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Abstract: This review explores the latest advancements in enhancing the biocompatibil-
ity and antibacterial properties of implantable structures, with a focus on titanium (Ti)
and its alloys. Titanium implants, widely used in dental and orthopedic applications,
demonstrate excellent mechanical strength and biocompatibility, yet face challenges such
as peri-implantitis, a bacterial infection that can lead to implant failure. To address these
issues, both passive and active surface modification strategies have been developed. Pas-
sive modifications, such as altering surface texture and chemistry, aim to prevent bacterial
adhesion, while active approaches incorporate antimicrobial agents for sustained infection
control. Nanotechnology has emerged as a transformative tool, enabling the creation of
nanoscale materials and coatings like TiO2 and ZnO that promote osseointegration and in-
hibit biofilm formation. Techniques such as plasma spraying, ion implantation, and plasma
electrolytic oxidation (PEO) show promising results in improving implant integration and
durability. Despite significant progress, further research is needed to refine these tech-
nologies, optimize surface properties, and address the clinical challenges associated with
implant longevity and safety. This review highlights the intersection of surface engineering,
nanotechnology, and biomedical innovation, paving the way for the next generation of
implantable devices.

Keywords: osseointegration; titanium implants; peri-implantitis; surface modification;
bacterial contamination; biocompatibility; plasma electrolytic oxidation (PEO); ion
implantation; antibacterial surfaces

1. Introduction
The groundbreaking discovery of osseointegration by Brånemark and colleagues in

1969 catalyzed significant advancements in the field of implantation [1]. Titanium (Ti)
implants have demonstrated excellent performance in clinical settings, owing to their
robust mechanical properties and superior biocompatibility. However, challenges persist
in achieving optimal osseointegration, particularly for patients with compromised health
conditions [2,3]. Dental implants play a crucial role in effectively managing various ortho-
pedic disorders, but complications such as implant-associated infections remain frequent
and challenging to address [4]. In dentistry, peri-implantitis refers to an inflammatory
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condition affecting the tissues surrounding an osseointegrated implant, which can result in
the degradation of supporting bone and potential implant failure. Reports indicate a preva-
lence rate ranging between 5% and 63.4%, a variability attributed to differences in study
methodologies and risk factors assessed [5]. Regardless of these variations, peri-implantitis
represents a major issue in implantology, primarily due to the high infection risk during
implant placement.

Key bacterial species implicated in peri-implant inflammation include Staphylococcus
aureus and Staphylococcus epidermidis. Additionally, a diverse range of microorganisms,
such as Prevotella intermedia, Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans,
Bacteroides forsythus, Treponema denticola, Prevotella nigrescens, Peptostreptococcus micros, and
Fusobacterium nucleatum, have been associated with the condition [6,7]. The process of
bacterial contamination begins with the attachment of microbial cells to the implant’s
surface, followed by proliferation and the development of an extracellular biofilm matrix.
Once mature, bacteria within the biofilm can disperse and colonize new areas, further
exacerbating infection risks [8]. Consequently, designing implant surfaces that inhibit
bacterial adhesion and biofilm formation is critical for ensuring implant success.

Historically, research has focused on the interaction between implant surfaces and
bone tissue. More recently, it has become evident that altering the surface texture or
chemical composition of implants can confer antibacterial properties. With the rise of
antibiotic-resistant bacterial strains, early-stage interactions between implant materials and
microbial cells have gained heightened attention [9].

Current approaches to preventing peri-implantitis aim to either eliminate bacteria (bac-
tericidal action) or impede their adhesion and biofilm development (anti-adhesive action).
These strategies can be broadly categorized into passive and active surface modifications.
Passive modifications involve structural or chemical alterations designed to deter bacterial
adherence without releasing antimicrobial agents. Conversely, active modifications rely on
the release of pharmacologically active antibacterial substances [10,11].

Recent advancements in nanotechnology have explored innovative methods to simul-
taneously minimize bacterial contamination and enhance osseointegration. For instance,
Tsimbouri et al. [12] developed a TiO2 nanowire-based material that improves bone at-
tachment while reducing bacterial colonization. Similarly, Colon et al. [13] synthesized
sintered TiO2 and ZnO nanospheres to achieve comparable outcomes. Cheng et al. [14]
investigated titanium oxide nanotubes doped with silver and strontium via hydrothermal
treatment, whereas Huo et al. [15] employed anodization and hydrothermal techniques
to create Zn-doped TiO2 nanotubes. Ferraris et al. [16] further demonstrated that chemi-
cally treating titanium surfaces to incorporate micro- and nanostructures functionalized
with silver nanoparticles could enhance osseointegration while imparting antimicrobial
properties.

In contemporary medical practice, addressing issues related to peri-implantitis re-
mains a priority. This inflammatory condition, driven by bacterial infections, leads to bone
loss and may ultimately result in implant failure. Research emphasizes the importance of
developing advanced surface coatings to prevent bacterial adhesion and biofilm forma-
tion. The incorporation of nanoscale materials, such as nanotubes and nanoparticles, has
shown promise in improving osseointegration and offering antibacterial benefits. These
advancements underscore the critical need for innovative implant surface modifications to
reduce complications and enhance the safety and longevity of dental implants in clinical
applications.
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2. Osseointegration and Surface Quality Management
The success of osseointegration hinges on two fundamental processes: mechanical

fixation of the implant within the bone and the biological interaction of cells with the
implant surface, which culminates in the formation of mature bone tissue [17]. These pro-
cesses are vital for enabling the implant to bear and redistribute functional loads, thereby
restoring the patient’s masticatory function. Numerous strategies have been developed to
modify implant surfaces to create conditions conducive to bone tissue development. Tradi-
tional methods, such as calcium phosphate coatings, are valued for their osteoconductive
properties, and the incorporation of antibacterial agents, including silver, has been shown
to reduce bacterial complications [18,19]. For instance, Besinis et al. [19] utilized plasma
sputtering to deposit a HAR coating doped with Ag2O and SrO on titanium, finding that
silver effectively inhibited Pseudomonas aeruginosa. However, its release adversely affected
osteoblast activity, an issue mitigated by adding SrO to the coating.

Nanoscale surface modifications have gained prominence for their ability to alter cell
behavior. The influence of surface properties on cellular activity has been recognized for
over a century [20], with the term “contact integration” emerging in the 1950s and 1960s.
Modern techniques, such as photolithography, colloid lithography, and polymer phase sep-
aration, have elucidated how surface features at the micro- and nanoscale impact cellular
responses [21–24]. For example, zirconium nanoparticles used to modify implant surfaces
have shown improved fibrinogen absorption and osteogenic cell interactions compared to
conventional machining [25]. Patelli et al. [26] demonstrated that 220 nm silicon granules
incorporated in PLGA coatings increased osteoblast adhesion by 20% compared to com-
mercial implants. Similarly, nano-TiO2 coatings incorporating hydroxyapatite stimulated
bone tissue growth in vivo, enhancing implant fixation [27].

In addition to promoting osteogenesis, nanosurfaces can stimulate epithelial and con-
nective tissue growth. Xu et al. [28] applied plasma electrooxidation and selective laser melt-
ing to create nanoscale patterns on calcium phosphate coatings, which increased epithelial
cell proliferation and gene expression. A search of PubMed revealed over 10,000 publica-
tions in the past 15 years addressing calcium phosphate coatings’ roles in osseointegration,
osteogenic cell activity, and MSC differentiation. However, the effects of surface roughness
and chemical composition remain complex, with some studies showing a positive correla-
tion between micrometer-scale modifications and osseointegration, while others report no
clear relationship [29,30].

Various surface modification methods have been employed to improve osseointe-
gration, including plasma sputtering, chemical vapor deposition (CVD), physical vapor
deposition (PVD), and ion implantation [31–33]. PVD, for instance, involves the deposition
of thin, dense coatings with strong adhesion and has been used to apply TiC and TiN
coatings to titanium surfaces [34–36]. Plasma-based treatments, such as glow discharge,
have been shown to enhance surface energy, clean biomaterial surfaces, and improve wear
and corrosion resistance [37–48]. Glow discharge nitriding and carbonitriding have also
been used to create diffusion-based surface layers with enhanced hardness, wear resistance,
and biocompatibility [47,49].

Ion beam implantation has emerged as a powerful tool for modifying implant surfaces.
This method introduces energetic ions into a substrate’s surface, improving corrosion
resistance and biocompatibility. Calcium and phosphorus ion implantation, for example,
enhances the biological activity of titanium, promoting calcium phosphate deposition and
osteogenesis [50–63]. Other ions, including sodium, fluorine, and nitrogen, have been used
to impart antibacterial properties, improve mechanical performance, and stimulate bone
tissue regeneration [64–75].
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Nanoscale materials, such as TiO2 and ZrO2 nanotubes, have been shown to influence
cell behavior through mechanotransduction, converting mechanical stimuli into biochemi-
cal signals that regulate gene expression [76–82]. The diameter of these nanotubes plays
a critical role in MSC differentiation and osteoblast proliferation, with diameters of 70–
100 nm typically promoting optimal outcomes [83–109]. However, conflicting findings
suggest that further research is needed to establish definitive design parameters [110–121].

Preventing bacterial adhesion and biofilm formation is a crucial challenge in implan-
tology. Strategies include bactericidal coatings releasing silver ions or antibiotics and
physical modifications that deter microbial attachment [3,122–130]. For instance, Ercan
et al. demonstrated that nanoscale modifications to titanium surfaces significantly reduce
bacterial adhesion [131–142]. Laser-induced periodic surface structures (LIPSSs) have also
been explored to create multifunctional surfaces that support cellular attachment while
inhibiting bacterial growth [143–162].

Despite the widespread adoption of calcium phosphate coatings and other surface
modifications, many questions remain about nanoscale features’ optimal size and com-
position for long-term osseointegration. While studies have shown that nanosized hy-
droxyapatite improves protein adsorption and osteoblast adhesion, the interplay between
chemical composition, surface roughness, and mechanical properties warrants further
investigation [163–175]. For instance, Mendes et al. [172] demonstrated that nanocrystalline
modifications accelerate osseointegration, while Schliephake et al. [174] highlighted the
importance of nanoscale roughness in promoting bone formation. Additionally, the effects
of nanosurface features on macrophages and other immune cells remain poorly under-
stood, underscoring the need for more comprehensive studies [112–118]. While significant
progress has been made in implant surface engineering, further research is essential to
optimize designs that enhance osseointegration, reduce infection risk, and ensure long-term
implant success.

Reconciling Conflicting Findings on Surface Roughness and Coating Compositions

Surface roughness and coating composition are critical factors influencing implantable
structures’ biocompatibility, osseointegration, and antibacterial properties. However, con-
tradictory findings in the literature regarding the optimal parameters for these features
present challenges for developing standardized implant surfaces. This section summa-
rizes the discrepancies, examines potential reasons for these inconsistencies, and provides
insights into how these variations can be interpreted and addressed.

Some studies indicate moderate roughness (1–2 µm) promotes optimal osseointegra-
tion by increasing surface area and enhancing bone–implant interactions. For instance,
roughness of approximately 1.5 µm significantly improved osteoblast attachment and
proliferation. Conversely, other research suggests excessive roughness in the cervical region
(>2 µm) increases the risk of bacterial colonization and peri-implantitis. For example,
Ferraris et al. reported that highly roughened surfaces provided favorable conditions for
biofilm formation, potentially compromising long-term implant stability.

Similarly, calcium-phosphate-based coatings, such as hydroxyapatite (HA), have
demonstrated strong osteoconductive properties and enhanced bone regeneration. How-
ever, some studies highlight issues with coating delamination and reduced mechanical
stability under prolonged in vivo conditions. Antibacterial coatings incorporating silver or
zinc ions effectively reduce bacterial adhesion but occasionally impair osteoblast activity. It
was noted that silver-doped coatings reduced bacterial contamination but inhibited cell
proliferation at higher ion concentrations.

Several factors contribute to the conflicting findings in the literature. Variability in
experimental conditions, such as differences in the base materials used (e.g., titanium
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vs. titanium alloys), affects the outcomes of surface modifications. Different methodolo-
gies, such as plasma spraying, ion implantation, or anodization, result in varying surface
chemistries and morphologies. Variations in methods for assessing surface roughness (e.g.,
profilometry vs. atomic force microscopy) and coating properties (e.g., XRD vs. SEM) may
yield inconsistent results. Clinical and biological factors influence implant performance,
including patient health status and location. For example, systemic conditions like diabetes,
osteoporosis, and mechanical stresses in load-bearing regions can lead to divergent out-
comes. Additionally, the short follow-up periods in many studies fail to capture long-term
performance, and small sample sizes and limited in vivo studies reduce the generalizability
of findings.

Understanding these inconsistencies is crucial for advancing implant design and
ensuring clinical success. Developing uniform guidelines for experimental procedures
and measurement techniques is essential for guaranteeing comparability across studies.
Combining antibacterial and osteoconductive strategies in a single coating may mitigate
trade-offs between biofilm resistance and osseointegration. Conducting extended in vivo
studies with large sample sizes will provide more robust data on the durability and safety
of modified implant surfaces. Collaboration between materials scientists, microbiologists,
and clinicians is necessary to design surfaces that address mechanical and biological
requirements. By systematically summarizing and critically evaluating the conflicting
findings, this review underscores the importance of nuanced interpretations and the need
for ongoing research to optimize surface modifications for implantable structures.

3. PEO, Aspects of Morphology
Surface roughness and coatings on dental implants have been extensively studied

in vitro, yet the number of clinical publications providing detailed insights into implant sur-
faces remains limited. Furthermore, much of the available data often reflect the combined
effects of multiple factors influencing dental implantation success rather than findings from
randomized, controlled clinical and experimental studies [175]. Consequently, translating
in vitro findings into clinically relevant conclusions remains challenging.

Research indicates that an average surface roughness of at least 1 micron improves
bone maintenance and implant survival. Systematic reviews over the past decade support
this conclusion [176,177]. Studies assessing histomorphometric parameters have consis-
tently shown that implants with rough surfaces demonstrate superior osseointegration
compared to machined titanium implants [177]. Increased surface roughness enhances
the bone–implant connection by enlarging the surface area available for interaction at the
micron level.

However, excessive roughness, particularly in the cervical region of the implant, has
been linked to a higher risk of peri-implantitis [178]. Thus, moderate roughness, typically
ranging from 1 to 2 microns, is widely considered optimal for dental implants [179].

Manufacturers have developed numerous techniques to create rough surfaces on
dental implants [180]. Among the most common are sandblasting (1) and acid etching (2).
(1) This technique involves propelling hard ceramic particles at high velocities onto the
implant surface, creating irregularities in the form of bumps and tears. However, this
process may result in sharp-angled defects and residual foreign particles embedded in
the surface. (2) To mitigate the issues associated with sandblasting, implants are often
subjected to additional acid treatment using strong acids such as HF, HCl, or HNO3. This
step generates a characteristic rough surface, free from foreign particle contamination, and
is known to promote osseointegration.

