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Abstract: In this study, hydroxyapatite (HA) coatings were synthesized on titanium substrates using
the plasma electrolytic oxidation (PEO) technique to enhance corrosion resistance and improve the
biocompatibility of implant materials. The experiments were conducted in an electrolyte containing
calcium acetate hydrate and sodium dihydrogen phosphate monohydrate under a constant voltage of
500 V, with treatment durations of 1, 3, 5, and 7 minutes. The surface morphology and structural
characteristics of the coatings were analyzed using various characterization techniques. X-ray
diffraction (XRD) results revealed the distinct formation of hydroxyapatite phases when the
treatment duration reached 7 minutes. Scanning electron microscopy (SEM) observations showed a
uniformly porous surface morphology while energy-dispersive X-ray spectroscopy (EDS)
confirmed the presence of calcium and phosphorus elements. Furthermore, corrosion performance
evaluated in simulated body fluid (SBF) using Tafel polarization curves demonstrated that the PEO-
coated samples exhibited significantly higher corrosion potentials and polarization resistance than
bare titanium, indicating superior surface protection. /n vitro cell culture experiments using BHK
cells for 48 h and 72 h confirmed good cell attachment and proliferation on the HA-coated surfaces.
These results demonstrate that hydroxyapatite coatings prepared by the plasma electrolytic oxidation
method hold great potential for biomedical implant applications.
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1. Introduction

Titanium and its alloys have become the standard materials in dental and orthopedic implants due
to their exceptional combination of high mechanical strength, outstanding corrosion resistance, and good
biocompatibility [1,2]. However, the titanium surface is inherently bioinert and does not form a direct
chemical bond with bone tissue. This limitation can result in slow or incomplete osseointegration,
thereby reducing the clinical performance and longevity of the implant [3]. Hydroxyapatite (HA,
Ca;o(PO4)s(OH),), the principal inorganic component of bone and teeth, accounts for approximately 65-
70% of the weight of natural bone. Owing to its structural and chemical similarity to bone minerals, HA
exhibits excellent bioactivity and the ability to form direct chemical bonds with bone tissue, promoting
adhesion, proliferation, and differentiation of osteogenic cells [4]. Nevertheless, HA is inherently brittle,
with low mechanical strength and poor fatigue resistance, which limits its direct use in load-bearing
implant applications [5]. A feasible and effective approach is to coat titanium substrates with HA,
combining the mechanical robustness and corrosion resistance of titanium with the superior bioactivity
of HA. This strategy enables the development of a composite system that harmoniously integrates
mechanical and biological properties, fulfilling the requirements of biomedical applications [6].

Various techniques have been investigated to fabricate hydroxyapatite (HA) coatings on titanium
substrates, including plasma spraying [7, 8], electrophoretic deposition (EPD) [9,10], sol-gel processing
[11, 12], and biomimetic deposition in simulated body fluid (SBF) [13]. Nevertheless, conventional
coating techniques still exhibit several inherent limitations, including insufficient interfacial bonding
between the coating and the substrate [14-17], potential alterations in chemical composition due to
processing conditions, and limited control over surface porosity and microstructural features.

