
for β-type titanium alloys, including Ti-13Zr-13Nb [5]. The 
porous structure formed during MAO creates favorable 
conditions for subsequent electrophoretic deposition (EPD) 
of bioactive coatings, enabling mechanical anchoring of 
deposited layers within the oxide structure [2].

Materials and methods
Sample Preparation
Cylindrical samples of the Ti-13Zr-13Nb titanium alloy (Sea-
Bird Metal Materials Co., Baoji, China), with a diameter of 
20 mm and a thickness of 4 mm, were prepared by grinding 
using abrasive papers with grit sizes of 220, 500, and 800. 
Reference samples consisted of the material in its initial 
condition (after grinding but prior to the MAO and EPD 
processes) and were used as a baseline for comparison 
with the modified surfaces.

Micro-Arc Oxidation Process
The micro-arc oxidation (MAO) process was performed at 
a constant voltage of 300 V and current of 83 mA (selected 
based on the study [37]), for 5 and 10 minutes, respectively. 
A total of 250 mL of electrolyte containing 0.1 M calcium glyc-
erophosphate (TCI) and 0.15 M calcium acetate (Chempur) 
was used. The same electrolyte was used for three samples 
during the process. The experiment was conducted using an 
MAO setup equipped with a DC power supply (PL-650-0.1,  
Matsusada Precision INC., Japan), a magnetic stirrer, and 
a glass electrolyte vessel cooled with water to maintain 
room temperature conditions. The electrolyte was stirred at 
a speed of 200 rpm using a magnetic stirrer. The titanium 
alloy sample served as the anode, while a stainless-steel 
plate acted as the cathode. Only one side of each sample 
was subjected to the MAO process, while the opposite side 
remained unmodified. After completion of the process, the 
samples were rinsed with distilled water and dried.

Electrophoretic Deposition
The subsequent stage of surface modification involved elec-
trophoretic deposition (EPD) of a coating onto samples previ-
ously treated by the MAO process. The EPD process was 
carried out in a colloidal suspension composed of 0.1 g of 
hydroxyapatite nanopowder (Sigma Aldrich, St. Louis, MO, 
USA) and 0.005 g of silver nanoparticles with a particle size 
of 30 nm (Hongwu International Group Ltd., Guangzhou, 
China), dispersed in 100 mL of 96% ethanol (C2H5OH). The 
EPD process was performed at room temperature under 
a constant voltage of 30 V for 2 minutes. The system con-
sisted of the sample acting as the cathode and a platinum 
electrode serving as the anode. After a 24-hour waiting 
period, the samples were sintered in a laboratory furnace 
at 800⁰C for 2 hours at vacuum in order to consolidate the 
coating and improve its adhesion to the porous titanium 
substrate.

Scanning Electron Microscopy (SEM) and 
Energy-Dispersive X-ray Spectroscopy (EDS)
Surface morphology and microstructure of the samples 
were examined using a high-resolution scanning electron 
microscope (SEM JEOL JSM- 7800 F, JEOL Ltd, Tokyo, 
Japan). The chemical composition was determined using 
energy-dispersive X-ray spectroscopy (EDS) with a detector 
integrated into the scanning electron microscope (SEM) with 
an accelerating voltage of 20kV and spot analysis. 

Coating Thickness Measurements
Coating thickness measurements were performed using 
an Isoscope-type coating thickness gauge (FMP10-20, 

Helmut Fischer GmbH, Sindelfingen, Germany). For each 
group of coated samples, measurements were conducted 
on two samples, and 20 measurements were carried out 
at randomly selected locations. Each measurement was 
conducted by placing the probe directly onto the surface 
of the coated titanium sample.

Vickers Microhardness Testing
Microhardness measurements were performed using the 
Vickers method with a load of 50 g. A hardness tester manu-
factured by AFFRI TESTING INSTRUMENTS was used.

Wettability Measurements
Wettability measurements were performed using a go-
niometer (Theta Lite TL101, Biolin Scientific) employing  
the sessile drop method. Measurements were carried out 
using two test liquids: distilled water and diiodomethane. 
The volume of the distilled water and diiodomethane drop-
lets was approximately 2 μL, and the contact angle was 
recorded for 10 s after the droplet was deposited on the 
surface.

Surface Free Energy Determination
Surface free energy and its polar and dispersive compo-
nents were calculated based on the measured contact 
angle values obtained for distilled water and diiodomethane.