To address the limitations of sandblasting alone, implants are typically subjected to
an additional acid treatment using strong acids such as HF, HCl, or HNO3. This com-
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bined process results in a distinctive rough surface that enhances osseointegration by
promoting better bone–implant interactions [181]. Despite the extensive research on sur-
face modifications, clinical studies specifically examining surface coatings are relatively
sparse. A meta-analysis involving 19 large animal models demonstrated that coatings
significantly improved the quality of bone–implant contact compared to uncoated implants.
Among these, inorganic coatings yielded a 14.7% improvement in integration, extracellu-
lar matrix coatings showed a 10.0% enhancement, and peptide coatings provided a 7.1%
improvement [181]. However, a separate meta-analysis of clinical studies suggested that
hydroxyapatite coatings do not significantly affect implant survival rates.

Several strategies have been proposed in the scientific literature, patents, and clinical
studies to improve the bonding ability of titanium surfaces with bone tissue. These include
modifying surface topography, applying bioactive coatings, and using chemical or electro-
chemical treatments to create biologically active oxide layers [182]. These strategies are
based on the well-established understanding that surface roughness, chemical composition,
and surface charge are critical factors influencing the biological interactions of implant
surfaces with surrounding tissues.

Recent research has also focused on biological functionalization, which involves at-
taching specific biological molecules to implant surfaces to enhance their interaction with
bone tissue [183]. Additionally, the incorporation of nanofeatures has been explored to
further improve cell-stimulating capabilities, reduce bacterial colonization, and impart
antibacterial properties. For example, silver nanoparticles have been used for their an-
timicrobial effects [184]. These advancements highlight the growing trend of integrating
macro-, micro-, and nanoscale modifications to optimize implant performance and ensure
long-term success in clinical applications.

Adapting the texture of an implant surface has been shown to effectively modulate
cellular and tissue responses [185]. Surfaces with complex topographies, featuring si-
multaneous micro-, sub-micro-, and nano-roughness, enhance osseointegration. Micro-
and sub-micron roughness, with dimensions comparable to the size of resorption lacunae
and cells, promote osteoblast differentiation, formation of focal adhesion points, and local
growth factor synthesis, thereby improving implant osseointegration. Nanoscale roughness,
which aligns with the size of protein receptors and cell membranes, can further influence
cell adhesion, proliferation, and spreading. However, studies indicate that nanoroughness
alone, without accompanying microroughness, may not sufficiently support osteoblast
differentiation and proliferation.

These findings suggest that the optimal stimulation of bone for osseointegration is
achieved through a combination of roughness dimensions [186–188]. The ideal range
for sub-micro- and micro-roughness, approximately 0.4–2 µm, strikes a balance between
effective bone fixation, high osteoblast adhesion, enhanced proliferation, and increased
focal adhesion points, while minimizing adverse effects such as ion release and reduced
implant fixation.

Titanium plasma spraying is one technique used to achieve such surface modifications.
In this method, a plasma torch ejects titanium particles in an argon environment, creating
a uniform layer upon merging. However, challenges such as particle erosion, changes in
microparticle shape, and metal ion leakage have been reported [189]. Another method,
anodizing, forms micro- or nano-textured rough surfaces while increasing the thickness
and porosity of the passivated titanium oxide layer, which enhances osseointegration [190].

Various coating methods have also been developed to modify surface roughness and
improve bone attachment [191]. Hydroxyapatite, for instance, can be deposited through
plasma spraying; however, such coatings are prone to delamination, leading to potential
implant damage in medium-term applications [192]. Similar issues have been noted with
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calcium orthophosphate salt coatings. Biomimetic calcium phosphate coatings, created
through immersion in synthetic body fluids using the gel-sol method, offer an alternative
approach [193]. Regardless of the specific method used to induce surface roughness,
these modifications promote fibronectin deposition, cellular attachment, and spreading, as
evidenced by both in vitro and in vivo studies [194].

Plasma electrolytic oxidation (PEO) is an advanced surface treatment technique de-
rived from conventional anodizing, designed to form ceramic coatings on magnesium,
aluminum, and titanium alloys. These coatings provide several advantages, including
enhanced wear and corrosion resistance; improved biocompatibility, biodegradability, and
thermal stability; and dielectric properties [195,196].

The process typically involves treating metals or alloys in silicate, phosphate, fluo-
ride, or aluminate-containing electrolytes. This results in coatings comprising amorphous
and/or crystalline phases derived from both the substrate material and the electrolyte
compounds. The formation of PEO coatings is highly complex, involving electrochemical,
thermal, and plasma-chemical reactions [197]. Despite its advantages, the method faces
limitations, such as high porosity, a restricted range of chemistries, and significant energy
consumption. Efforts to overcome these challenges have focused on optimizing electrical
parameters, including applied voltage, mode, frequency, and duty cycle [198–200]. Ad-
ditionally, altering the composition of the electrolyte has been explored to improve the
microstructure and properties of the coatings [201–203].

The addition of new components to the electrolyte, particularly the size of particles, can
influence the PEO process. For instance, nanometer-sized particles are known to increase
stress during PEO treatment compared to their micro-sized counterparts [204]. Zirconium
particles, however, have demonstrated minimal impact on the coating growth rate and
stress response [205]. Conversely, the use of alcohol sol (alkosol) as an additive in the
electrolyte has shown a significant effect on the electrical response of the PEO process [206].
This impact is likely due to the primary solvent ethanol, which reduces the electrolyte’s
conductivity and alters its electrical behavior (Figure 1) [207,208].

Materials 2025, 18, 822 7 of 62 
 

 

through immersion in synthetic body fluids using the gel-sol method, offer an alternative 
approach [193]. Regardless of the specific method used to induce surface roughness, these 
modifications promote fibronectin deposition, cellular attachment, and spreading, as evi-
denced by both in vitro and in vivo studies [194]. 

Plasma electrolytic oxidation (PEO) is an advanced surface treatment technique de-
rived from conventional anodizing, designed to form ceramic coatings on magnesium, 
aluminum, and titanium alloys. These coatings provide several advantages, including en-
hanced wear and corrosion resistance; improved biocompatibility, biodegradability, and 
thermal stability; and dielectric properties [195,196]. 

The process typically involves treating metals or alloys in silicate, phosphate, fluo-
ride, or aluminate-containing electrolytes. This results in coatings comprising amorphous 
and/or crystalline phases derived from both the substrate material and the electrolyte 
compounds. The formation of PEO coatings is highly complex, involving electrochemical, 
thermal, and plasma-chemical reactions [197]. Despite its advantages, the method faces 
limitations, such as high porosity, a restricted range of chemistries, and significant energy 
consumption. Efforts to overcome these challenges have focused on optimizing electrical 
parameters, including applied voltage, mode, frequency, and duty cycle [198–200]. Addi-
tionally, altering the composition of the electrolyte has been explored to improve the mi-
crostructure and properties of the coatings [201–203]. 

The addition of new components to the electrolyte, particularly the size of particles, 
can influence the PEO process. For instance, nanometer-sized particles are known to in-
crease stress during PEO treatment compared to their micro-sized counterparts [204]. Zir-
conium particles, however, have demonstrated minimal impact on the coating growth 
rate and stress response [205]. Conversely, the use of alcohol sol (alkosol) as an additive 
in the electrolyte has shown a significant effect on the electrical response of the PEO pro-
cess [206]. This impact is likely due to the primary solvent ethanol, which reduces the 
electrolyte’s conductivity and alters its electrical behavior (Figure 1) [207,208]. 

 

Figure 1. The conductivity of a 1.0 M Na2SiO3 electrolyte with varied concentration of silica sol at 
(a) 20 °C; (b) 60 °C. Reproduced with permission [207]. 

Recent studies indicate that increasing sol concentrations in the electrolyte signifi-
cantly enhances the breakdown potential, voltage, and growth rate of coatings in the PEO 
process [208,209]. However, the addition of certain sols, such as aluminum oxide, has been 
shown to retard coating growth, resulting in lower breakdown and final voltage values 

Figure 1. The conductivity of a 1.0 M Na2SiO3 electrolyte with varied concentration of silica sol at
(a) 20 ◦C; (b) 60 ◦C. Reproduced with permission [207].

Recent studies indicate that increasing sol concentrations in the electrolyte signifi-
cantly enhances the breakdown potential, voltage, and growth rate of coatings in the PEO
process [208,209]. However, the addition of certain sols, such as aluminum oxide, has
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been shown to retard coating growth, resulting in lower breakdown and final voltage
values [210]. This demonstrates that sols influence the PEO process more profoundly than
powders, primarily due to the role of organic additives in altering the electrolyte’s com-
position, conductivity, and viscosity. Other factors, such as the base electrolyte, substrate
material, particle properties (size and type), and electrical parameters, also contribute to
the process outcome [211].

Particle incorporation from the electrolyte into the coating occurs via two proposed
mechanisms: absorption and inclusion (Figure 2). Absorption involves negatively charged
particles being driven into the coating by the breakdown potential, leading to precipita-
tion/adsorption in areas of enhanced anodic dissolution and reprecipitation of conversion
products [211,212]. Particle size is critical, as nanosized hydroxyapatite (HA) particles
penetrate deeper into the coating compared to larger microsized particles, which are unable
to pass through surface pores effectively [213].
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Particles incorporated into the coating during the PEO process can be either reactive or
inert, depending on various factors such as the substrate, electrical parameters, electrolyte
composition, and particle properties (e.g., size, melting point, and chemical stability). Ad-
justments to the electrical parameters can influence the mode of particle incorporation [214].
For example, inert and reactive incorporation of ZrO2 particles has been observed under
identical electrical conditions across different electrolytes [215].

Smaller particles with lower melting points are more readily intercalated into the
coating [216,217]. However, even particles with high chemical stability and low melting
points can achieve inert inclusion under specific conditions. In some cases, hard sintering
may occur, resulting in the coalescence of particle boundaries with the surrounding oxide
matrix [218,219].
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4. Effect of Adding Particles on Coating Composition, Microstructure,
and Morphology

The composition of the PEO electrolyte is a crucial factor influencing the microstructure
and morphology of the oxide layer. The introduction of various particles into the electrolyte
affects the phase composition, pore characteristics, thickness, and density of the coating.
Typically, particles are added directly to the electrolyte as a powder or sol, with the main
challenge being achieving a uniform dispersion. To address this, the zeta potential is used
to evaluate the surface charge of particles and their resistance to aggregation in a specific
solution [220].

The zeta potential magnitude indicates the degree of electrostatic repulsion between
particles. A higher absolute zeta potential value corresponds to greater particle stability,
inhibiting aggregation and precipitation within the electrolyte [221]. Negatively charged
particles, which exhibit a negative zeta potential, are commonly encountered in alkaline
electrolytes. This negative zeta potential can enhance particle incorporation into the coating,
as the substrate and its oxide layer act as an anode during electro-oxidation, carrying
positive pulses under alternating current (AC) conditions. Furthermore, the absolute value
of the zeta potential increases with the electrolyte’s pH, facilitating better particle dispersion
and interaction (Figure 3) [222].
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The size and density of particles also significantly impact their stability within the
PEO electrolyte. Most studies focus on particles smaller than 10 µm, as smaller particles are
less prone to settling. Techniques such as mechanical agitation, gas bubbling, electrolyte
pumping, and ultrasonic agitation are commonly employed to prevent particle settling and
agglomeration. Additionally, surfactants like PTFE, MnO2, and NiO are sometimes added
to enhance particle dispersion stability [223].
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Another method to improve particle dispersion involves the use of in situ ash sus-
pensions during electrolyte preparation. These suspensions are often synthesized using
organic solvents like ethanol or specific complexing agents. While effective in producing
stable sols, these additives can act as undesirable components in the electrolyte and may
adversely affect the quality of the resulting PEO coatings [210].

Table 1 summarizes various particles introduced into the PEO electrolyte to enhance
coating properties, including oxidation resistance, durability, and additional functionalities
such as biocompatibility, antibacterial properties, ferromagnetic behavior, and catalytic
activity [212]. These findings highlight the potential of particle-enhanced electrolytes to
tailor PEO coatings for diverse applications.

Table 1. Particles that have been introduced into the PEO electrolyte.

Particles Properties and Field of Applications Reference

Polytetrafluoroethylene
Lower friction coefficient, chemical

inertness and
hydrophobicity

[224]

Ag Antibacterial activity [225]
Hydroxyapatite (HA) Osteogenesis and biomaterial [226]

MoS2 Solid lubricant [227]
Clay minerals Absorption capacities and filler material [217]

ZrO2 (monoclinic,
tetragonal, and cubic) High chemical stability [228,229]

SiO2 High heat and chemical resistance [230,231]

TiO2
High chemical stability and heat

resistance [232]

Si3N4 High hardness and wear resistance [233]
Al2O3 High hardness and insulator [232]

CeO2/Ce2O3
High chemical stability, superconductors

and sensors [234,235]

SiC High mechanical strength and chemical
inertness [236,237]

Graphite Solid lubricant [238]
Calcium phosphates Natural bone component [239]

Fe/Fe2O3 Ferromagnetic material [240]
Co Ferromagnetic material [241]
Cu Antibacterial activity [242]

Ni/NiO, MnO2/Mn2O3 Catalytic activity [243]

Many bioactive Ca-P-containing PEO coatings have been successfully produced using
electrolytes containing soluble calcium and phosphate salts, such as calcium acetate and
sodium ortho- or hydrogen phosphates [244]. These electrolytes behave as suspensions
due to the precipitation of calcium phosphates or hydrogen phosphates during the reaction,
effectively functioning as particle-containing electrolytes. The phase composition of the
coatings formed in these suspensions depends strongly on the PEO regime. For instance,
studies by Matykina et al. [245] and Whiteside et al. [246] demonstrated that PEO conducted
under direct current resulted in coatings containing anatase and rutile, with calcium and
phosphorus present as amorphous phases. In contrast, the use of DC voltage [247] or
bipolar regimes [248] promoted the formation of crystalline Ca-P-containing phases such
as apatite, hydroxyapatite, and calcium titanate. This crystallinity is attributed to the high
peak currents and localized temperatures reached during the positive pulses of the constant
voltage mode.

Regarding corrosion resistance, various particles, including ZrO2, TiO2, and CeO2,
have been incorporated into PEO coatings on magnesium and its alloys to enhance their
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performance. However, the results have been inconsistent, with the observed improve-
ments often attributed to the formation of stable phases (reactive inclusion) or the inert
incorporation of chemically stable particles [249–251]. For example, adding ZrO2 parti-
cles (200–400 nm) has been shown to significantly reduce the corrosion current density of
coated magnesium alloys, from 7.27 × 10−7 A/cm2 to 7.03 × 10−8 A/cm2. This reduction
corresponds to increased polarization resistance and a shift in corrosion potential to more
positive values. Furthermore, salt spray tests confirmed that ZrO2 particles effectively
minimized pitting propagation on PEO-coated substrates [252]. Reactive inclusion of ZrO2

particles via ash suspensions has also been found to enhance corrosion resistance, halving
the corrosion current density and shifting the corrosion potential from −1.50 V to −1.22 V
versus SCE [252].