Plasma electrolytic oxidation (PEO) has emerged as a particularly promising technique for an
alternative surface modification approaches, as it enables the in situ formation of porous oxide coatings
with strong metallurgical adhesion to the substrate, while simultaneously facilitating the incorporation
of bioactive calcium-phosphate phases [18]. The PEO also known as micro-arc oxidation (MAQ), is an
advanced surface treatment technique capable of producing thick, porous, and strongly adherent oxide
layers on light metals such as titanium and its alloys [19]. The process is carried out under high voltages
that exceed the dielectric breakdown threshold of the native oxide film, resulting in microdischarge
events on the electrode surface. The formation of hydroxyapatite (HA) coatings on titanium during the
PEO process occurs through three fundamental stages. Initially, anodic oxidation produces a thin TiO»
layer that serves as a dielectric barrier. As the voltage increases beyond the dielectric breakdown limit,
this oxide layer is punctured, generating microplasma channels. Within these channels, temperatures
can reach 2000-10000 K due to electron collisions and localized high pressure [20], leading to the
melting and recrystallization of TiO,, as well as enhanced ionic transport under the strong electric field.
Calcium (Ca®") and phosphate (PO4’") ions supplied from the electrolyte migrate into the molten oxide
layer, where they undergo precipitation and transformation processes. In the alkaline, OH -rich
environment, the initial calcium phosphate phases form in amorphous or intermediate states and
gradually rearrange and crystallize into HA. Parameters such as applied voltage, treatment duration, and
electrolyte composition strongly influence the surface morphology, porosity, crystallinity, and phase
composition of the coating. Higher voltages and longer treatment times generally increase the coating
thickness and crystallinity, but may also cause overheating, electrolyte evaporation, and defect
formation. Therefore, optimizing the processing parameters is crucial to obtain high-quality HA coatings
that balance mechanical durability with enhanced bioactivity [21-23].

In recent years, numerous studies have focused on applying the plasma electrolytic oxidation (PEO)
technique to deposit hydroxyapatite (HA) coatings on titanium and its alloys, with the aim of improving
surface properties and enhancing the biocompatibility of implant materials. Reported results have shown
that HA/Ti coatings not only increase surface hydrophilicity but also promote the adhesion, spreading,
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and proliferation of osteogenic cells, while significantly reducing the time required for apatite formation
during immersion in simulated body fluid (SBF) [24, 25]. However, most previous studies have required
additional post-treatment steps after PEO - such as hydrothermal treatment [14, 17], sol-gel processing
[26], heat treatment [27], or long-term immersion in SBF [28-30] - to achieve the formation of a fully
developed HA phase.

In contrast to these previous approaches, this study demonstrates the direct synthesis of
hydroxyapatite on titanium substrates via the PEO process at an applied voltage of 500 V, without the
need for any additional post-treatment steps. This represents a significant distinction, as it simplifies the
fabrication procedure, shortens processing time, and enhances the practical potential for producing
biomedical implant components with greater cost-effectiveness and feasibility compared to
conventional methods. To elucidate the formation mechanism and characteristics of the coating, plasma
electrolytic oxidation was conducted in an electrolyte containing calcium acetate hydrate
(Ca(CH;3CO0),) and sodium dihydrogen phosphate monohydrate (NaH,PO4-H,0) at different treatment
durations. The resulting samples were comprehensively characterized using several advanced analytical
techniques: scanning electron microscopy (SEM) to examine surface morphology, energy-dispersive X-
ray spectroscopy (EDS) to identify elemental composition, and X-ray diffraction (XRD) to analyze
crystalline phase formation. In addition, corrosion resistance was evaluated through Tafel polarization
measurements. Notably, in vitro cell culture experiments using BHK cells for 48 h and 72 h revealed
favorable cell adhesion and proliferation, confirming the promising potential of HA/Ti coatings
produced by PEO for biomedical implant applications.

2. Materials and Methods
2.1. Synthesis of Hydroxyapatite Coatings by Plasma Electrolytic Oxidation

Commercially pure titanium (cp-Ti) sheets (Kahee Metal, South Korea) were cut into plates of 10 x
10 x 1 mm. Prior to plasma electrolytic oxidation (PEO), the titanium sheets were sequentially polished
using 1000 grit and 2000 grit SiC sandpapers to obtain a uniform surface finish. The polished samples
were then ultrasonically cleaned in acetone for approximately 10 minutes to remove surface
contaminants, followed by rinsing with ethanol and deionized water, and dried prior to processing. The
plasma electrolytic oxidation (PEO) treatment was carried out in an electrolyte solution containing
calcium acetate hydrate (Ca(CH3COO),, Merck, > 95%) and sodium dihydrogen phosphate
monohydrate (NaH,PO4-H,O, Merck, > 99%), which served as the sources of Ca*" and PO+* ions for
hydroxyapatite formation. In the electrochemical system, the titanium sample was connected as the
anode, a platinum rod was used as the cathode, and a direct current (DC) power supply was maintained
at a constant voltage of 500 V. The formation of hydroxyapatite (HA) during plasma electrolytic
oxidation process occurs as follows:

At the initial stage of oxidation, conventional anodic reactions occurred [31]:

Ti — Ti*" + de (1)
Ti* + 2H,0 — TiO, + 4H* )

At the cathode, water reduction generated hydroxyl ions, leading to local alkalization:
2H,0 + 2¢” — Hy1 + 20H" 3)

The initially formed TiO; layer acted as a dielectric barrier. When the applied voltage exceeded the
dielectric breakdown potential of this oxide film, localized microplasma discharges were generated on
the surface, producing transient high-temperature microzones that led to partial melting and rapid
solidification of the oxide layer [32].
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In the present electrolyte system, calcium acetate and sodium dihydrogen phosphate dissociate:
Ca(CH;COO), — Ca*" + 2CH;COO" 4)

NaH,PO; — Na" + HPO4~ (5)

Under locally alkaline conditions induced by OH™ formation, phosphate species were progressively
deprotonated to PO4*:

H,PO, + OH- — HPO,> + H,0O (6)
HPO.2> + OH™ — PO, + H,0 (7

Under the influence of the high voltage in the PEO process, these ions combine during the formation of
TiO; to create ceramic compounds similar to HA, as described in the following reaction [32]:

10Ca%* + 6PO~ + 20H™ — Caio(PO4)s(OH), (8)

To investigate the effect of treatment duration, the samples were subjected to plasma electrolytic
oxidation for four different time intervals: 1, 3, 5 and 7 minutes. Once the applied voltage exceeded the
dielectric breakdown threshold, microplasma channels were generated, allowing Ca** and PO4>~ ions to
penetrate the TiO, layer and promote hydroxyapatite formation. During the process, the electrolyte
temperature was maintained below 50 °C using a circulating cooling system to prevent rapid evaporation
and ensure coating uniformity. After that, the samples were rinsed with deionized water and air-dried.

2.2. Characterization Methods

The treated samples were comprehensively characterized to evaluate surface morphology, phase
structure, elemental composition, surface properties, and biocompatibility. The surface morphology and
microstructure of the coatings were examined using scanning electron microscopy (SEM, JEOL JSM-
1T200), while energy-dispersive X-ray spectroscopy (EDS) was employed to confirm the presence of
calcium (Ca) and phosphorus (P) elements within the coatings. The crystalline structure was identified
by X-ray diffraction (XRD, Bruker D8 Advance, Cu Ko, A = 1.5406 A), providing insight into the
formation of hydroxyapatite and titanium oxide phases such as anatase and rutile.

The corrosion resistance was evaluated electrochemically in simulated body fluid (SBF) using a
PGSTAT302N system (Metrohm Autolab) to obtain Tafel polarization curves, allowing comparison of
surface protection performance between the untreated titanium and the PEO-treated samples. The
corrosion current density (I.orr) and corrosion potential (E. . ) were determined by Tafel extrapolation
of the anodic and cathodic branches of the polarization curves. The polarization resistance (Rp) was
calculated using the equation 9 [33]:

_ Ba X Bc 9)
P 2303 X ICOI‘I‘ X (Ba + BC)

Where 3, and (. represent the anodic and cathodic Tafel slopes, respectively. The corrosion rate

(CR) was then determined from the corrosion current density according to Faraday’s law:

M M 10
R= pavale Ieorr = 3.73 X 107% x o Ieorr  (8/m?h) (10)

R

Where M is the molar mass of the metal (g/mol), n is the number of electrons involved in the
corrosion reaction, and F is the Faraday constant.