Adhesion Test
Adhesion of the deposited coatings to the titanium substrate 
was evaluated using a cross-hatch scratch test. The test 
was performed using an Elcometer 107 Cross Hatch Cut-
ter Full Kit with ISO tape (6 × 1 mm cutter), Part Number 
F10713348-6. The results were evaluated according to the 
ISO 2409 classification.

Cells studies
For the cell culture experiments, the cellular model consist-
ed of human osteoblasts hFOB 1.19 (RRID: CVCL_3708) 
obtained from ATCC. Cells were cultured in a 1:1 mixture of 
Ham’s F12 medium and Dulbecco’s Modified Eagle’s Me-
dium (without phenol red), supplemented with 1 mmol/L L-
glutamine, 0.3 mg/mL G418, and 10% fetal bovine serum. 
Cells used for the experiments were between passages 
5 and 8 and were passaged twice prior to each experiment. 
The cultures were maintained at 34°C in a humidified at-
mosphere containing 5% CO2 and 95% air. To assess the 
indirect effects of the tested materials, cells were exposed 
to medium preconditioned with the tested samples. Cells 
were seeded in 96-well plates at a density of 0.012 mln 
per well and cultured under standard conditions for 24 h. 
The culture medium was then replaced with extracts of the 
test materials, and incubation continued for an additional 
24 h. Cell viability was evaluated using the MTT reduction 
assay (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide), which measures mitochondrial enzymatic ac-
tivity, primarily succinate dehydrogenase. MTT solution 
(0.06 mmol/L) was added to the cells remaining attached 
to the tested surfaces, followed by incubation for 4 h to 
allow for dye metabolism. The resulting formazan product 
was measured spectrophotometrically at 570 nm. Control 
cells were cultured on unmodified samples.
Statistic
The results are presented as means ± standard deviations 
(SD), and the obtained relationships were evaluated us-
ing one-way ANOVA followed by Tukey’s True Significant 
Difference post hoc test, with statistical significance set at 
p < 0.05. The normality of the data distribution was verified 
using the Shapiro–Wilk test. All statistical analyses were 
performed using GraphPad Prism 10 (GraphPad Software, 
La Jolla, CA, USA).
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Results and discussion
Surface microstructure and chemical 
composition analysis
Analysis of the microscopic images revealed clear mor-
phological differences between the reference sample and 
samples subjected to MAO and EPD processes, result-
ing from different mechanisms of surface layer formation 
(FIG. 1). The surface of the reference sample after me-
chanical treatment was characterized by the presence of 
numerous parallel grinding marks resulting from the action  
of abrasive paper grains. No porosity typical of electrochemi-
cal processes was observed; only minor irregularities and 
local contaminations related to the final stage of substrate 
preparation were present. In the case of the reference sam-
ple after the EPD process, the surface of the metallic sub-
strate remained essentially smooth, with clearly visible traces 
of mechanical grinding. The EPD process resulted in the 
deposition of agglomerates of hydroxyapatite nanopowder 
and silver nanoparticles, which were distributed unevenly 
on the surface. The absence of a porous underlayer caused 
these particles to adhere directly to the flat metallic surface, 
without anchoring within the substrate structure. Significant 
changes in surface morphology were observed for samples 
subjected to the micro-arc oxidation process. For the MAO 
5 min + EPD variant, a developed, porous surface structure 
characteristic of the MAO process was identified. The coating 
exhibited a uniform network of micropores with sizes rang-

ing from fractions of a micrometer to several micrometers. 
Particles deposited during the EPD process were visible 
as bright regions, which appeared to be located within the 
porous depression as well as on the tops of the oxide layer. 
Extending the MAO process time to 10 minutes affected the 
density and size of the pores while maintaining the porous 
character of the surface. The obtained layer was well con-
solidated and did not exhibit visible thermal cracks, which 
indicates the stability of the process and good quality of the 
obtained coating.