The incorporation of particles, whether inert or reactive, often results in denser or
thicker coatings that exhibit improved barrier properties [207,253]. However, excessive
particle concentrations in the electrolyte can increase coating porosity, reducing its protec-
tive capabilities [254]. In some cases, inert particles can serve as containers for corrosion
inhibitors, providing self-healing functionality. For instance, Mingo et al. [255] used hal-
loysite nanotubes loaded with benzotriazole to produce inhibitor-containing PEO coatings
capable of responding to pH changes for active corrosion protection. Similarly, hydroxya-
patite (HA) particles not only improved corrosion resistance but also imparted excellent
apatite-forming capabilities to coatings on magnesium alloys, significantly increasing the
amount of apatite formed after three days of immersion compared to pure PEO coatings
(Figure 4) [256].
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Despite these advancements, challenges remain. The coating production process can
be time consuming, and in some cases, particle inclusion can negatively affect corrosion
protection. For example, the addition of SiO2 nanoparticles improved short-term resistance
but reduced long-term stability, as coatings with SiO2 particles showed higher degradation
rates, eventually equaling the performance of coatings without particles [257,258]. Particle
size also plays a critical role, with smaller particles inducing greater variability in corrosion
properties. Wang et al. [259] reported that PEO coatings formed in electrolytes containing
5–10 vol.% TiO2 exhibited worse corrosion resistance after prolonged immersion in simu-
lated body fluid (SBF), likely due to an increased amount of amorphous material resulting
from TiO2 inclusion.

Infection risks associated with superficial implants can be mitigated through surface
modifications, which play a crucial role in creating biocompatible surfaces for materials like
titanium, tantalum, zirconium, and aluminum. Electrochemical methods such as anodic
spark sputtering form oxides and unique surface topographies. For instance, titanium
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naturally forms a chemically stable oxide layer in air, but when exposed to physiological
environments under mechanical stress, titanium ions may migrate into tissues, potentially
causing allergic reactions, peri-implantitis, or hypergranulation [260–264]. Plasma electrolytic
oxidation (PEO) addresses these issues by modifying the chemical composition, structure,
and thickness of TiO2 layers, reducing ion migration and enhancing surface stability.

PEO continues beyond anodization, forming ceramic coatings with unique properties
on magnesium, aluminum, and titanium alloys. Variants like Ticer and TiUnite have been
successfully used in clinical practice for their enhanced wear and corrosion resistance,
biocompatibility, and thermal stability [265–268]. The PEO process involves anodization
followed by dielectric breakdown and microplasma formation, enabling the incorporation
of elements such as calcium (Ca) and phosphorus (P) from the electrolyte. These ceramic
oxide layers exhibit high adhesion strength (up to 26 MPa) and a porous structure that
supports bioactive functionality [269–271].

Electrolyte composition and anode voltage significantly influence surface properties.
Incorporating bioactive ions like Ca and P into PEO coatings improves osseointegration by
forming apatite and hydroxyapatite, closely mimicking bone tissue [246,272,273]. Enhanced
corrosion resistance is achieved by adding particles like ZrO2, TiO2, or SiO2, which form
stable phases or inert inclusions within the oxide layer [274–276]. These coatings improve
surface–bone interaction, as shown by torque tests and histological studies, with Ca/P
coatings demonstrating high mechanical stability and excellent bone growth [277–279].

Studies by Ishizawa et al. [280] highlighted the mechanical and biological advantages
of Ca-P-containing PEO coatings, showing that hydroxyapatite (HA) and oxide layers
promote osteoid formation and bone adhesion. Implants with PEO coatings exhibited
significantly higher removal torque values compared to untreated titanium, indicating
superior bone integration. Moreover, rabbit and dog studies have demonstrated that PEO
surfaces doped with factors like rhBMP-2 significantly stimulate bone growth [281–285].

Recent developments in combining zirconium and titanium for implant surfaces lever-
age zirconium’s biocompatibility and titanium’s mechanical strength. Shin et al. [286]
demonstrated that PEO coatings containing tetragonal ZrO2 improve osteoblast prolifer-
ation and biomimetic apatite formation. Modifications such as alkali treatments, plasma
spraying, sol-gel techniques, and PEO have further enhanced ZrO2-based surfaces’ bioac-
tivity, wear resistance, and corrosion resistance [287–292].

HA coatings, known for their composition resembling human bone, have been ex-
tensively studied for their osteoconductive properties. Nanosized HA particles improve
surface bioactivity and cell proliferation more effectively than microsized particles, enhanc-
ing apatite deposition during immersion in simulated body fluid (SBF) [293–297]. HA can
be combined with ions like magnesium, zinc, and silicon to improve bioactivity and me-
chanical properties further. For example, Zn-doped HA supports nucleic acid metabolism
and protein synthesis, promoting bone regeneration [298–303].

PEO has also been applied to emerging titanium alloys like Ti-3Zr-2Sn-3Mo-25Nb
(TLM) and Ti-13Nb-13Zr, demonstrating improved biocompatibility and osteoconduction.
Coatings containing β-tricalcium phosphate and anatase TiO2 enhance osseointegration
by providing open structures conducive to cell adhesion and proliferation [283,304,305].
Despite these advancements, challenges remain, including optimizing electrolytes, ensur-
ing long-term surface stability, achieving antibacterial properties, and scaling up mass
production of implants with PEO coatings. Further research is needed to understand cell
responses and osseointegration processes over extended periods.
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5. Coating Thickness
M. A. Faghihi Sani et al. reported that a coating thickness of 2.3 µm was achieved after

a PEO process conducted at a current density of 0.212 A/cm2 in an electrolyte containing
0.222 mol/L calcium acetate and 0.040 mol/L calcium glycerophosphate [265]. Similarly, S.
M. et al. utilized a mixture of 5 g of hydroxyapatite (HA) powder, 10 mL of ethylene glycol,
and 5 mL of triethanolamine to prepare a stable dispersion, ensuring effective nanoparticle
inclusion within the coating structure. Additionally, 5 g of trisodium orthophosphate was
introduced into the dispersion as an electrolyte component.

The PEO process was carried out at a frequency of 50 Hz using a constant current
density of 150 mA/cm2 for 6 min, employing a direct current (DC) power source at 900 V
and 15 A. During this process, the thickness of the nanodiamond (ND) groups increased to
2 µm within the first 2 min. With the application of PEO combined with electrophoretic
deposition (EPD), the coating thickness values further increased to 58 and 75 µm, as
illustrated in Figure 5 [306].
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Increasing the concentration of electrolytes during the PEO process has been shown
to enhance the thickness of the formed structure. The growth rate of the layer was more
pronounced with increased calcium acetate concentrations (10.1 µm in 6 min) compared
to β-glycerol phosphate (6.6 µm in 3 min) [307]. Typical PEO solutions often contain
hydroxyapatite and calcium acetate phases, ensuring the biocompatibility of the resulting
structures. The hydroxyapatite layer formed during the process is initially amorphous and
rapidly solidifies.

The adhesion strength between the oxide film and the substrate generally increases
with longer PEO processing times [308–311]. While the growth rate accelerates slightly over
the first 30 min, the coating reaches approximately 49 µm in thickness during this period.
At 120 min, maximum coating thickness (64 µm) and pore size (8 µm) are achieved [312].
However, as noted by M.S. Kim et al., element concentration does not directly affect
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coating thickness [313], though higher electrolyte concentrations can decrease adhesive
strength [314,315]. Additionally, slower growth rates are observed when the voltage drops
during the process [316].

Surface modifications achieved through electrochemical methods, such as anodic spark
deposition (ASD), play a critical role in developing biocompatible surfaces for various
materials. Techniques like ASD, micro-arc oxidation (MAO), plasma electrolytic oxidation
(PEO), and dielectric breakdown have been widely used to form ceramic layers on anode
metal substrates. These surfaces, including clinically applied variants like Ticer and TiUnite,
have demonstrated long-term success in enhancing implant performance [317,318].

Base metals such as titanium, tantalum, zirconium, and aluminum spontaneously
form oxide layers in acidic environments. This property is exploited during anodic spark
deposition to create oxides with specific topographies. For titanium, a thin TiO2 layer forms
within nanoseconds, providing a passivating oxide film [319,320]. Spark discharge anodic
oxidation (ASD) further modifies the TiO2 layer’s chemical composition, structure, and
thickness. This process begins with “pre-spark anodizing”, where a thin anodic Ti-oxide
film (approximately 100 nm) develops on the titanium surface, often displaying distinct
color variations (Figure 6) [317,321].
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During the anodization phase that precedes sparking, the metal–oxide and oxide–
electrolyte interfaces are progressively replaced by the metal–electrolyte interface. This
transition results in potentiodynamic anodizing, characterized by a gradual damping of
the exponential drop in anode current. Subsequently, a galvanostatic increase in electric
potential induces dielectric breakdowns, visible as microplasma sparking on the anode
surface (Figure 7A), and initiates the formation of a new ceramic coating [322,323].

Further increases in the anodic potential lead to vertical growth of ion-conducting
oxide films formed on titanium metal surfaces. Ions from the metal or electrolyte side
migrate into the oxide phase, contributing to additional film growth at the interface
(Figure 7B) [317].
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The dielectric breakdowns observed during anodization are explained by the appear-
ance of charge carrier avalanches through the oxide film on the anode. As a result, the
coatings incorporate compounds derived from both the electrolyte and the anode mate-
rial. For instance, elements like calcium (Ca) or phosphorus (P) can be integrated into
the oxide layer depending on the composition of the electrolyte and the specific coating
conditions [324].

As the oxide film continues to grow under a constant anodic potential during break-
down, the voltage across the film eventually becomes insufficient to sustain the critical
electrical breakdown field. This self-limiting mechanism halts the anodic spark deposition
(ASD) process, with the film thickness determining the termination point. The anodization
of pure titanium produces surfaces with varying oxide layer thicknesses depending on the
applied voltage and anodization duration (Figure 8) [317,325].

Different electrolytes, such as sulfuric acid, phosphoric acid, acetic acid, sodium
hydroxide, or calcium hydroxide, are commonly used in anodic spark deposition (ASD)
to achieve varying oxide layer thicknesses. The formation stress on the anode is higher
in acidic electrolytes compared to alkaline ones [326]. Increasing the concentration and
temperature of the electrolyte reduces the voltage required for oxide layer formation.
Conversely, increasing the current density, as well as the ratio of the anode surface area to
the cathode, leads to higher voltage and layer thickness.

ASD coatings are predominantly X-ray amorphous, with anodic oxidation of pure
titanium producing mainly anatase. Applying higher voltages during the spark discharge
phase can result in thicker oxide layers comprising a mixture of rutile and anatase TiO2

modifications [327]. Anatase crystallizes in a tetragonal system and is colorless in pure form,
while rutile, the most stable TiO2 phase, also has a tetragonal crystal structure. Brookite,
another TiO2 modification, crystallizes in an orthorhombic system. Anatase can transition
to rutile at approximately 915 ◦C.
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The ceramic oxide layers formed during ASD offer unique advantages, including
a highly porous structure (Figure 8B), strong adhesion to the substrate (up to 26 MPa),
modifiable chemical composition, and long-term stability. These properties have been
successfully utilized for surface modifications of titanium implants, ensuring improved
osseointegration [328,329].

The choice of electrolyte significantly influences the physical and chemical properties
of the oxide layer. Residual electrolytes often remain in the pores of the coating, impacting
its performance. The oxide layer can also be doped with bioactive substances, such as
calcium or phosphorus ions, enhancing the bioactivity of the implant and promoting bone
integration. For example, Ishizawa et al. investigated TiO2 layers formed in electrolytes
containing calcium and phosphate ions. An oxide layer enriched with hydroxyapatite
(HA) was sintered under high pressure (300 ◦C), resulting in implants with varying layer
thicknesses and HA concentrations. Implants were tested in rabbit femurs for 8 weeks,
showing similar removal torques (~20 MPa) for HA-modified surfaces, whereas untreated
titanium and non-thermally treated oxide layers required significantly lower removal forces
(2 and 15 MPa, respectively) [330]. Ruptures occurred within newly formed bone rather
than at the interface between the implant and the oxide layer or between the oxide layer
and HA.

Further studies have examined bone formation on surfaces obtained via ASD using
different electrolytes, including sulfuric acid (SA), calcium ion solutions (Ca), and phos-
phoric acid (PA) (Figure 9) [331]. Implants prepared with SA and Ca electrolytes exhibited
significantly higher removal torque 6 weeks post implantation in rabbits compared to those
prepared with PA. SA- and Ca-treated surfaces also yielded oxide layers approximately
1100 nm thick, whereas control implants had only 17 nm thick layers. Histomorphometric
analyses revealed the highest levels of bone integration for HA-coated surfaces, with evi-
dence suggesting a biochemical interaction between the implant surface and bone tissue in
PA- and Ca-treated samples.
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Narayanan et al. proposed that the porous structure of the oxide layer allows it to
absorb liquids and ions from the surrounding bone tissue, facilitating interaction and
osseointegration [332]. In a study by Leknes et al., 36 coated screw implants doped with
varying concentrations of recombinant bone morphogenetic protein-2 (rhBMP-2) were
implanted in 12 dogs [333]. The authors concluded that TiUnite surfaces acted as effective
rhBMP-2 carriers, significantly stimulating bone growth. An overview of protein-coated
surfaces is presented in Table 2 [317].

Table 2. Material surfaces coated with proteins.

Surface Protein Study Investigations Results Literature

TiUnite rhBMP-2 In vivo
TiUnite-coated screw

implants in 12 Labrador
dogs

TiUnite surfaces coated with
rhBMP-2 possess significant
potential to stimulate bone

growth

[333]

TiO2 BMP-2 In vitro

Human osteoblasts
growth on surfaces:

(non)anodized
(un)coated Ti plates

Anodized surfaces coated
with BMP-2 induced better

osteoblast adhesion
[334]

Ti cp and
Ticer

BSP,
Collagen

type I
Fibronectin

In vitro

Materials’ influence on
adult human

maxillary bone cells’
behavior

Coating Ti cp induces better
biological properties than a

rough
ceramic surface material; the

best improvement for
materials

coated with BSP

[335]

Ti cp and
Ticer

BSP,
Collagen

type I
In vitro

Effect of protein coated
surfaces on

bone-derived
cells

Collagen
surfaces—unsuitable for the

cell attachment; BSP
surfaces—advance

osteoinduction process

[336]
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Hilbig et al. examined the effects of coated and uncoated surfaces with bone sialopro-
tein (BSP), collagen, and fibronectin on human maxillary bone development in vitro. These
surfaces included commercially pure titanium (Ti cp) and Ticer coatings [335]. Similarly,
Graph et al. investigated the in vitro behavior of bone cells on Ti cp and Ticer coated with
BSP, type I collagen, and hydroxyapatite, mimicking the primary organic and inorganic
components of bone [336].

Electrochemical anodizing methods have emerged as a promising approach for pro-
ducing nanotubular and nanoporous modifications, which hold significant potential for
enhancing dental and orthopedic implants. The hierarchical structure of bone, particularly
at the nanometer scale, aligns well with the structural features of these materials, making
this process highly relevant in orthopedic research [337].