The in vitro biocompatibility was examined through BHK cell culture on sterilized pure titanium
and Ti/HA-coated samples. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, under conditions of
37 °C and 5% CO,. After 48 h and 72 h, the samples were collected and examined using SEM and
fluorescence microscopy. Cells were stained with Phalloidin 555 to visualize the actin filament network
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and DAPI to identify cell nuclei, enabling the assessment of cell adhesion, distribution, and proliferation
on the coating surfaces.

3. Results and Discussion

The X-ray diffraction (XRD) patterns of the titanium substrate and the samples treated by PEO for
1, 3, 5 and 7 minutes are shown in figure 1. For the pure titanium sample, only the characteristic
diffraction peaks of the a-Ti phase (ICDD 44-1294) were observed, confirming the high purity of the
substrate material and the absence of impurities.
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Figure 1. X-ray diffraction (XRD) patterns of Ti and HA/Ti coatings obtained at treatment times of 1, 3, 5, and 7
minutes, where T - Ti (ICDD 44-1294), A - TiO; anatase (ICDD 21-1272), R - TiO; rutile (ICDD 21-1276), and
H - Hydroxyapatite (ICDD 09-0432).

After PEO treatment for 1 and 3 minutes, in addition to the Ti peaks, characteristic diffraction peaks
of TiO, were detected in both anatase (ICDD 21-1272) and rutile (ICDD 21-1276) crystalline forms.
For the sample treated for 5 minutes, several weak peaks appeared in the 20 range of 31°-35°, which
can be considered as initial signals indicating the formation of Ca-P phases or incompletely developed
hydroxyapatite. Notably, after 7 minutes of treatment, distinct diffraction peaks corresponding to HA
(ICDD 09-0432) were clearly observed at 25.9° (002), 28.9° (210), 31.7° (211), 32.2° (112), 32.9° (300),
34.0° (202), 46.7° (222), and 49.4° (213). The relative intensities of the Ti and TiO, peaks gradually
decreased with increasing treatment time, mainly due to the shielding effect of a thicker and HA-
enriched coating layer. These results indicate that treatment duration plays a crucial role in the HA
formation mechanism while the short-duration PEO samples (1-3 minutes) primarily produced TiO»
(anatase and rutile) and precursor Ca-P phases, well-crystallized hydroxyapatite was formed after 7
minutes. This finding demonstrates that the PEO method conducted in an electrolyte containing
Ca(CH3COO); and NaH,PO4-H2O at 500 V can directly synthesize HA on titanium surfaces without the
need for additional heat, hydrothermal, or long-term SBF treatments.
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SEM observations (Figure 2) revealed that the HA/Ti coatings formed by the plasma process
exhibited a typical multiscale porous structure. At a low magnification of 500x, the surface was densely
covered with uniformly distributed micropores across the entire sample, forming a characteristic
honeycomb-like morphology (Figure 2a). At higher magnifications of 1000-2000-5000x, pores with a
wide range of sizes were observed, including numerous small pores in the submicron range (several
hundred nanometers) together with larger discharge pores with diameters ranging from approximately
2.25 t0 3.16 pm, as measured from the high-magnification SEM image (Figures 2b-d). This multiscale
porous architecture is highly favorable for biomedical applications. Specifically, while macro-pores
(>100 pum) are known to support bone ingrowth, micro-pores in the range of 1-10 um play a crucial role
in the early stages of osseointegration [34]. These pores increase the specific surface area and provide
effective anchoring sites for cell filopodia, which typically possess diameters in the submicron range
[25]. Furthermore, pores smaller than 10 pm promote the capillary-driven infiltration of biological fluids
and the adsorption of adhesive proteins [26], facilitating robust cell attachment and proliferation as
observed in the in vitro results (Figure 7). Many pores were surrounded by circular ridges with raised
edges, which are characteristic features of localized melting and rapid solidification of the surface under
plasma discharge (Figure 2d).

Figure 2. SEM results of the HA/Ti coating surface at different magnifications:
500x (a); 1000x (b); 2000 (c); 5000% (d).