EDS analysis (FIG. 2) revealed the presence of elements 
characteristic of the investigated Ti-13Zr-13Nb alloy, i.e., Ti, 
Zr, and Nb, as well as oxygen, calcium, and phosphorus in 
samples subjected to electrochemical modification. In the 
case of samples after the MAO process, a distinct increase 
in oxygen content exceeding 40 wt.% was observed, which 
confirms the formation of a stable oxide layer during ano-
dization. The simultaneous detection of alloying elements 
indicates their migration from the metallic substrate into 
the forming surface layer. The presence of calcium and 
phosphorus in the layers formed after the MAO process 
indicates effective incorporation of these elements into the 
coating structure from the electrolyte containing calcium 
glycerophosphate and calcium acetate. Based on the EDS 
results, an atomic Ca/P ratio was calculated, amounting 
to 1.22 for the MAO 5 min + EPD sample and 1.23 for the 
MAO 10 min + EPD sample. These values are lower than 
the stoichiometric Ca/P ratio characteristic of hydroxyapatite 

FIG. 1. Microstructure of the a) reference sample; b) reference + EPD sample; c) MAO 5 min + EPD sample;  
d) MAO 10 min + EPD sample, magnification 1000
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(1.67), suggesting the formation of calcium phosphates with 
a reduced Ca/P ratio rather than stoichiometric hydroxyapa-
tite. Despite the introduction of silver nanoparticles during 
the EPD process, EDS analysis revealed only trace amounts 
of this element (<1 wt.%).  This may result from the low 
concentration of silver nanoparticles in the suspension, the 
limited sensitivity of the EDS detector, and possible local 
agglomeration of nanoparticles outside the analyzed area. 

Coating Thickness Measurements and Vickers 
Microhardness Testing
The thickness was measured at different locations on the 
sample; therefore, the value of the standard deviation in-
dicates differences in coating thickness depending on the 
location where the measuring probe was applied. Based 
on the spectrum (FIG. 2), it can be stated that the highest 
average coating thickness was observed for samples with 
an MAO layer. The reference sample exhibits the highest 
standard deviation, which confirms that preliminary micro-
arc oxidation improves the uniformity of the subsequently 
deposited EPD coating. Results for the coating thickness 
(FIG. 3a) indicated clear differences between the investi-
gated groups. Both MAO 5 min + EPD and MAO 10 min 

+ EPD samples exhibited a statistically significant increase in 
coating thickness compared to the reference + EPD sample 
(****p < 0.0001). In addition, a statistically significant differ-
ence in coating thickness was observed between the MAO 
5 min + EPD and MAO 10 min + EPD variants (**p < 0.01).

Microhardness measurements (FIG. 3b) demonstrated 
a substantial increase in hardness for all samples subjected 
to the MAO process compared to the reference substrate. 
The reference sample exhibited the lowest hardness values 
and the smallest scatter of results, which is characteristic of 
a bulk alloy without surface layers. In contrast, the reference 
+ EPD sample showed a high standard deviation exceed-
ing 31%, indicating that the coating deposited directly onto 
a smooth metallic surface without a porous MAO interlayer 
was non-uniform or locally delaminated during indentation 
by the Vickers indenter. Samples subjected to the combined 
MAO and EPD treatments exhibited more than a twofold 
increase in microhardness compared to the reference ma-
terial. Although the average hardness values obtained for 
the MAO 5 min + EPD and MAO 10 min + EPD variants 
were comparable and no statistically significant difference 
was observed between these groups, the 5-minute MAO 
process resulted in lower scatter of results. This indicates 

FIG. 2. Elemental composition spectrum of the surface of the a) reference sample; b) reference + EPD sample; 
c) MAO 5 min + EPD sample; d) MAO 10 min + EPD sample
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improved reproducibility and suggests that 
a shorter MAO treatment time provides a more 
uniform and mechanically stable surface layer.

Contact Angle and Surface Free 
Energy Measurements
All groups of samples were analyzed, and the 
results are presented graphically in FIG. 4.

Contact angle measurements of water and 
diiodomethane (Fig. 4a,b) showed a great de-
gree of surface wettability modification post-
surface treatment. However, there was a sub-
stantial reduction in water and diiodomethane 
contact angles post-EPD surface treatment, 
and further MAO treatment (5 min and 10 min) 
led to a marked reduction in near-zero values  
(**p < 0.001, ***p < 0.0001), suggesting high 
surface energy surfaces to be highly hydrophilic. 
Comparison between the MAO 5 min + EPD 
group and the MAO 10 min + EPD showed no 
statistically significant difference. Total surface 
free energy (Figure 4c) increased profoundly 
after the EPD treatment (p < 0.05) and then 
further after MAO treatment, with a significantly 
higher value for both MAO groups compared 
to the reference and reference + EPD groups  
(**p < 0.0001). Analysis of the surface free 