Expanding research has revealed the advantages of TiO2 nanotubes in improving
the surfaces of orthopedic implants. A crucial factor in preparing self-assembling TiO2

nanoporous structures is the fluoride ion concentration in the electrolyte. The fluoride
concentration, pH value, and anodization duration are critical parameters in forming metal
oxide (MOx) nanotubes [338,339]. Anodization for creating nanotubular layers is typically
performed by ramping up the potential and maintaining a constant voltage, ranging from
1–30 V in aqueous electrolytes to 5–150 V in non-aqueous electrolytes, with fluoride anion
concentrations between 0.05 and 0.5 M [340].

The diameter and three-dimensional tubular nanostructures of TiO2 nanotubes are
directly influenced by the applied anode potential. Both in vitro and in vivo studies have
demonstrated the biomedical potential of these oxide nanotubes. For instance, experiments
conducted in vitro and with mini-pigs revealed that TiO2 nanotubes with diameters of
approximately 15 nm (Figure 10) significantly enhanced cell adhesion, proliferation, and dif-
ferentiation. In contrast, nanotubes with diameters exceeding 50 nm induced programmed
cell death, underscoring the importance of precise dimensional control in biomedical
applications [105,317,341].

The same authors reported that TiO2 nanotubes with pore diameters exceeding 50 nm
can benefit certain cellular functions. Additionally, Hu et al. observed that 100 nm TiO2

nanotubes significantly enhanced osseointegration both in vitro and in vivo (rabbit tibias)
compared to controls and microtopographic surfaces [342]. These TiO2 nanotube-coated
implants demonstrated remarkable improvements in new bone formation, bone-related
gene expression, and bone remodeling compared to flat surfaces [343].

Nanotubes also offer the potential to be loaded with antibacterial agents to prevent
infections [344]. For example, silver inclusions can be incorporated into the nanotubes to
enhance antimicrobial properties. However, the number of clinical studies on nanotube
applications remains limited, highlighting the need for further research [345,346].

Nanostructured surfaces on titanium implants have also been obtained through anodic
oxidation techniques [347]. In parallel, zirconium’s mechanical properties (strength compa-
rable to stainless steel), excellent biocompatibility, and color similarity to natural teeth have
driven interest in combining zirconium and titanium to improve implant surfaces [348].
However, challenges remain. For instance, zirconium oxide implant bodies coated with
titanium oxide do not fully address issues related to zirconium oxide’s mechanical stability
or titanium oxide’s potential toxicity [349].
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Figure 10. The surface of layers of self-aligned TiO2 nanotubes have different pore sizes (between
15 and 100 nm). Self-assembled layers of vertically oriented TiO2 nanotubes were generated by
anodizing titanium sheet. Reproduced with permission [105,341].

A promising alternative involves implants where the body is titanium-based, and the
surface coating is zirconium dioxide. Anodic plasma electrochemical oxidation has been
employed to create novel surfaces using varying concentrations of Zr(SO4)2 in aqueous
electrolytes. Further, this electrolyte system, supplemented with KF and/or H3PO4, was
used to fabricate surfaces with enhanced features (Figure 11) [317,350].
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Figure 11. Some newly developed titanium-based implant surfaces prepared using different elec-
trolyte systems (upper—two white surfaces (Ticer white); lower—two zirconia-coated Ti cp surfaces).
Reproduced with permission [317,350].

These surfaces exhibited in vitro effects on osteoblasts similar to those observed with
Ticer, particularly enhancing the rate of osteoblast differentiation compared to smooth
surfaces. The surfaces also positively influenced osteoblast morphology, including changes
in cell shape and the formation of cell clusters. Notably, titanium’s mechanical stability and
zirconium’s biological compatibility were preserved in these composite coatings.

The interaction between the physicochemical properties of implant surfaces and sur-
rounding tissue plays a critical role in osseointegration. It can be further enhanced by
targeted ionization or growth factors. When tissue comes into contact with the implant
surface, an ion-protein exchange occurs, influencing the integration process. The bond
strength between the implant material and bone tissue is commonly evaluated by measur-
ing the torque required to remove the implant. Exceptionally high torque values have been
achieved on surfaces doped with phosphate and calcium ions, reflecting superior bond-
ing and osseointegration. Numerous in vitro studies using animal and human osteoblast
cell cultures have demonstrated that anodically oxidized surfaces with various additives
significantly enhance cell maturation and differentiation.

The development of advanced manufacturing technologies has brought metal porous
biomaterials into focus, enabling the creation of more complex structures. At the same
time, biofunctional surfaces on metal implants are essential for improving biomechanical
performance. Scanning electron microscopy (SEM) analysis revealed the formation of pores
on scaffold surfaces treated with PEO, with oxide layer thicknesses of 4.85 ± 0.36 µm after
2 min of processing and 9.04 ± 2.27 µm after 5 min (Figure 12) [263].
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Figure 12. SEM micrographs of as-manufactured (I, II), 2 min (III), and 5 min (IV) PEO-treated
scaffolds (A–D). Reproduced with permission [263].

Oxidation during the plasma electrolytic oxidation (PEO) process does not significantly
affect most mechanical properties of titanium implants, such as maximum allowable stress,
yield strength, stress plateau, and energy absorption. Still, it does have a notable impact
on the elastic modulus. Orthopedic scaffolds are crucial in mimicking bone structures and
supporting new tissue formation in bone tissue engineering. These scaffolds must induce
osseointegration, be biocompatible, and possess mechanical properties compatible with
surrounding bone tissue [351,352]. One of the primary challenges in repairing bone defects
is fabricating scaffolds with biomechanical properties similar to natural bone [353].

Due to their superior strength, metal structures have become the leading choice for
orthopedic and dental implants [354]. However, stress shielding remains a significant issue
with titanium alloy implants. This phenomenon arises from the mismatch between the
elasticity modulus of the implant and bone, leading to micromovements in the peri-implant
zone. Porous implants effectively address this issue by reducing the elasticity modulus
to values closer to that of bone tissue, thereby balancing load transfer and minimizing
stress shielding. Additionally, interconnected hollow pores provide essential pathways for
nutrient delivery, vascularization, and implant fixation [355,356].
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The 3D printing method offers advanced capabilities for manufacturing porous metal
implant frameworks. This technology allows for the precise control of porosity, morphology,
and pore size, enabling the creation of implants with predictable mechanical properties
tailored for specific biomedical applications [357,358].

Studies on bulk titanium alloys indicate that PEO layers can influence fatigue behav-
ior [359,360]. However, the effects of PEO layers on the mechanical behavior of additively
manufactured titanium frameworks remain unexplored. Research involving selective laser
melting (SLM)-fabricated scaffolds with porosities ranging from 13% to 37% demonstrated
the formation of specific PEO micropores on all surfaces after oxidation using calcium
acetate and glycerophosphate electrolytes at a current density of 20 A/cm2 for 2 and 5 min.
SEM analysis revealed that longer oxidation times reduced pore density but resulted in
larger, more uniformly distributed pores. Energy-dispersive X-ray spectroscopy confirmed
the incorporation of calcium and phosphorus from the electrolyte into the oxide structure,
with the Ca/P atomic ratio increasing from 1 to 1.5 after 5 min of oxidation.

The thickness of the oxide layer increased from 4.9 ± 0.4 µm to 9 ± 2.3 µm with longer
oxidation times. While the 2-min oxidation process did not affect the mechanical properties
of the scaffolds, the 5-min process resulted in a reduction of up to 30%, particularly in high-
density frameworks. Fatigue characteristics, however, remained unchanged. Analytical
and numerical studies indicated that the modulus of elasticity of additively manufactured
porous implants is lower than predicted, likely due to micropores in the structure. Never-
theless, numerical and experimental values for elastic modulus and fracture stress were
closely aligned [263].

PEO conducted in a solution containing 10 g of sodium aluminate (Na2Al2O4) and 1 g
of potassium hydroxide (KOH) using a bipolar current mode resulted in a porous structure
forming within the first 3 min of a 120-min process. Figure 13 illustrates the outer layer’s
porous structure and the dense inner layer, which adhered well to the substrate [361].
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Figure 13. SEM images (a–f) of the oxide layer on AJ62 during various PEO (MAO) treatment times.
Reproduced with permission [362].

Voltage control during micro-arc oxidation (MAO) influences pore formation. Lower
voltages tend to produce uniformly distributed spherical micropores, while higher voltages
increase pore size, providing a tunable approach for tailoring surface characteristics [362].
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J. Sun et al. observed that the phase peaks of rutile (R-TiO2), perovskite (CaTiO3),
and α-tricalcium phosphate (α-TCP) were detectable across all applied voltages in their
experiments. The study utilized an electrolyte containing 0.02 M β-glycerophosphate and
0.2 M calcium acetate, with processing conducted at constant voltages ranging from 400 to
480 V for durations of 1.5 to 20 min. The characteristic pore structure disappeared when the
voltage and time were increased to 480 V and 20 min, respectively. This was attributed to
the deposition of hydroxyapatite (HAp) and calcium carbonate (CaCO3), which completely
covered the TiO2 film. Notably, the pore structure was visible only at voltages up to 430 V
(as shown in Figure 14) [363].
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M. Montazeri et al. reported that rutile and brookite phases were present at all applied
voltages during the micro-arc oxidation (MAO) process. When the voltage increased to
higher values, such as 500 V, most of the pores on the surface disappeared due to the
coating of the hydroxyapatite (HAp) phase by a titanium oxide film [364]. Similarly, S.
Abbasi et al. observed that with an increasing duration at a constant voltage during the
MAO process, the diameter of the resulting pores reached up to 280 nm. Additionally,
increasing the calcium acetate concentration from 5 to 10 g/L enhanced the density of the
pores, attributed to the intensification of electric discharges on the surface caused by the
higher electrolyte concentration [365]. Conversely, another study reported that an increased
concentration of β-glycerol phosphate led to a reduction in pore density within the created
layer [366].

The influence of heating temperature variations and immersion duration was also
investigated. The concentration and activity of copper (Cu) and phosphorus (P) were
identified as key factors in the formation of nanocrystalline (ND) structures. High heating
temperatures combined with prolonged immersion in a 200 mL solution led to the formation
of a stable film on the surface of the titanium alloy. Figure 15 illustrates the hexagonal
needle-like columns and brittle hydroxyapatite (HA) crystal structures formed under these
conditions [367].
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Figure 15. SEM images of different HA structures after MAO hydrothermal treatment for 6 h
((a) 150 ◦C, (b) 200 ◦C, and (c) 250 ◦C, (d) 250 ◦C—6 h in 100 mL solution, (e) 250 ◦C—6 h in 400 mL
solution; (f) 250 ◦C—12 h in 200 mL solution). Reproduced with permission [367].

During the PEO process, the size and distribution of pores change over time. Initially,
the pore structures are uniformly distributed within 10 min, but the structures become
randomly separated with prolonged processing up to 120 min [312]. Crack formation
may occur during the PEO process due to thermal stress generated at the surface [368].
Kim et al. noted that the concentration of CaCl2 in the electrolyte significantly influences
the morphology of the biofilm formed during the PEO process. Their experiments in-
volved titanium-based samples immersed in an aqueous solution of calcium chloride and
potassium phosphate in deionized water at 50 ◦C.

Research into the PEO process for zirconium (Zr) alloys has focused on understanding ox-
ide film growth kinetics and its phase transformations. However, the exact mechanisms of ox-
ide formation and phase transitions on zirconium remain only partially understood [369–371].
In an attempt to explore these mechanisms, commercially pure zirconium surfaces were
subjected to PEO in silicate-based electrolytes for varying durations (5, 10, 20, 30, 45, 60,
90, and 120 min). The electrolyte consisted of 12 g/L sodium silicate (Na2SiO3) and 2 g/L
potassium hydroxide (KOH) dissolved in distilled water, with a pH of 12.9. The PEO
process was conducted using an asymmetric AC power supply (50 Hz) with a maximum
power of 100 kVA. The coating formation voltages were fixed at 480 V (positive peak) and
120 V (negative peak), with a constant current density of approximately 0.25 A/cm2.

The process included agitation of the electrolyte with compressed air and temperature
control, maintained at 23 ◦C ± 3 through cold water circulation around the electrolyte
cell. After each processing step, the zirconium samples were cleaned in distilled water,
ultrasonicated in ethanol for 5 min, and dried with warm air. Coating thickness was
measured using an eddy current instrument (Fischer), with 10 measurements taken from
various locations to ensure accuracy.

SEM analysis of PEO-coated zirconium samples revealed significant changes in surface
morphology over time. At the initial 5-min stage, the coating surface exhibited a smooth
“pancake-like” appearance with an approximate diameter of 10–20 µm. These features
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were randomly distributed and contained uniform micropores less than 1 µm in diameter
at their centers (Figure 16a) [370].
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ure 16d–h). At 60 min of processing, high-magnification SEM images (Figure 17a,b) reveal 
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(a) 5 min, (b) 10, (c) 20, (d) 30, (e) 45, (f) 60, (g) 90, and (h) 120 min, successively. Reproduced
with permission [370].

The number of micropores on the surface decreases, and their size noticeably increases,
reaching approximately 25 µm with extended PEO durations (Figure 16b–h). The pancake-
like features observed during the initial stages of the process completely disappear when
the duration exceeds 20 min. With longer processing times, material accumulation becomes
more prominent around the pores, forming approximately spherical shapes or irregular
conglomerates. These features exhibit a mixture of dense regions and random porosity
across the surface.
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For processing times exceeding 20 min, spherical-like structures characteristic of
equiaxed grains with straight boundaries begin to dominate the surface morphology
(Figure 16d–h). At 60 min of processing, high-magnification SEM images (Figure 17a,b)
reveal equiaxed clusters with grain sizes of approximately 3–4 µm. Additionally, Figure 17a
shows evidence of a settling debris stream, with the marginal structure of the deposits
resembling the boundaries of the equiaxed grains (Figure 17b).
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Figure 17. The high magnification of a typical SEM image of the equiaxed cluster is taken from
Figure 16f (marked as “M”) for the process time of 60 min: (a) 4000× and (b) 16,000×. Reproduced
with permission [370].

Figure 18a provides a typical SEM image illustrating coating delamination from the
surface. This delaminated region corresponds to a portion of Figure 16h (labeled “N”). At
higher magnification, Figure 18b reveals the peeling of a smooth area of the coating surface.
Beneath these smooth regions, fragile equiaxed crystals are visible. However, within the
coating’s interior, these crystals become coarser and elongated, oriented outward.
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Additionally, microcracks formed during the process are prominently visible in
Figure 18b. These cracks are likely induced by thermal stresses and material redistribution
during the PEO process [370].

The study revealed several key findings. Unique equiaxed clusters were identified on
the surface of the PEO coating, with their characteristics evolving throughout the process
on the zirconium surface. Radially grown plasma channels containing silicon crystals
were observed on the cracked surfaces of the coating. Despite the modification process,
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the thickness of the monoclinic ZrO2 and tetragonal ZrO2 oxide film remained consistent,
showing no significant changes.

6. Crystallinity Features
The crystal structure of hydroxyapatite (HA) can be developed through plasma elec-

trolytic oxidation (PEO) [372]. In research conducted by W. H. Song et al., 0.04 mol/L
β-glycerophosphate disodium salt pentahydrate and 0.4 mol/L calcium acetate mono-
hydrate were utilized in the microarc oxidation process. This process was performed at
constant voltages of 250, 300, 350, 400, and 450 V for a duration of 3 min. Their findings
indicated that Na and P ions did not precipitate at voltages below 350 V, as the ions require
divalent states to create a porous surface suitable for HA nanostructure formation.