Similar porous structures have been reported in previous studies. For example, Huang and
Yoshimura reported that the pores formed on Sr-doped HA coatings prepared by electrochemical
treatment ranged from 0.9 to 2.2 um, depending on the applied voltage and treatment conditions [35].
Likewise, Durdu et al. observed that PEO coatings on Ti6Al4V exhibit micro-pores generated by
discharge channels due to localized plasma reactions during oxidation [20]. Compared with these
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studies, the slightly larger pore size observed in the present work may be attributed to the relatively high
applied voltage of 500 V, which intensifies the plasma discharge energy and promotes the formation of
larger discharge channels. The regions between pores showed relatively smooth recrystallized surfaces
interspersed with fine roughened areas, along with submicron-sized spherical particles adhering to the
pore edges and walls. These particle clusters correspond to hydroxyapatite incorporated into the coating
via ion transport through plasma channels, consistent with the XRD results confirming HA phase
formation at a treatment time of 7 minutes. This multiscale porous structure not only increases the
effective surface area but also facilitates cell adhesion and allows body fluids to penetrate easily, thereby
promoting biomineralization. In particular, the coexistence of micropores and HA particles is considered
a key factor enhancing bioactivity, supporting cell attachment and spreading. This is further confirmed
by the EDX analysis, which reveals the presence of calcium (Ca) and phosphorus (P) elements on the
coating surface, as shown in figure 3.

Figure 3. Elemental composition of the HA/Ti coating.

The EDS spectrum of the HA/Ti sample (Figure 3) shows that the obtained coating contains the
main elements Ti, O, Ca and P, among which Ti (42.9 wt%) and O (38.1 wt%) are dominant, reflecting
the presence of the titanium substrate and the oxide layer formed during the plasma electrolytic oxidation
process. Notably, the appearance of Ca (11.8 wt%) and P (7.2 wt%) confirms that Ca-P co-deposition
occurred on the surface, demonstrating the formation of a hydroxyapatite (HA)-rich or calcium
phosphate-related coating. The calculated Ca/P ratio is approximately 1.64, which is close to the ideal
value for HA (1.67), indicating that the resulting product tends to form a structure compatible with
hydroxyapatite, although minor secondary phases or amorphous materials may still be present. Similar
Ca/P ratios have been reported in previous studies on PEO-derived HA coatings. For instance, Durdu et
al., reported Ca/P ratios close to the stoichiometric HA composition for coatings formed in Ca-P
containing electrolytes during plasma electrolytic oxidation [20]. This similarity suggests that the
coating produced in the present work tends to form hydroxyapatite or HA-like calcium phosphate
phases, which are highly desirable for biomedical implant applications. The accompanying SEM images
also reveal a typical porous surface with micro-sized pores, which not only increases the surface area
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but also facilitates ion attachment and promotes the growth of biological apatite in simulated body fluid
environments.

To further clarify the coating thickness and interfacial adhesion, cross-sectional SEM observations
were conducted, as presented in figure 4. The HA/Ti coating exhibits a typical PEO-derived bilayer
structure, consisting of a porous outer layer and a comparatively denser inner layer in direct contact with
the titanium substrate. Thickness measurements taken at three representative positions reveal values of
14.16 um, 12.39 um, and 12.34 um, corresponding to an average coating thickness of approximately 13
um. The relatively small variation in thickness indicates good coating uniformity across the surface.

Importantly, the coating-substrate interface appears continuous and compact, with no observable
cracks, voids, or delamination between the ceramic layer and the titanium substrate. The inner dense
layer is tightly bonded to the substrate, suggesting strong interfacial integrity. This behavior is
characteristic of plasma electrolytic oxidation coatings, which are formed through in situ anodic
oxidation accompanied by localized microplasma discharges, leading to partial melting and
metallurgical integration with the substrate. The absence of interfacial separation in the cross-sectional
image provides direct microstructural evidence of excellent adhesion. Furthermore, the significant
enhancement in corrosion resistance observed from the Tafel polarization measurements (Figure 6)
indirectly confirms the structural stability and protective effectiveness of the coating.

-
NN

Figure 4. Cross-sectional SEM image of the HA/Ti coating.