FIG. 4. Water (a) and dijodomethane (b) contact angle results; total surface free energy (c), dispersive compo-
nent (d) and polar component (e) of teste specimens. Data are presented as means ± SD from n = 4 independent 
specimens. Significant differences were determined by one-way ANOVA followed by Tukey’s post hoc test. 
Statistical significance was indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

FIG. 3. Thickness (a) and hardness (b) results for tested spe-
cimens. Thickness values are presented as mean ± SD from 
multiple measurements performed at different locations on each 
sample. Hardness data are presented as mean ± SD from n = 3 
independent measurements. Significant differences in hard-
ness were determined by one-way ANOVA followed by Tukey’s 
post hoc test. Statistical significance was indicated as follows:  
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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energy parameters showed a highly significant increase 
in both the dispersive (Fig. 4d) and polar (Fig. 4e) param-
eters following MAO treatment. The dispersive parameter 
had highly significant differences between the MAO-treated 
and non-MAO-treated groups (**p < 0.001-***p < 0.0001), 
while the polar energy increased significantly following MAO 
treatment (*p < 0.01). There were no significant differences 
found for the duration of MAO processing.

Scratch Test
The electrophoretically deposited coating applied directly 
onto the reference substrate exhibited no visible damage 
after the test, indicating very good adhesion to the substrate 
and corresponding to the highest adhesion class (ISO 0). 
The results of the studies interpreted using the compara-
tive method based on the ISO classification are presented 
on FIG. 5.

In the case of the hybrid coating obtained by combining 
micro-arc oxidation for 5 min with subsequent EPD deposi-
tion, minor chipping localized along the incision lines was 
observed. The damage was limited and did not extend be-
yond the immediate vicinity of the cuts, indicating moderate 
adhesion of the coating to the porous oxide layer. For the 
MAO 10 min + EPD variant, extensive coating detachment 
was observed after the test, indicating complete loss of 
adhesion. The coating was removed over large areas be-
tween the cuts, demonstrating insufficient interfacial bonding 
between the coating and the substrate in this variant. The 
results indicate that prolongation of the MAO treatment 
time negatively affects the adhesion of the subsequently 
deposited EPD coating. Among the investigated variants, 
the MAO 5 min + EPD treatment provided the most favorable 
balance between coating development and adhesion to the 
titanium substrate.

Cells studies 
The indirect contact assay performed using hFOB 1.19 
osteoblasts revealed no cytotoxic effects for the reference 
material and samples modified by EPD alone, as cell vi-
ability remained close to the control level (100%) (FIG. 6). 
Similarly, extracts obtained from samples subjected to MAO 
for 10 min followed by EPD treatment did not significantly 

affect osteoblast viability, indicating good cytocompatibility. 
In contrast, a significant reduction in cell viability was ob-
served for extracts from samples treated by MAO for 5 min 
combined with EPD, with viability decreasing to a range 
65–70% of the control. According to ISO 10993-5, materi-
als inducing a reduction in cell viability below 70% are 
considered to exhibit cytotoxic potential. Therefore, the 
MAO 5 min + EPD condition demonstrated a borderline to 
cytotoxic response, while all other tested materials met the 
criteria for non-cytotoxicity.

FIG. 5. Samples after the cross-hatch adhesion test a) specimen names, b) surface after cutting, c) tape after 
tests; d) adhesion class according ISO 2409

FIG. 6. The effect of tested materials on cells 
viability. Data are presented as means ± SD from  
n = 3 independent specimens. Significant differen-
ces were determined by one-way ANOVA followed 
by Tukey’s post hoc test. Statistical significance 
was indicated as follows: *p < 0.05, **p < 0.01,  
***p < 0.001, ****p < 0.0001.
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Discussion
The application of the two-step modification led to a more 
than two-fold increase in microhardness compared to the 
pure Ti13Zr13Nb alloy. This effect can be attributed to the 
reinforcement of the oxide structure by nanoparticles filling 
the pores. However, it should be noted that the hardness 
of HAp coatings is strongly correlated with their porosity 
and EPD voltage – studies from 2017 showed that increas-
ing the voltage from 15V to 30V resulted in a decrease 
in hardness from 0.22 GPa to 0.06 GPa due to a more 
porous structure at higher voltage [11-16]. The observed 
increase in surface hardness for coatings containing na-
nohydroxyapatite with added silver nanoparticles can be 
attributed to a reinforcement effect resulting from the pres-
ence of nanophase constituents within the porous MAO 
layer. Nanoparticles may act as strengthening elements, 
limiting local deformation and enhancing the coating’s 
resistance to mechanical loading, which is supported by 
literature findings [17,18]. 