At a voltage of 500 V, the crystalline structure became evident, with the oxide layer
primarily comprising β-Ca2P2O7, CaTiO3, α-Ca3(PO4)2, and Ca2Ti5O12 [362]. In a separate
study, M. A. Faghihi Sani et al. used an aqueous electrolyte containing calcium acetate and
glycerophosphate with a Ca/P ratio of 6.8 during a PEO process for 4 min at a frequency of
100 Hz. Their SEM, XRD, and EDS analyses revealed that the crystallized HA layer had a
stoichiometric Ca/P ratio of 1.67 [373].

M. Okido et al. investigated the impact of electrolyte pH on the surface properties of
HAp by introducing sodium hydroxide (NaOH). Their findings showed that altering the
pH, combined with the application of alternating current at a frequency of 60 Hz and a
current of 30 A, influenced the Ca/P ratio of HAp. When the pH exceeded 6, needle-like
and thin plate-like HAp layers were deposited, with a Ca/P ratio of 1.46—close to the
value associated with the formation of CaA via electrochemical processes. In contrast,
HAp crystallization did not occur at pH values below 7, as the reduction in OH− ion
concentration inhibited the deposition process [374].

Research by S. Abbasi et al. confirmed that the coating produced during the PEO
process consists of two distinct layers: a titanium base layer and an HA layer. The titanium
layer was approximately 2 ± 0.2 µm thick, while the upper layer contained TiO2 and HA.
This coating was achieved at 350 V over 3 min of microarc oxidation. Figure 19 displays
SEM images from two stages of the microarc oxidation process, demonstrating a high level
of surface bioactivity [307].
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The largest HAp crystal size was achieved using a two-step MAO process. The
first step employed 10 g/L trisodium phosphate as the electrolyte, while the second step
combined β-glycerol phosphate and calcium acetate.

Durdu et al. conducted a PEO process on a titanium surface using calcium acetate and
β-calcium glycerophosphate as the electrolyte. This process, performed at a current density
of 0.123 A/cm2 and 30 kW (AC), was carried out for varying durations. The NA phase
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reached its peak structuring after 40 min, with the maximum quantity of NA observed at
120 min, indicating that crystal growth increased over time [312].

The limited growth of the surface layer can be attributed to the rapid cooling rate
during HAp crystal nucleation within the electrolyte, resulting in nanometer-sized crystals
and a layer thickness ranging between 1 and 100 nm. The process temperature was
consistently maintained at 70 ± 3 ◦C, with constant voltage and solution circulation.
Enhanced crystalline layer formation was observed with an increased concentration of
calcium acetate, while β-glycerol phosphate did not yield similar results. S. Abbasi et al.
reported that PEO treatment at 350 V for 3 min on a commercially clean titanium surface
resulted in a growing ND structure within the 30–60 nm range [375].

Incorporating phosphate ions into titanium surfaces is a common strategy to promote
bone tissue regeneration [376]. The PEO process generates oxide coatings with complex
geometries, providing a robust bond between implants and bone. Given their positive
effects on bone regeneration, recent research has focused on metal ions such as magnesium,
zinc, strontium, and manganese. In particular, zinc ions (Zn) have been shown to enhance
nucleic acid metabolism, protein synthesis, and bone formation in vitro and in vivo [377].
Incorporating Zn into hydroxyapatite (HA) has been found to improve the bioactive
properties of these materials [378].

The Ca/P ratio influences the incorporation of Zn into HA films. Apatite readily
dissolves into β-tricalcium phosphate (β-TCP) and octacalcium phosphate, while the
addition of Zn enhances the material’s mechanical properties [379,380].

We investigated the electrochemical behavior of Ti-6Al-4V subjected to PEO in so-
lutions containing Ca, P, and Zn ions. Increasing the concentration of Zn ions led to an
increase in pore pores on the PEO films, although the pore size slightly decreased. XRD
analysis of the PEO-treated films showed a strong anatase phase peak alongside a weaker
rutile phase peak.

Figure 20 presents FE-SEM images of PEO films formed on Ti-6Al-4V at 280 V using
different electrolytes. Images (a), (b), (c), and (d) correspond to coatings Z0, Z5, Z10, and
Z20, respectively, showcasing uniformly porous surfaces [376].

The porous structures exhibited significant roughness due to the formation of mi-
crodischarge channels during the PEO process. Numerous sparks were observed on the
coating surface when the applied voltage surpassed the critical threshold necessary to
penetrate the barrier layer. This process resulted in a surface characterized by crater-like
holes formed from the ejection and deposition of molten materials [381].

None of the PEO films showed evidence of microcracks. The number of pores within
a 10µm × 10µm 10 µm × 10 µm area ((10µm) 2 (10 µm) 2) was quantified using a specific
surface area measurement through an analog analyzer (Image J, Wayne Rasband, Bethesda,
MDA, USA, https://imagej.net/ij/ accessed on 19 December 2024). The findings revealed
that pore growth diminished as the concentration of Zn ions in the electrolyte increased.
However, it is noteworthy that high zinc concentrations can be toxic to human tissues [382].
Consequently, it is hypothesized that bone apatite does not form in the case of Z20 in
simulated body fluid (SBF) due to the cytotoxic effects associated with elevated Zn content.

Figure 21 displays FE-SEM images of PEO films containing Zn, formed on Ti-6Al-
4V surfaces in SBF solution over 12 h. Images (a) through (d) show surfaces at ×5000
magnification for Z0, Z5, Z10, and Z20, respectively, while images (e) through (h) represent
the same samples at ×10,000 magnification. These images indicate that bone apatite forms
effectively in SBF for all samples except for the Z20 coating due to its high Zn content [376].

https://imagej.net/ij/
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Figure 20. FE-SEM images show PEO-treated film surfaces of (a) Z0, (b) Z5, (c) Z10, and (d) Z20
specimens. Reproduced with permission [376].

The Z20 samples formed less bone apatite than other samples, likely due to the
cytotoxic effects of high Zn concentrations, which can negatively impact bone apatite
formation when the Zn content reaches 20% [380,383]. However, successful bone apatite
formation was observed in the Z10 samples immersed in SBF.

Bioactive materials can be incorporated into the surface layer during the PEO process
by introducing them into the electrolyte solution [384]. This makes surface deposition
methods based on PEO particularly promising for forming HA coatings, including hybrid
coatings with TiO2 [385].

To evaluate the corrosion resistance and electrochemical properties of TiO2:n-HA
coatings compared to uncoated titanium, the PEO method was applied to Ti-6Al-4V alloy
substrates. The HA nanopowder used, nanoXIM-HAp303, was sourced from Fluidinova
(Moreira da Maya, Portugal) as a water-based paste with a solid content of 30%. The
nanopowder met the requirements for hydroxyapatite specified for surgical implants
(ISO13779 and ASTM F1185) [385]. The substrates were treated with PEO for 10 min in
an electrolyte solution containing 6 g/L disodium hydrogen phosphate (Na2HPO4, Fisher
Scientific, Hampton, NH, USA) and 10 g/L nanoXIM-HAp303 at room temperature.

A two-step current regime was employed. First, potentiostatic polarization at
U(+) = 250 V was applied for 15 s to form a uniform primary oxide film. This was followed
by galvanostatic polarization using pulsed bipolar current mode with current densities of
i(+) = 3 5 mA/cm2 and i(−) = 17.5 mA/cm2.
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Figure 21. FE-SEM images showing the morphology of bone-like apatite: (a) Z0, (b) Z0 (magnified—a),
(c) Z5, (d) Z5 (magnified—c), (e) Z10, (f) Z10 (magnified—e), and (g) Z20, (h) Z20 (magnified—g).
Reproduced with permission [376].

Electrochemical testing was performed in buffered HBSS (Sigma-Aldrich, St. Loui, MO,
USA, H1387) at room temperature using a Biologic SP-150 system with a three-electrode
cell: the working electrode was a 6 cm2 sample, the counter electrode was a graphite rod,
and the reference electrode was Ag/AgCl with 3.5 M KCl. Results confirmed the stability
of the TiO2 + HA surface, which exhibited a two-layer structure. The inner barrier layer
protected corrosion, while the outer porous layer enhanced cell adhesion.

SEM micrographs of the PEO-treated specimens revealed a porous surface morphology,
with pores averaging 0.5–4 µm, likely corresponding to the TiO2 phase (Figure 22) [385].
Although the plasma spraying technique for applying hydroxyapatite coatings has been
extensively studied, it is known to result in coatings with low adhesion strength and
significant biodegradation [386].
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Substrates used were pure titanium (>99 at.%) with a diameter of 15 mm. The surfaces
were polished with abrasive paper, rinsed with distilled water, ultrasonically cleaned with
acetone and deionized water, and dried in a desiccator. A DC switching power supply was
used for the PEO process, with a titanium disk as the anode and a stainless-steel plate as
the cathode. The electrolyte was an aqueous solution containing calcium and phosphate
salts.

The applied voltage ranged between 240 V and 450 V, producing layers approximately
10 µm thick. SEM and XRD analyses were conducted to assess surface morphology and
composition. Tensile strength was evaluated using an Instron 1195 test system, and nanoin-
dentation measurements were performed to determine the elastic modulus. Residual stress
was analyzed using two-dimensional X-ray diffraction.

Samples prepared at 240 V and 350 V exhibited stronger adhesion between the coating
and substrate than those prepared at higher voltages. Elastic modulus and residual stress
were found to increase with applied stress. The elastic modulus of the porous layer was
significantly lower than that of pure titanium, indicating distinct mechanical properties.

• The morphological characteristics of the surface during PEO are significantly influ-
enced by the spark’s size and shape, as well as the chemical composition of the
anodizing solution.

• Anodic coatings produced in the P-Si solution exhibited lower porosity than those
formed in other solutions, enhanced corrosion resistance, and increased hardness.
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Conversely, coatings created in the P-S solution demonstrated high surface poros-
ity, with a morphology resembling bone structures. In the P solution, circular pore
structures were predominantly observed.

• The anatase crystalline phase was the dominant structure in anodic coatings developed
with the P and P-Si electrodes, with only a tiny amount of the rutile phase present.
In contrast, the primary crystalline phase in coatings formed in the P-S solution was
distinctly different.

• Potentiostatic coatings outperformed those produced under galvanostatic control in
terms of tribological properties. This was particularly evident in the anodic coatings
obtained in the P solution at 250 V and in the P-Si solution at 400 V, both of which
exhibited the lowest wear rates [387].

7. PEO Using Microparticles and Elements
PEO is a high-voltage anodizing technique performed at potentials exceeding the

dielectric breakdown of the coating. This process generates short-lived microdischarges
on the material’s surface, accompanied by gas evolution [388]. The localized heating
and compressive stresses during PEO promote crystallization within the anodic coating.
Simultaneously, ionic incorporation from the electrolyte modifies the chemical composition
and crystalline structure of the oxide layer. As the coating develops and thickens, the surface
topography evolves, enabling the creation of coatings with specific functionalities [389].
The process parameters, including the anodizing solution’s composition, concentration,
pH, temperature, processing time, and electrical settings (voltage and current density), play
a crucial role in determining surface characteristics [390].

Alkaline solutions are frequently employed in PEO to enhance the tribological prop-
erties of titanium alloys by forming thick coatings [391]. However, the use of sodium hy-
pophosphite as a phosphorus source in anodic coatings has been relatively underexplored.
In one study, anodic films were prepared on Ti6Al4V substrates in sodium-hypophosphite-
based electrolytes under galvanostatic and potentiostatic modes with varying electrical
parameters. EIS analysis was used to establish correlations between the electrical pa-
rameters and plasma characteristics. The substrates, measuring 10 × 10 × 1 mm, were
mechanically polished (average roughness Sa = 188.84 nm), cleaned ultrasonically in ace-
tone for 900 s, and chemically purified in an alkaline solution of H2O2 (25 g/L) and NaOH
(32 g/L) at 60 ◦C for 900 s before rinsing with distilled water and drying in cold air.

The anodizing process was performed using a KPCK BHK 500-0.4 MG power supply
(Kepco, Inc., New York, NY, USA) in a 100 mL electrochemical cell cooled in a water
bath, with a stainless-steel cathode. Calcium was included in the solution to enhance the
wear resistance of biomedical coatings. In P-Si solutions, silicate additions improved wear
resistance [392,393], while sulfate ions in P-S solutions promoted the formation of rutile
phases, enhancing wear resistance and acting as a solid lubricant [394,395]. Galvanostatic
coatings were produced using direct current with time-varying potential.

Bakin et al. [396] highlighted that HAp ceramics can be alloyed with ions naturally
present in bones and teeth to improve bioactivity, mechanical strength, and osseointegration.
Magnesium, an essential element constituting 1–1.5% of bone tissue, contributes to strength,
supports HA crystal growth, and enhances cell vitality [397]. Silicon plays a crucial role
in bone tissue development by aiding collagen synthesis during early bone formation
and initiating organic matrix mineralization. Si-containing calcium phosphate ceramics
have demonstrated superior biological activity and enhanced osteoblast attachment and
proliferation on surfaces [398].
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One of the challenges in surgical implantation is the risk of infection, which can
jeopardize implant success [399]. Silver coatings provide antiseptic properties, reducing the
risk of inflammation and improving the integration of the implant with surrounding bone
tissue. The incorporation of silver into coatings has been widely reported [400]. However,
Kim et al. [401] noted limitations in using metallic silver or silver salts as antimicrobial
agents due to solubility issues that hinder long-term release of silver ions. Efforts to improve
the antibacterial activity of PEO-treated titanium and its alloys include incorporating Ag
nanoparticles into coatings [402–404].

The microplasma process during PEO involves oxidation of the metal surface, decom-
position of the electrolyte, and synthesis and deposition of compounds from the electrolyte
onto the substrate. Calcium phosphate microplasma coatings are typically derived from
electrolytes containing soluble or insoluble calcium and phosphorus compounds. Ho-
mogeneous electrolytes improve the uniformity of coating composition, thickness, and
morphology while mitigating issues associated with heterogeneous electrolytes, such as
particle distribution and interaction imbalances. Alkaline homogeneous electrolytes with
pH < 9 enable coatings with Ca/P ratios between 1.1 and 4.0 [398], although most ap-
plications require coatings with a Ca/P ratio close to the stoichiometric value of 1.67 for
HA. For pH > 10, coatings with Ca/P ratios near 1.5 are achievable, closely matching the
characteristics of natural bone [404,405].

The inclusion of additives such as magnesium (Mg), silicon (Si), and silver (Ag) in
homogeneous electrolytes enhances coating performance. Magnesium improves coat-
ings’ mechanical properties and bioactivity [397], while silicon facilitates new bone tis-
sue growth [406]. Silver provides antimicrobial properties critical for reducing infection
risks [399].

Heterogeneous electrolytes, comprising phosphoric acid solutions and insoluble pow-
ders like hydroxyapatite or calcium carbonate, allow for customized coating characteristics
but present challenges, including poor deposition control and particle interaction inconsis-
tencies. Homogeneous electrolytes avoid these drawbacks, providing consistent results
over extended operations [407].