Comparable coating thicknesses have been reported in previous studies on PEO coatings. For
example, Huang and Yoshimura reported coating thicknesses in the range of 2.9-10.9 um depending on
the applied voltage during electrochemical surface treatment [35]. The slightly larger thickness obtained
in the present study may be attributed to the higher applied voltage (500 V) and the continuous plasma
discharge activity, which promotes faster oxide growth and ion incorporation. Compared with other
PEO-derived coatings reported in previous studies, which may exhibit thinner oxide layers or noticeable
interfacial transitions depending on electrolyte composition and dopant incorporation, the present HA/Ti
coating shows a relatively thicker structure (~13 um) with a clearly defined bilayer morphology [36,37]. By
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contrast, the coating obtained in this study maintains a uniform thickness distribution and a continuous
coating-substrate interface in the cross-sectional SEM image.

Figure 5 shows the current density-time (I-t) curve of the sample treated by the plasma electrolytic
oxidation (PEO) method for 7 minutes at an applied voltage of 500 V. The results indicate that, in the
initial stage, the current reached a peak value of approximately 1.65 A, reflecting the intense occurrence
of plasma discharges at the onset of the process. Subsequently, the current rapidly decreased to around
0.8 A and remained fluctuating around this value throughout the treatment period.
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Figure 5. Current-time curve of the HA sample treated for 7 minutes.

The decrease in current over time is characteristic of the PEO process, as the oxide layer gradually
thickens and becomes more insulating, thereby reducing the electrical conductivity of the sample
surface. The small current fluctuations in the stable region indicate that micro-discharges continue to
occur, sustaining the formation and redistribution of the oxide layer, which facilitates the crystallization
and deposition of the HA phase on the surface. However, the relatively strong oscillations of the current
during the steady stage suggest that the plasma system is not yet fully stable. This phenomenon may
result from localized energy concentration of discharges, causing uneven temperature distribution on
the surface and leading to alternating regions of intense and weak plasma activity. Such behavior can
affect the uniformity of the coating, indicating that further optimization of the applied voltage or
treatment time is needed to achieve higher plasma stability and a more homogeneous coating quality.

The Tafel polarization curves of the Ti substrate and the HA-coated Ti samples treated by the PEO
process are presented in figure 6 and table 1. The results indicate that the Ti substrate exhibits a more
negative corrosion potential (E¢orr = 0.14878 V), a higher corrosion current density (Icor = 2.5756x10°°
A/cm?), a lower polarization resistance (Rp =21700 Q-cm?), compared to that of the HA-coated sample,
and a corrosion rate of 0.029928 mm/year, reflecting its limited corrosion resistance. In contrast, the
HA-coated sample shows a positive shift in corrosion potential (E¢or = 0.76291 V), accompanied by a
significant decrease in corrosion current density (Icorr = 0.49%10-° A/cm?) and a remarkable increase in
polarization resistance (R, = 61639 Q-cm?), compared to that of the bare Ti, resulting in a much lower
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corrosion rate of only 0.0056938 mm/year, an improvement of over 80% compared to bare Ti. This
outstanding enhancement is mainly attributed to the HA layer acting as a protective barrier that limits
direct contact between the Ti substrate and the electrolyte, combined with the chemical stability and
excellent biocompatibility of HA, thereby confirming the potential for biomedical applications.
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Figure 6. Tafel curves of the Ti sample and the HA coating.