Coatings produced after a 5-minute MAO process and 
then modified using the EPD method were characterized by 
the highest thickness (~8 µm) with low variability of 9.12%. 
In contrast, the lowest thickness values and the highest 
variability were observed for the reference layer modified 
only by the EPD method. The results confirm that the pa-
rameters of the MAO process, in particular its duration, have 
a significant impact on the growth rate and homogeneity of 
the oxide layer. This relationship is consistent with reports 
in the literature, which indicate that extending the MAO 
time promotes an increase in coating thickness, although 
this effect may saturate at longer processing times, which 
is associated with a change in the nature and intensity of 
plasma discharges. This phenomenon has been described, 
among others, in studies on the kinetics of MAO coating 
growth, where it was shown that the thickness of the layer 
depends on the duration of the process and the composi-
tion of the electrolyte, and that the growth rate slows down 
as the thickness of the coating itself increases [19]. EDS 
analysis revealed a high oxygen content (above 40%) 
along with the presence of calcium and phosphorus in the 
surface region, indicating their incorporation into the coat-
ing formed after the combined MAO and EPD processes. 
The combination of both processes enabled the utilization 
of the porous oxide layer formed by MAO as a substrate 
conducive to the deposition of calcium–phosphate phases 
[17,20]. 

The Ca/P ratio, calculated from the EDS results, was 
1.23, which is lower than the stoichiometric value charac-
teristic of hydroxyapatite (1.67), suggesting the formation 
of calcium phosphates with a reduced Ca/P ratio rather 
than stoichiometric hydroxyapatite. This indicates that the 
applied EPD parameters contributed to the formation of 
a coating with a chemical composition potentially relevant 
for biomedical applications [21,22]. The addition of silver, 
despite its low detectability in EDS analysis (0.0–0.1%), 
aims to provide antibacterial properties. The low detect-
ability of silver in EDS analysis may result from the inher-
ent sensitivity limitations of the method or from the low 
concentration of nanoparticles in the EPD suspension. 
Nevertheless, even trace amounts of silver may exhibit 
antibacterial activity, which is important for minimizing the 
risk of peri-implant infections [23]. According to previous 
studies, the concentration of silver released into the SBF 
solution from EPD coatings exceeds the bactericidal thresh-
old (0.1 ppm) as early as after 1–3 days, while remaining 
below the cytotoxicity limit [11,24,25]. 

Longer oxidation times may lead to excessive porosity 
or reduced layer cohesion, whereas shorter times do not 
allow for sufficiently developed structures to support effec-

tive EPD coating deposition [17,26]. Microscopic analysis 
(SEM) revealed that the application of MAO as a preliminary 
step creates a developed, porous oxide structure, which 
serves as an ideal substrate for the mechanical anchoring 
of nanohydroxyapatite and silver nanoparticles deposited 
by the EPD method. In contrast, coatings deposited directly 
onto the ground substrate (Reference + EPD sample) ex-
hibited irregular particle agglomerates with poor adhesion, 
whereas the hybrid MAO+EPD layers were characterized 
by improved continuity and cohesion. Depositing nanoHAp 
directly onto titanium at low voltages can lead to the forma-
tion of shrinkage cracks during heat treatment. The use of 
a porous MAO sublayer in the current research appears to 
limit this negative effect, thereby ensuring better stability 
of the top layer [27,11,28]. 

Both modification methods significantly influenced sur-
face wettability. The water contact angle for the MAO+EPD 
samples dropped to values close to zero, indicating a tran-
sition of the surface to a superhydrophilic state. This phe-
nomenon is extremely beneficial from the perspective of 
osteoblast adhesion and extracellular matrix production 
[11,29-32]. For comparison, nanoHAp coatings depos-
ited directly onto titanium exhibited contact angles in the 
range of 30–47°, which also classifies them as hydrophilic; 
however, the porous MAO structure drastically enhances 
this effect through capillary action within the micropores 
[33]. The combined application of MAO and EPD also led 
to a significant increase in surface hydrophilicity, particu-
larly for the 5-minute MAO variant. This phenomenon can 
be associated with the development of a porous surface 
structure. Reduced hydrophobicity in favor of a hydrophilic 
character is widely recognized as beneficial for cell adhe-
sion and for the effective integration of implants with bone 
tissue [34]. 