Magnesium-containing coatings primarily consist of MgCO3, while coatings with-
out Mg2+ generally include Ca3(PO4)2 and HA. Si and Ag additions produce coatings
with phases like rutile, anatase, and titanite (CaTiSiO5). Elemental analyses confirm the
incorporation of Si and Ag into coatings formed from silicon- and silver-containing elec-
trolytes [408].

8. PEO—Aspects of Surface Strength
Calcium-phosphate-based composites, including hydroxyapatite (HA) and apatite

carbonate (CA), have recently gained attention as biocompatible and desirable coating
materials for clinical and biomedical applications. A critical factor in developing PEO
surfaces is the influence of voltage, processing time, and electrolyte composition on forming
calcium phosphate composite layers on biomedical substrates.

These parameters significantly affect the coatings’ structure, morphology, pH, thick-
ness, and crystallinity, tailoring them for various technical and biomedical applications. The
resulting layers, with 10 to 20 µm thicknesses, were evaluated for their physical, chemical,
mechanical, and tribological properties. This evaluation aimed to understand how the
applied parameters and electrolyte compositions impact the coatings’ surface morphology
and phase composition.
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It was observed that during PEO, the concentrations of calcium, phosphorus, and
titanium in the coating increased, enhancing and strengthening the oxide layer’s thickness.
Studies have also shown that heat treatment can alter the composite layer’s crystallinity,
thickness, and composition. The corrosion resistance of these coatings was investigated
using potentiodynamic polarization tests in an environmental model. Optimal corrosion
resistance was achieved for coatings processed at 500 V for 15 min in Ringer’s solution.

This research paves the way for advancing PEO technology to produce more sophisti-
cated titanium-based implants with enhanced mechanical and biomedical properties [409].
Titanium and its alloys are widely utilized in biomedical fields due to their minimal adverse
tissue reactions, making them suitable for applications such as artificial joints, bone endo-
prostheses, and implants [410]. The naturally occurring oxide layer on titanium surfaces
promotes favorable biological responses [4].

While Ti-6Al-4V is commonly used for biomedical designs, concerns about releasing
toxins and ions—particularly vanadium—pose long-term risks. Modification of the surface
composition has been implemented to mitigate these adverse effects, thereby improving
biocompatibility. These modifications also enhance mechanical properties such as strength,
Young’s modulus (~100 GPa), yield strength (~650 MPa), and corrosion resistance [411].

To produce high-strength and homogeneous titanium-based substrates, severe plastic
deformation (SPD) techniques, including angular pressing [412], hot and cold forging, and
equal channel angular extrusion [413], are employed. Figure 23 illustrates a schematic
representation of these processes [414].
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The next step in improving titanium-based implants focuses on developing bioactive
coatings to enhance their biological performance. These coatings are designed to elicit spe-
cific biological responses from the implant, aligning with human bone tissue’s mechanical
and chemical properties [414].

Hydroxyapatite (HA), with the chemical formula Ca10(PO4)6(OH)2, is a calcium phos-
phate compound that constitutes over 65% of the weight of human bone tissue. HA can
be deposited onto titanium surfaces through a mechanistic reaction between an aqueous
solution of calcium hydroxide and phosphoric acid under ambient conditions. The reaction
proceeds according to the chemical equation depicted in Figure 24 [272,415].
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Hydroxyapatite (HA) exhibits a hexagonal symmetrical structure that can vary be-
tween needle-like and lamellar formations depending on the application conditions and
adjustments to its stoichiometric ratio (Ca:P = 1.67). Studies have demonstrated HA’s ability
to promote new bone formation through osteoconduction without causing local or systemic
toxicity or other adverse effects on the body [414,416,417] (Figure 25).
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ND nanoparticles with grain sizes smaller than 100 nm exhibit superior stoichiometry,
morphology, and purity compared to other ND structures [418].

Moreover, HA and other calcium-phosphate-based composite layers can be applied
to titanium surfaces using a variety of techniques, including electrophoretic deposition
(EPD), hydrothermal hot pressing (HHP), high-velocity oxygen oxidation (HVOF), sol-gel
processes, chemical vapor deposition (CVD), ion-beam-assisted deposition (IBAD), physical
vapor deposition (PVD), pulsed laser deposition (PLD), thermal spray methods, and plasma
electrolytic oxidation (PEO), which encompasses microarc oxidation (MAO). Figure 26
illustrates the diverse HA nanostructures synthesized through these methods [414,419].



Materials 2025, 18, 822 36 of 58

Materials 2025, 18, 822 36 of 62 
 

 

ND nanoparticles with grain sizes smaller than 100 nm exhibit superior stoichiome-
try, morphology, and purity compared to other ND structures [418]. 

Moreover, HA and other calcium-phosphate-based composite layers can be applied 
to titanium surfaces using a variety of techniques, including electrophoretic deposition 
(EPD), hydrothermal hot pressing (HHP), high-velocity oxygen oxidation (HVOF), sol-gel 
processes, chemical vapor deposition (CVD), ion-beam-assisted deposition (IBAD), phys-
ical vapor deposition (PVD), pulsed laser deposition (PLD), thermal spray methods, and 
plasma electrolytic oxidation (PEO), which encompasses microarc oxidation (MAO). Fig-
ure 26 illustrates the diverse HA nanostructures synthesized through these methods 
[414,419]. 

 

Figure 26. Morphology of the HA layer via different coating methods and schematic view of the 
PEO method. Reproduced with permission [419]. 

9. Plasma Electrolytic Oxidation Method Calcium-Phosphate-Base 
Composite Layer via PEO 

Compared to other coating techniques, PEO offers a unique advantage by enabling 
the incorporation of ions such as calcium, phosphorus, and titanium dioxide into a com-
posite layer. Modifying the surface’s crystallinity and morphology enhances its biocom-
patibility and mechanical properties [420,421]. Additionally, PEO can create coatings on 
substrates with complex geometries, improving adhesive strength. 

The high temperatures generated by plasma discharges during PEO facilitate the 
transformation of particles into crystalline phases, which exhibit superior strength and 
hardness. Furthermore, PEO enables the formation of coating layers with adequate elec-
trical conductivity. The method also allows for integrating calcium and phosphorus ions 
into titanium and its alloys by fine-tuning coating parameters such as electrolyte compo-
sition, voltage, current density, and processing time. Table 3 summarizes the outcomes of 

Figure 26. Morphology of the HA layer via different coating methods and schematic view of the PEO
method. Reproduced with permission [419].

9. Plasma Electrolytic Oxidation Method Calcium-Phosphate-Base
Composite Layer via PEO

Compared to other coating techniques, PEO offers a unique advantage by enabling the
incorporation of ions such as calcium, phosphorus, and titanium dioxide into a composite
layer. Modifying the surface’s crystallinity and morphology enhances its biocompatibility
and mechanical properties [420,421]. Additionally, PEO can create coatings on substrates
with complex geometries, improving adhesive strength.

The high temperatures generated by plasma discharges during PEO facilitate the
transformation of particles into crystalline phases, which exhibit superior strength and
hardness. Furthermore, PEO enables the formation of coating layers with adequate electri-
cal conductivity. The method also allows for integrating calcium and phosphorus ions into
titanium and its alloys by fine-tuning coating parameters such as electrolyte composition,
voltage, current density, and processing time. Table 3 summarizes the outcomes of various
PEO approaches used to produce bioceramic layers, such as HA and CA, on titanium
surfaces [414].
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Table 3. Parameters used for producing the calcium-phosphate-base composite on titanium.

Ti Alloy Electrolyte Voltage
(V)

Time
(min) XRD Detected Phase Preheat, Oxidation

Annealing Temp (◦C) Literature

Cp2Ti
Ca(CH3COO)2, 0.028–0.085 M

Na β-glycerophosphate,
0.005–0.02 M

350 3

Ti
TiO2 Anatase

HAα-TCP
CaTiO3

No Preheating
Oxidation at 70 ± 3
No heat treatment

[366]

Ti6Al4V Ca(CH3COO)2·H2O, 0.26 M
Na2HPO4·2H2O, 0.12 M 400 15

TiO2 Anatase
TiO2 Rutile

TiV
Al0.3Ti1.7

HA

No preheating
Oxidation at room

temperature
No heat treatment

[422]

Ti6Al4V Ca(CH3COO)2·H2O, 0.26 M
Na2HPO4·2H2O, 0.12 M 400 60

TiO2 Anatase
TiO2 Rutile

TiV
Al0.3Ti1.7

HA
CaTiO3
Al2O3

Ca10(PO4)6(OH)2

No preheating
Oxidation at room

temperature
No Heat treatment

[422]

Cp2Ti
Ca(CH3COO)2, 0.015 mol/L

Ca β-glycerophosphate,
0.02 mol/L

450 7.5

Ti
TiO2 Anatase
TiO2 Rutile

HA

Preheated at 300
Oxidation at room

temperature
Heat treatment for 10 h at

190 with autoclave

[423]

Cp2Ti
Ca(CH3COO)2, 0.03 M

Ca β-glycerophosphate, 0.02
M

400 60
TiO2 Anatase
TiO2 Rutile
Ca2Ti2O6

No preheating
Oxidation at 15

Heat treatment for 4 h at
220 with autoclave

[423]

Cp2Ti
Ca(CH3COO)2, 0.2 mol/L

Ca β-glycerophosphate,
0.02 mol/L

350 3
TiO2 Anatase
TiO2 Rutile

HA

No preheating
Oxidation at 70 ± 3
No heat treatment

[272]

Cp2Ti
Ca(CH3COO)2, 0.2 mol/L

Ca β-glycerophosphate,
0.02 mol/L

350 6

TiO2 Anatase
TiO2 Rutile

HA
CaTiO3
α-TCP

No preheating.
Oxidation at 70 ± 3.
No heat treatment.

[272]

Cp2Ti
Ca(CH3COO)2, 0.2 mol/L

Ca β-glycerophosphate,
0.02 mol/L

350 10

TiO2 Anatase
TiO2 Rutile

HA
CaTiO3

No preheating
Oxidation at 70 ± 3
No heat treatment

[272]

The electrolyte used in the PEO process must ensure a uniform distribution of crystals
on titanium surfaces, potentially enhancing the adhesion between the HA coating layer
and pure titanium. Most research suggests suspending titanium in electrolytes contain-
ing calcium acetate and glycerophosphate or β-glycerophosphate to produce bioceramic
films like HA [366]. In some studies, calcium acetate has been substituted with calcium
chloride [313] or trisodium phosphate [424]. Additionally, β-glycerophosphate has been
replaced in certain cases with β-calcium glycerophosphate [312], monobasic potassium
phosphate, or monobasic sodium phosphate dihydrate [385].

To achieve ND coatings with appropriate stoichiometry, a neutral or acidic electrolyte
with a sufficiently high pH is recommended for the PEO method [425]. Previous studies
have shown that HA remains stable in aqueous electrolytes with pH values of 4.2 and 6.0.
Unlike traditional anodizing, which is typically performed at low voltages (5–50 V) under
static or stirred conditions, PEO operates at significantly higher voltages (100–600 V) using
alternating current [272].
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10. PEO—Antibacterial Effect
Among the various strategies for enhancing antibacterial activity, modifying the

surface of titanium-based medical implants by incorporating antimicrobial agents into
the surface layer is an effective, cost-efficient, and straightforward approach [426]. One
common method involves the supplementation of the surface with bactericidal agents.

Antibacterial agents suitable for metal medical implants include antibiotics [11] or
inorganic bactericides such as silver, carbon, zinc, copper, and compounds like titanium
dioxide, zinc oxide, tantalum nitride, titanium nitride, and zirconium nitride [427]. A
critical requirement for any antibacterial surface treatment is that the added components
should not interfere with the integration of the implant with surrounding tissue.

While the positive impact of hydroxyapatite (HA) on osseointegration is well estab-
lished, its antibacterial properties remain a topic of debate. Some studies (e.g., [427,428])
suggest that HA exhibits antibacterial activity, whereas others indicate that HA may facili-
tate bacterial biofilm formation near the implant surface [429].

Modifying the surface of medical implants to enhance antibacterial properties is a
recognized approach [9]. This can involve incorporating antibiotics [135] or inorganic
antibacterial compounds, such as silver, carbon, zinc, copper, and various oxide and nitride-
based materials (e.g., titanium oxide, zinc oxide, tantalum nitride, titanium nitride, and
zirconium nitride). However, it is essential that such modifications do not compromise the
integration of the implant with surrounding tissue.

Although the role of HA in improving osseointegration is well documented, its in-
fluence on bacterial activity is less clear. Some researchers have reported that HA has
inherent antibacterial properties [67], while others have suggested that it may promote the
development of bacterial biofilms near the implant surface [135].

11. PEO with the Inclusion of Nanocomponents
Nanoscience focuses on the study of objects with dimensions ranging from a few to

several hundred nanometers [430]. Examples of materials within this scale include colloids,
micelles, polymer molecules, buckytubes, buckyballs, quantum dots, phase-separated poly-
mers, self-assembled monolayers, block copolymer domains, large molecules, or aggregates
of molecules [431]. At the nanoscale, surface and interfacial properties become critical,
as nearly 90% of biological reactions occur at the substrate surface [432]. Nanostructured
materials exhibit significantly increased surface areas compared to macroscopic materials,
with a substantial proportion of their atoms located at the surface. This results in structures
where nearly every atom is interfacial, directly influencing the material’s macroscopic
properties [433].

Nanocoatings not only fulfill their primary roles, such as etch protection and cor-
rosion resistance, but also offer secondary functionalities, including drug delivery and
enhanced biocompatibility. Self-assembled monolayers (SAMs) serve as a notable ex-
ample of nanostructures, enabling biomaterial surface modifications for specific clinical
applications. Another example is carbon nanotubes (CNTs), which, due to their unique
structural, electrical, and mechanical properties combined with their low weight and size,
have become transformative materials in nanotechnology and materials science. In recent
years, CNTs have been extensively investigated for biological and medical applications
because of their high reactivity in facilitating cell attachment and protein synthesis [434].
Titanium, its alloys, and related materials can benefit significantly from the development of
nanostructured surfaces, improving their biological properties and expanding their clinical
applications. Enhanced osseointegration of biomaterials is crucial for reducing implant
rejection rates and improving patients’ quality of life [434].
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The ability of nanostructured materials to modulate cellular responses has led to an
increase in research and publications in this field [435]. Incorporating nanotopographic
features that mimic the natural bone structure has become a promising direction in tissue
engineering [436]. Studies suggest that nanostructured biomaterials may exhibit surface
and chemical properties similar to native bone, making them ideal substrates for bone
regeneration [437]. Nanopatterns come in various shapes (e.g., cylinders, pyramids) and
dimensions (height, width, depth, and spacing), depending on the fabrication technique.
Not only does surface nanotopography influence stem cell fate, but high-aspect-ratio
nanoparticles have also been shown to possess antibacterial properties [438], including the
prevention of biofilm formation [439].