Table 1. Electrochemical parameters from the Tafel curves of Ti and HA-coated samples

Samples Ecorr Lcorr R, Corrosion rate H
W) (10 A/cm?) (Q-cm?) (mm/year) (%)

Ti 0.14878 2.5756 21700 0.029928 0
HA 0.76291 0.49 61639 0.0056938 80.96

Comparable electrochemical trends have been reported in previous studies on hydroxyapatite
coatings synthesized by plasma electrolytic oxidation. For example, Montazeri and Dehghanian [38]
reported that HA-containing coatings prepared on Ti-6Al-4V alloys exhibited a corrosion current
density of approximately 4.6x10”7 A/cm?, significantly lower than that of the untreated substrate
(1.7x10°° A/cm?), confirming the protective role of the PEO-derived HA layer. These values are of the
same order of magnitude as the present study, where the HA coating reduces the corrosion current
density to 0.49x107° A/cm?, indicating a similar electrochemical protection level. In another study, Lan
et al., [39] reported that hydroxyapatite coatings produced by the PEO process increased the corrosion
potential from -0.455 V to -0.008 V, demonstrating a significant positive shift in E.y.r and improved
electrochemical stability of the coated surface, confirming that calcium-phosphate phases incorporated
into the oxide layer effectively improve the corrosion resistance of metallic substrates.

The morphology of BHK cells cultured on the pure Ti substrate and HA/Ti samples after 48 and 72
hours is shown in Figure 7. In Figures 7(a-b), the Ti surface exhibits a sparse cell distribution, where
cells are scattered and mostly maintain a small spindle-like shape with limited filopodia attachment.
After 72 hours (Figure 7b), although the number of cells increases compared to 48 hours, the spreading
and surface coverage remain limited, indicating that the Ti surface is biologically inert and not
particularly favorable for strong cell adhesion and proliferation.
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Figure 7. SEM images of BHK cells on Ti at 48h (a) and 72h (b), and on HA/Ti at 48h (c-d) and 72h (e-f).

In contrast, Figures 7(c-f) show a clear difference observed in the HA/Ti samples. As early as 48
hours (Figures 7c-d), the cell density is noticeably higher, with cells adhering in clusters and beginning
to spread, forming numerous filopodia that probe and anchor to the porous HA coating surface. The
magnified image (Figure 7d) reveals that cells have directly interacted with the surface and formed an
interconnected network, demonstrating the HA coating’s ability to support cell development.
Particularly, after 72 hours (Figures 7e-f), the HA/Ti samples surface is almost completely covered by
a dense cell layer, with many cells fully spread, elongated, and forming a continuous network structure.
This reflects the high biocompatibility of the HA coating, allowing cells not only to adhere effectively
but also to proliferate rapidly over time. Compared with the pure Ti substrate, the HA/Ti samples exhibit
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superior cell density, spreading, and growth, confirming that the porous HA coating acts as a functional
biological scaffold that provides a favorable environment for cell adhesion and proliferation.

4. Conclusion

In this study, hydroxyapatite (HA)-containing coatings were synthesized in situ on commercially
pure titanium using plasma electrolytic oxidation (PEO) at a constant voltage of 500 V in a
Ca(CH3;CO00),-NaH,PO4-H,O electrolyte without additional post-treatment. The treatment duration
significantly influenced the phase evolution of the coating. Crystalline HA was observed after 7 min of
treatment, whereas shorter durations mainly produced TiO, phases (anatase and rutile) together with
intermediate calcium phosphate phases.

The resulting HA/Ti coating exhibited a multiscale porous morphology consisting of submicron
pores and larger discharge pores with diameters of approximately 2.25-3.16 um, together with nanoscale
Ca-P particulates. Energy-dispersive spectroscopy confirmed the incorporation of Ca and P species in
the coating, with a Ca/P ratio of approximately 1.64, which is close to the stoichiometric value of
hydroxyapatite (1.67), indicating the formation of HA-like calcium phosphate phases.

Electrochemical measurements in simulated body fluid demonstrated a positive shift in corrosion
potential, a significant reduction in corrosion current density, and an increase in polarization resistance
compared with untreated titanium, indicating improved corrosion resistance of the coated surface. In
addition, in vitro BHK cell culture results showed enhanced cell adhesion and spreading on the HA/Ti
coating compared with bare titanium.

Overall, these findings suggest that the PEO process can produce a porous HA-containing coating
with good interfacial integrity, improved corrosion resistance, and favorable cell response. The
developed HA/Ti system therefore shows potential for applications in biomedical implants.
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