A key finding of the current research is the influence of 
the MAO process duration on adhesion. While the 5-min-
ute MAO variant provided acceptable adhesion (ISO 2), 
extending the time to 10 minutes resulted in a complete 
loss of adhesion (ISO 5). This suggests that the excessive 
thickness and porosity of the oxide layer obtained during 
the MAO process generate excessive internal stresses or 
limit the cohesion of the bond with the EPD coagulates. 
In the study conducted by Santiago-Medina et al. [35], 
the authors demonstrated that the micro-arc oxidation 
process drastically alters surface topography and surface 
energy, which directly translates into osteoblast adhesion 
and proliferation. A shorter treatment time (5 min) may 
have resulted in the formation of a coating with insufficient 
thickness or suboptimal porosity, which, combined with 
the EPD process, could lead to unfavorable interactions 
at the material-cell interface. The results suggest that op-
timizing MAO parameters is essential to avoid negative 
impacts on cellular metabolism. The MAO 5 min + EPD 
variant, which lies on the threshold of cytotoxicity accord-
ing to the ISO 10993-5 standard, suggests that extending 
the oxidation time to 10 min is necessary to maintain full 
biocompatibility. This likely provides better substrate pas-
sivation and a more stable coating structure, analogous to 
the more favorable results observed at higher processing 
parameters in the literature. The analysis by Fan et al. 
[36] demonstrated that MAO pretreatment creates a well-
developed, porous oxide structure that serves as an ideal 
substrate for electrophoretically deposited particles, signifi-
cantly influencing the material's biocompatibility. This may 
suggest that the 5-minute oxidation time was insufficient to 
produce a sufficiently stable and developed ceramic layer. 
The cited publication emphasizes that the parameters of 
the MAO layer determine how densely the EPD coating 
covers the substrate. It can therefore be concluded that in 
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the case of the 5-minute variant, the thinner and potentially 
less regular oxide layer did not provide optimal anchoring 
for the phase deposited during the EPD process, nor did it 
constitute an adequate protective barrier. Only extending 
the MAO process to 10 minutes allowed for full cytocompat-
ibility, which is consistent with Fan's observations indicating 
the crucial importance of the MAO substrate morphology 
for the final biological response of the hybrid system.

Conclusions 

The results of this study confirm that the two-step surface 
modification of the Ti-13Zr-13Nb alloy combining micro-arc 
oxidation (MAO) and electrophoretic deposition (EPD) is 
an effective approach for producing bioactive coatings 
with improved mechanical and surface properties relevant 
to implant applications. The MAO process enabled the 
formation of a porous oxide layer enriched with calcium 
and phosphorus, as confirmed by EDS analysis, indicat-
ing successful incorporation of these elements into the 
coating structure. This structure served as an effective 
substrate for EPD deposition of nanohydroxyapatite with 
silver nanoparticles, leading to a significant increase in 
coating thickness and microhardness compared to the 
reference material. Among the investigated variants, the 
MAO 5 min + EPD treatment provided the most favora-
ble balance between coating thickness, hardness, and 
uniformity; however, it exhibited the highest cytotoxicity. 
Surface wettability measurements revealed a pronounced 

increase in hydrophilicity after MAO and EPD treatments, 
accompanied by higher surface free energy values, par-
ticularly for the MAO 5 min + EPD variant. These features 
are considered beneficial for implant–tissue interactions. 
Adhesion testing demonstrated that excessive MAO treat-
ment time negatively affects coating adherence. While 
the MAO 10 min + EPD variant exhibited complete loss of 
adhesion, the MAO 5 min + EPD coating maintained ac-
ceptable adhesion, indicating that controlled oxidation time 
is critical for coating durability. In summary, the MAO 5 min 
+ EPD variant exhibited the most favorable combination 
of physicochemical and mechanical properties, including 
a bioactive coating composition, high adhesion, increased 
hardness, and good surface wettability. However, the cy-
totoxicity assessment revealed a significant reduction in 
cell viability, which substantially limits its potential for direct 
application in implantology. The obtained results indicate 
that, despite the high technological potential of this surface 
modification, further optimization of process parameters 
or the implementation of additional modification steps is 
necessary to improve biocompatibility while maintaining 
the advantageous functional properties.
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