Antibacterial activity on biomaterial surfaces is especially critical during the initial
hours after implantation, referred to as the “race for the surface” [152]. If germicidal
surfaces inhibit bacterial adhesion during this time, host cells are more likely to colonize
the surface, reducing the need for prolonged antibacterial protection. Studies show that
mammalian cells can dominate the surface in the long term. For instance, Pham et al.
demonstrated that eukaryotic cells could proliferate on pre-infected nanobar surfaces
immediately after bacterial growth was inhibited [153]. Mechanosensory pathways in
eukaryotic and prokaryotic cells differ [151], paving the way for the design of nano-coated
surfaces that selectively support eukaryotic cell attachment and proliferation while pre-
venting bacterial colonization. Nanoparticles that initially kill bacteria and subsequently
promote host cell attachment and growth could offer significant long-term advantages.

Understanding the antibacterial behavior of nanomaterials requires distinguishing
surface chemistry effects from those of nanostructuring. For example, naturally occurring
germicidal surfaces often exhibit hydrophobicity and low surface energy, properties that
vary with nanoparticle size [440]. Coated surfaces have shown antibacterial behavior, sug-
gesting that bactericidal effects may arise from physical properties. Hydrophilic surfaces
have also demonstrated antibacterial activity [441]. When nanomaterials are made from
inherently antibacterial materials, such as TiO2 or ZnO, it can be challenging to separate
the effects of nanostructuring from the material’s intrinsic properties. In many cases, these
effects work synergistically to enhance bactericidal behavior, which often increases with
bacterial adherence to the surface [442]. The mechanical disruption of bacteria by nanopar-
ticles can vary depending on the bacterial maturity stage [443]. Importantly, nanomaterials
tend to influence adhesion forces more than the quantity of adhering bacteria [444].

The advent of femtosecond lasers marked a new era in micro- and nanomachining.
Laser-induced periodic surface structures (LIPSSs), or ripples, are periodic features formed
on material surfaces after exposure to laser pulses near the ablation threshold [156]. Since
their discovery approximately five decades ago by Birnbaum [157], LIPSSs have become
a significant research topic, with ultrafast laser pulses, especially femtosecond pulses,
demonstrating versatility in generating these structures. LIPSS can be applied to various
materials, including metals [445], semiconductors [161], dielectrics [446], ceramics [159],
and polymers [158], when irradiated near their ablation threshold.

LIPSSs offer extensive applications in biomedical surface topography [162], incandes-
cent surface light sources, photoelectronic emissions [447], surface wettability modifica-
tion [448], metal and silicon blackening [449], and the creation of nanostructures for surface
coloring [450].

12. Conclusions and Future Perspectives
This review underscores the potential of plasma electrolytic oxidation (PEO) in creating

bioceramic coatings, such as hydroxyapatite (HA) and calcium phosphate, for titanium-
based implants, offering enhanced biocompatibility and antibacterial properties. Incorpo-



Materials 2025, 18, 822 40 of 58

rating bioactive elements like calcium, phosphorus, and zinc into the coating matrix has
improved osseointegration and surface durability, demonstrating the synergy between
material composition and functional performance. Advances in nanotechnology, including
nanotubes and nanostructures, have further highlighted their ability to mimic natural bone
properties, support cell proliferation, and reduce bacterial colonization.

Future research should optimize electrolyte formulations and PEO processing parame-
ters to achieve improved coating uniformity, reduced porosity, and enhanced mechanical
and antibacterial properties. Long-term clinical studies are necessary to evaluate these
multifunctional coatings’ durability, biocompatibility, and biofilm resistance. Emerging
nanofabrication techniques, such as laser-induced periodic surface structures (LIPSS) and
multifunctional nanoparticles, are promising for designing next-generation implant sur-
faces tailored to specific biomedical applications.
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of Phosphorus-Ion Implantation on the Corrosion Resistance and Biocompatibility of Titanium. Biomaterials 2002, 23, 3329–3340.
[CrossRef]

61. Tsyganov, I.; Wieser, E.; Matz, W.; Reuther, H.; Richter, E. Modification of the Ti–6Al–4V Alloy by Ion Implantation of Calcium
and/or Phosphorus. Surf. Coat. Technol. 2002, 158-159, 318–323. [CrossRef]

62. Wieser, E.; Tsyganov, I.; Matz, W.; Reuther, H.; Oswald, S.; Pham, T.; Richter, E. Modification of Titanium by Ion Implantation of
Calcium and/or Phosphorus. Surf. Coat. Technol. 1999, 111, 103–109. [CrossRef]

63. Baumann, H.; Bethge, K.; Bilger, G.; Jones, D.; Symietz, I. Thin Hydroxyapatite Surface Layers on Titanium Produced by Ion
Implantation. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2002, 196, 286–292. [CrossRef]

https://doi.org/10.1111/j.1600-0501.2012.02509.x
https://doi.org/10.1016/j.jare.2021.07.009
https://www.ncbi.nlm.nih.gov/pubmed/35572412
https://doi.org/10.1016/j.bjoms.2018.11.014
https://doi.org/10.3390/polym13162711
https://www.ncbi.nlm.nih.gov/pubmed/34451254
https://doi.org/10.2217/nnm-2017-0087
https://www.ncbi.nlm.nih.gov/pubmed/28814165
https://doi.org/10.1002/jbm.820221307
https://www.ncbi.nlm.nih.gov/pubmed/3209600
https://doi.org/10.1002/jbm.820250903
https://www.ncbi.nlm.nih.gov/pubmed/1663952
https://doi.org/10.1002/jbm.820250902
https://www.ncbi.nlm.nih.gov/pubmed/1663951
https://doi.org/10.1002/(SICI)1097-4636(199704)35:1%3C49::AID-JBM6%3E3.0.CO;2-M
https://doi.org/10.1016/S0042-207X(01)00373-6
https://doi.org/10.1016/j.surfcoat.2005.11.005
https://doi.org/10.1002/adhm.202101983
https://www.ncbi.nlm.nih.gov/pubmed/35104391
https://doi.org/10.4236/mnsms.2013.31002
https://doi.org/10.1016/0368-2048(93)80032-H
https://doi.org/10.1016/S0257-8972(02)00087-7
https://doi.org/10.1016/S0169-4332(01)00256-2
https://doi.org/10.1016/S0257-8972(02)00088-9
https://doi.org/10.1016/S0042-207X(00)00286-4
https://doi.org/10.1016/S0257-8972(99)00052-3
https://doi.org/10.1002/(SICI)1097-4636(199707)36:1%3C131::AID-JBM16%3E3.0.CO;2-L
https://doi.org/10.1016/S0921-5093(99)00101-X
https://doi.org/10.1016/S0142-9612(00)00234-9
https://www.ncbi.nlm.nih.gov/pubmed/11246965
https://doi.org/10.1016/S0142-9612(02)00020-0
https://doi.org/10.1016/S0257-8972(02)00190-1
https://doi.org/10.1016/S0257-8972(98)00717-8
https://doi.org/10.1016/S0168-583X(02)01298-3


Materials 2025, 18, 822 43 of 58

64. Pham, M.T.; Maitz, M.F.; Matz, W.; Reuther, H.; Richter, E.; Steiner, G. Promoted Hydroxyapatite Nucleation on Titanium
Ion-Implanted with Sodium. Thin Solid Films 2000, 379, 50–56. [CrossRef]

65. Maitz, M.F.; Pham, M.T.; Matz, W.; Reuther, H.; Steiner, G. Promoted Calcium-Phosphate Precipitation from Solution on Titanium
for Improved Biocompatibility by Ion Implantation. Surf. Coat. Technol. 2002, 158-159, 151–156. [CrossRef]

66. Maitz, M.F.; Pham, M.T.; Matz, W.; Reuther, H.; Steiner, G.; Richter, E. Ion Beam Treatment of Titanium Surfaces for Enhancing
Deposition of Hydroxyapatite from Solution. Biomol. Eng. 2002, 19, 269–272. [CrossRef] [PubMed]

67. Yoshinari, M.; Oda, Y.; Kato, T.; Okuda, K. Influence of Surface Modifications to Titanium on Antibacterial Activity In Vitro.
Biomaterials 2001, 22, 2043–2048. [CrossRef]

68. Balasundaram, G.; Webster, T.J. A Perspective on Nanophase Materials for Orthopedic Implant Applications. J. Mater. Chem. 2006,
16, 3737–3745. [CrossRef]
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83. Ergun, C.; Liu, H.; Webster, T.J.; Olcay, E.; Yilmaz, Ş.; Sahin, F.C. Increased Osteoblast Adhesion on Nanoparticulate Calcium
Phosphates with Higher Ca/P Ratios. J. Biomed. Mater. Res. A 2008, 85, 236–241. [CrossRef] [PubMed]

84. Brammer, K.S.; Oh, S.; Cobb, C.J.; Bjursten, L.M.; van der Heyde, H.; Jin, S. Improved Bone-Forming Functionality on Diameter-
Controlled TiO2 Nanotube Surface. Acta Biomater. 2009, 5, 3215–3223. [CrossRef]

85. Oh, S.; Daraio, C.; Chen, L.H.; Pisanic, T.R.; Fiñones, R.R.; Jin, S. Significantly Accelerated Osteoblast Cell Growth on Aligned
TiO2 Nanotubes. J. Biomed. Mater. Res. Part A 2006, 78A, 97–103. [CrossRef] [PubMed]

86. Popat, K.C.; Daniels, R.H.; Dubrow, R.S.; Hardev, V.; Desai, T.A. Nanostructured Surfaces for Bone Biotemplating Applications. J.
Orthop. Res. 2006, 24, 619–627. [CrossRef] [PubMed]

87. Popat, K.C.; Leoni, L.; Grimes, C.A.; Desai, T.A. Influence of Engineered Titania Nanotubular Surfaces on Bone Cells. Biomaterials
2007, 28, 3188–3197. [CrossRef] [PubMed]

88. Swan, E.E.L.; Popat, K.C.; Grimes, C.A.; Desai, T.A. Fabrication and Evaluation of Nanoporous Alumina Membranes for
Osteoblast Culture. J. Biomed. Mater. Res. A 2005, 72, 288–295. [CrossRef] [PubMed]

89. McNamara, L.E.; McMurray, R.J.; Biggs, M.J.P.; Kantawong, F.; Oreffo, R.O.C.; Dalby, M.J. Nanotopographical Control of Stem
Cell Differentiation. J. Tissue Eng. 2010, 2010, 120623. [CrossRef] [PubMed]

90. Li, W.J.; Laurencin, C.T.; Caterson, E.J.; Tuan, R.S.; Ko, F.K. Electrospun Nanofibrous Structure: A Novel Scaffold for Tissue
Engineering. J. Biomed. Mater. Res. 2002, 60, 613–621. [CrossRef]

https://doi.org/10.1016/S0040-6090(00)01553-4
https://doi.org/10.1016/S0257-8972(02)00189-5
https://doi.org/10.1016/S1389-0344(02)00039-4
https://www.ncbi.nlm.nih.gov/pubmed/12202194
https://doi.org/10.1016/S0142-9612(00)00392-6
https://doi.org/10.1039/b604966b
https://doi.org/10.3390/pr9050865
https://doi.org/10.1016/j.nantod.2008.10.014
https://doi.org/10.1126/science.1106587
https://www.ncbi.nlm.nih.gov/pubmed/16293749
https://doi.org/10.1089/ten.2005.11.1
https://www.ncbi.nlm.nih.gov/pubmed/15738657
https://doi.org/10.1016/j.biomaterials.2003.12.002
https://www.ncbi.nlm.nih.gov/pubmed/15120519
https://doi.org/10.1016/S0142-9612(02)00609-9
https://www.ncbi.nlm.nih.gov/pubmed/12615478
https://doi.org/10.1002/jbm.a.30358
https://www.ncbi.nlm.nih.gov/pubmed/16035065
https://doi.org/10.1016/j.actbio.2005.09.007
https://www.ncbi.nlm.nih.gov/pubmed/16701861
https://doi.org/10.1016/S1350-4533(00)00087-4
https://www.ncbi.nlm.nih.gov/pubmed/11259928
https://doi.org/10.1016/S0142-9612(00)00285-4
https://www.ncbi.nlm.nih.gov/pubmed/11336305
https://doi.org/10.1016/S0142-9612(02)00087-X
https://www.ncbi.nlm.nih.gov/pubmed/12102199
https://doi.org/10.1016/j.biomaterials.2004.03.040
https://www.ncbi.nlm.nih.gov/pubmed/15369683
https://doi.org/10.1016/j.biomaterials.2003.10.090
https://www.ncbi.nlm.nih.gov/pubmed/15046907
https://doi.org/10.1016/j.biomaterials.2005.12.008
https://www.ncbi.nlm.nih.gov/pubmed/16430957
https://doi.org/10.1002/jbm.a.31555
https://www.ncbi.nlm.nih.gov/pubmed/17688268
https://doi.org/10.1016/j.actbio.2009.05.008
https://doi.org/10.1002/jbm.a.30722
https://www.ncbi.nlm.nih.gov/pubmed/16602089
https://doi.org/10.1002/jor.20105
https://www.ncbi.nlm.nih.gov/pubmed/16514643
https://doi.org/10.1016/j.biomaterials.2007.03.020
https://www.ncbi.nlm.nih.gov/pubmed/17449092
https://doi.org/10.1002/jbm.a.30223
https://www.ncbi.nlm.nih.gov/pubmed/15654700
https://doi.org/10.4061/2010/120623
https://www.ncbi.nlm.nih.gov/pubmed/21350640
https://doi.org/10.1002/jbm.10167


Materials 2025, 18, 822 44 of 58

91. Khanna, A.; Zamani, M.; Huang, N.F. Extracellular Matrix-Based Biomaterials for Cardiovascular Tissue Engineering. J. Cardiovasc.
Dev. Dis. 2021, 8, 137. [CrossRef] [PubMed]

92. Sato, M.; Slamovich, E.B.; Webster, T.J. Enhanced Osteoblast Adhesion on Hydrothermally Treated Hydroxyapatite/Titania/Poly-
(Lactide-Co-Glycolide) Sol–Gel Titanium Coatings. Biomaterials 2005, 26, 1349–1357. [CrossRef] [PubMed]

93. Sato, M.; Sambito, M.A.; Aslani, A.; Kalkhoran, N.M.; Slamovich, E.B.; Webster, T.J. Increased Osteoblast Functions on Undoped
and Yttrium-Doped Nanocrystalline Hydroxyapatite Coatings on Titanium. Biomaterials 2006, 27, 2358–2369. [CrossRef] [PubMed]

94. Jin, H.J.; Chen, J.; Karageorgiou, V.; Altman, G.H.; Kaplan, D.L. Human Bone Marrow Stromal Cell Responses on Electrospun Silk
Fibroin Mats. Biomaterials 2004, 25, 1039–1047. [CrossRef] [PubMed]

95. Jin, H.J.; Park, J.; Valluzzi, R.; Cebe, P.; Kaplan, D.L. Biomaterial Films of Bombyx Mori Silk Fibroin with Poly(Ethylene Oxide).
Biomacromolecules 2004, 5, 711–717. [CrossRef] [PubMed]

96. Yao, C.; Webster, T.J. Anodization: A Promising Nano-Modification Technique of Titanium Implants for Orthopedic Applications.
J. Nanosci. Nanotechnol. 2006, 6, 2682–2692. [CrossRef]

97. Yao, C.; Slamovich, E.B.; Webster, T.J. Enhanced Osteoblast Functions on Anodized Titanium with Nanotube-like Structures. J.
Biomed. Mater. Res. A 2008, 85, 157–166. [CrossRef] [PubMed]

98. Khang, D.; Lu, J.; Yao, C.; Haberstroh, K.M.; Webster, T.J. The Role of Nanometer and Sub-Micron Surface Features on Vascular
and Bone Cell Adhesion on Titanium. Biomaterials 2008, 29, 970–983. [CrossRef] [PubMed]

99. Gimble, J.M.; Guilak, F.; Nuttall, M.E.; Sathishkumar, S.; Vidal, M.; Bunnell, B.A. In Vitro Differentiation Potential of Mesenchymal
Stem Cells. Transfus. Med. Hemother. 2008, 35, 228–238. [CrossRef] [PubMed]

100. Usmaniya, N.; Shishir, R.; Ponnilavan, V.; Rameshbabu, N. Development of hydroxyapatite/bioactive glass incorporated chitosan
layer on plasma electrolytic oxidised ZM21 alloy for temporary implant applications. J. Alloys Compd. 2024, 1004, 175723.
[CrossRef]

101. Dolatshahi-Pirouz, A.; Jensen, T.; Kraft, D.C.; Foss, M.; Kingshott, P.; Hansen, J.L.; Larsen, A.N.; Chevallier, J.; Besenbacher, F.
Fibronectin Adsorption, Cell Adhesion, and Proliferation on Nanostructured Tantalum Surfaces. ACS Nano 2010, 4, 2874–2882.
[CrossRef]

102. Yin, Z.; Chen, X.; Chen, J.L.; Shen, W.L.; Hieu Nguyen, T.M.; Gao, L.; Ouyang, H.W. The Regulation of Tendon Stem Cell
Differentiation by the Alignment of Nanofibers. Biomaterials 2010, 31, 2163–2175. [CrossRef] [PubMed]

103. Dalby, M.J.; Gadegaard, N.; Tare, R.; Andar, A.; Riehle, M.O.; Herzyk, P.; Wilkinson, C.D.W.; Oreffo, R.O.C. The Control of Human
Mesenchymal Cell Differentiation Using Nanoscale Symmetry and Disorder. Nat. Mater. 2007, 6, 997–1003. [CrossRef] [PubMed]

104. Yim, E.K.F.; Darling, E.M.; Kulangara, K.; Guilak, F.; Leong, K.W. Nanotopography-Induced Changes in Focal Adhesions,
Cytoskeletal Organization, and Mechanical Properties of Human Mesenchymal Stem Cells. Biomaterials 2010, 31, 1299–1306.
[CrossRef] [PubMed]

105. Park, J.; Bauer, S.; Von Der Mark, K.; Schmuki, P. Nanosize and Vitality: TiO2 Nanotube Diameter Directs Cell Fate. Nano Lett.
2007, 7, 1686–1691. [CrossRef] [PubMed]

106. Yu, W.Q.; Jiang, X.Q.; Zhang, F.Q.; Xu, L. The Effect of Anatase TiO2 Nanotube Layers on MC3T3-E1 Preosteoblast Adhesion,
Proliferation, and Differentiation. J. Biomed. Mater. Res. Part A 2010, 94A, 1012–1022. [CrossRef]

107. Oh, S.; Brammer, K.S.; Li, Y.S.J.; Teng, D.; Engler, A.J.; Chien, S.; Jin, S. Stem Cell Fate Dictated Solely by Altered Nanotube
Dimension. Proc. Natl. Acad. Sci. USA 2009, 106, 2130–2135. [CrossRef] [PubMed]

108. Mori, H.; Ogura, Y.; Enomoto, K.; Hara, M.; Maurstad, G.; Stokke, B.T.; Kitamura, S. Dense Carbon-Nanotube Coating Scaffolds
Stimulate Osteogenic Differentiation of Mesenchymal Stem Cells. PLoS ONE 2020, 15, e0225589. [CrossRef]

109. Chen, C.S. Mechanotransduction—A Field Pulling Together? J. Cell Sci. 2008, 121, 3285–3292. [CrossRef]
110. Orr, A.W.; Helmke, B.P.; Blackman, B.R.; Schwartz, M.A. Mechanisms of Mechanotransduction. Dev. Cell 2006, 10, 11–20.

[CrossRef] [PubMed]
111. Han, M.K.L.; de Rooij, J. Converging and Unique Mechanisms of Mechanotransduction at Adhesion Sites. Trends Cell Biol. 2016,

26, 612–623. [CrossRef]
112. Vitkov, L.; Hartl, D.; Hannig, M. Is Osseointegration Inflammation-Triggered? Med. Hypotheses 2016, 93, 1–4. [CrossRef] [PubMed]
113. Luu, T.U.; Gott, S.C.; Woo, B.W.K.; Rao, M.P.; Liu, W.F. Micro- and Nanopatterned Topographical Cues for Regulating Macrophage

Cell Shape and Phenotype. ACS Appl. Mater. Interfaces 2015, 7, 28665–28672. [CrossRef] [PubMed]
114. Östberg, A.K.; Dahlgren, U.; Sul, Y.T.; Johansson, C.B. Inflammatory Cytokine Release Is Affected by Surface Morphology and

Chemistry of Titanium Implants. J. Mater. Sci. Mater. Med. 2015, 26, 155. [CrossRef] [PubMed]
115. Neacsu, P.; Mazare, A.; Schmuki, P.; Cimpean, A. Attenuation of the Macrophage Inflammatory Activity by TiO2 Nanotubes via

Inhibition of MAPK and NF-KB Pathways. Int. J. Nanomed. 2015, 10, 6455–6467. [CrossRef]
116. Ma, Q.L.; Fang, L.; Jiang, N.; Zhang, L.; Wang, Y.; Zhang, Y.M.; Chen, L.H. Bone Mesenchymal Stem Cell Secretion of

SRANKL/OPG/M-CSF in Response to Macrophage-Mediated Inflammatory Response Influences Osteogenesis on Nanos-
tructured Ti Surfaces. Biomaterials 2018, 154, 234–247. [CrossRef]

https://doi.org/10.3390/jcdd8110137
https://www.ncbi.nlm.nih.gov/pubmed/34821690
https://doi.org/10.1016/j.biomaterials.2004.04.044
https://www.ncbi.nlm.nih.gov/pubmed/15482822
https://doi.org/10.1016/j.biomaterials.2005.10.041
https://www.ncbi.nlm.nih.gov/pubmed/16337679
https://doi.org/10.1016/S0142-9612(03)00609-4
https://www.ncbi.nlm.nih.gov/pubmed/14615169
https://doi.org/10.1021/bm0343287
https://www.ncbi.nlm.nih.gov/pubmed/15132651
https://doi.org/10.1166/jnn.2006.447
https://doi.org/10.1002/jbm.a.31551
https://www.ncbi.nlm.nih.gov/pubmed/17688267
https://doi.org/10.1016/j.biomaterials.2007.11.009
https://www.ncbi.nlm.nih.gov/pubmed/18096222
https://doi.org/10.1159/000124281
https://www.ncbi.nlm.nih.gov/pubmed/21547120
https://doi.org/10.1016/j.jallcom.2024.175723
https://doi.org/10.1021/nn9017872
https://doi.org/10.1016/j.biomaterials.2009.11.083
https://www.ncbi.nlm.nih.gov/pubmed/19995669
https://doi.org/10.1038/nmat2013
https://www.ncbi.nlm.nih.gov/pubmed/17891143
https://doi.org/10.1016/j.biomaterials.2009.10.037
https://www.ncbi.nlm.nih.gov/pubmed/19879643
https://doi.org/10.1021/nl070678d
https://www.ncbi.nlm.nih.gov/pubmed/17503870
https://doi.org/10.1002/jbm.a.32687
https://doi.org/10.1073/pnas.0813200106
https://www.ncbi.nlm.nih.gov/pubmed/19179282
https://doi.org/10.1371/journal.pone.0225589
https://doi.org/10.1242/jcs.023507
https://doi.org/10.1016/j.devcel.2005.12.006
https://www.ncbi.nlm.nih.gov/pubmed/16399074
https://doi.org/10.1016/j.tcb.2016.03.005
https://doi.org/10.1016/j.mehy.2016.05.004
https://www.ncbi.nlm.nih.gov/pubmed/27372846
https://doi.org/10.1021/acsami.5b10589
https://www.ncbi.nlm.nih.gov/pubmed/26605491
https://doi.org/10.1007/s10856-015-5486-3
https://www.ncbi.nlm.nih.gov/pubmed/25779512
https://doi.org/10.2147/IJN.S92019
https://doi.org/10.1016/j.biomaterials.2017.11.003


Materials 2025, 18, 822 45 of 58

117. Yao, S.; Feng, X.; Li, W.; Wang, L.N.; Wang, X. Regulation of RAW 264.7 Macrophages Behavior on Anodic TiO2 Nanotubular
Arrays. Front. Mater. Sci. 2017, 11, 318–327. [CrossRef]

118. Hotchkiss, K.M.; Reddy, G.B.; Hyzy, S.L.; Schwartz, Z.; Boyan, B.D.; Olivares-Navarrete, R. Titanium Surface Characteristics,
Including Topography and Wettability, Alter Macrophage Activation. Acta Biomater. 2016, 31, 425–434. [CrossRef] [PubMed]

119. Prasopthum, A.; Cooper, M.; Shakesheff, K.M.; Yang, J. Three-Dimensional Printed Scaffolds with Controlled Micro-/Nanoporous
Surface Topography Direct Chondrogenic and Osteogenic Differentiation of Mesenchymal Stem Cells. ACS Appl. Mater. Interfaces
2019, 11, 18896–18906. [CrossRef] [PubMed]

120. Park, J.; Bauer, S.; Schlegel, K.A.; Neukam, F.W.; der Von Mark, K.; Schmuki, P. TiO2 Nanotube Surfaces: 15 Nm—An Optimal
Length Scale of Surface Topography for Cell Adhesion and Differentiation. Small 2009, 5, 666–671. [CrossRef] [PubMed]

121. Dulgar-Tulloch, A.J.; Bizios, R.; Siegel, R.W. Human Mesenchymal Stem Cell Adhesion and Proliferation in Response to Ceramic
Chemistry and Nanoscale Topography. J. Biomed. Mater. Res. Part A 2009, 90A, 586–594. [CrossRef]

122. Bauer, S.; Park, J.; von der Mark, K.; Schmuki, P. Improved Attachment of Mesenchymal Stem Cells on Super-Hydrophobic TiO2

Nanotubes. Acta Biomater. 2008, 4, 1576–1582. [CrossRef]
123. Bauer, S.; Park, J.; Pittrof, A.; Song, Y.Y.; Von Der Mark, K.; Schmuki, P. Covalent Functionalization of TiO2 Nanotube Arrays with

EGF and BMP-2 for Modified Behavior towards Mesenchymal Stem Cells. Integr. Biol. 2011, 3, 927–936. [CrossRef] [PubMed]
124. Kodama, A.; Bauer, S.; Komatsu, A.; Asoh, H.; Ono, S.; Schmuki, P. Bioactivation of Titanium Surfaces Using Coatings of TiO2

Nanotubes Rapidly Pre-Loaded with Synthetic Hydroxyapatite. Acta Biomater. 2009, 5, 2322–2330. [CrossRef] [PubMed]
125. Brammer, K.S.; Choi, C.; Frandsen, C.J.; Oh, S.; Johnston, G.; Jin, S. Comparative Cell Behavior on Carbon-Coated TiO2 Nanotube

Surfaces for Osteoblasts vs. Osteo-Progenitor Cells. Acta Biomater. 2011, 7, 2697–2703. [CrossRef]
126. Bauer, S.; Park, J.; Faltenbacher, J.; Berger, S.; Von Der Mark, K.; Schmuki, P. Size Selective Behavior of Mesenchymal Stem Cells

on ZrO2 and TiO2 Nanotube Arrays. Integr. Biol. 2009, 1, 525–532. [CrossRef]
127. Berger, S.; Faltenbacher, J.; Bauer, S.; Schmuki, P. Enhanced Self-Ordering of Anodic ZrO2 Nanotubes in Inorganic and Organic

Electrolytes Using Two-Step Anodization. Phys. Status Solidi–Rapid Res. Lett. 2008, 2, 102–104. [CrossRef]
128. Oliveira, N.T.C.; Biaggio, S.R.; Rocha-Filho, R.C.; Bocchi, N. Electrochemical Studies on Zirconium and Its Biocompatible Alloys

Ti-50Zr at.% and Zr-2.5Nb Wt.% in Simulated Physiologic Media. J. Biomed. Mater. Res. Part A 2005, 74A, 397–407. [CrossRef]
[PubMed]

129. Lischer, S.; Körner, E.; Balazs, D.J.; Shen, D.; Wick, P.; Grieder, K.; Haas, D.; Heuberger, M.; Hegemann, D. Antibacterial
Burst-Release from Minimal Ag-Containing Plasma Polymer Coatings. J. R. Soc. Interface 2011, 8, 1019–1030. [CrossRef]

130. Li, X.; Qi, M.; Sun, X.; Weir, M.D.; Tay, F.R.; Oates, T.W.; Dong, B.; Zhou, Y.; Wang, L.; Xu, H.H.K. Surface Treatments on Titanium
Implants via Nanostructured Ceria for Antibacterial and Anti-Inflammatory Capabilities. Acta Biomater. 2019, 94, 627–643.
[CrossRef]

131. Wang, M.; Tang, T. Surface Treatment Strategies to Combat Implant-Related Infection from the Beginning. J. Orthop. Transl. 2019,
17, 42. [CrossRef]

132. Wang, Y.; Subbiahdoss, G.; Swartjes, J.; Van Der Mei, H.C.; Busscher, H.J.; Libera, M. Length-Scale Mediated Differential Adhesion
of Mammalian Cells and Microbes. Adv. Funct. Mater. 2011, 21, 3916–3923. [CrossRef]

133. Narendrakumar, K.; Kulkarni, M.; Addison, O.; Mazare, A.; Junkar, I.; Schmuki, P.; Sammons, R.; Iglič, A. Adherence of Oral
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Bacterial Resistance to Silver Nanoparticles and How to Overcome It. Nat. Nanotechnol. 2017, 13, 65–71. [CrossRef] [PubMed]

146. Elbourne, A.; Crawford, R.J.; Ivanova, E.P. Nano-Structured Antimicrobial Surfaces: From Nature to Synthetic Analogues. J.
Colloid Interface Sci. 2017, 508, 603–616. [CrossRef] [PubMed]

147. Gu, H.; Chen, A.; Song, X.; Brasch, M.E.; Henderson, J.H.; Ren, D. How Escherichia coli Lands and Forms Cell Clusters on a
Surface: A New Role of Surface Topography. Sci. Rep. 2016, 6, 29516. [CrossRef]

148. Crawford, R.J.; Webb, H.K.; Truong, V.K.; Hasan, J.; Ivanova, E.P. Surface Topographical Factors Influencing Bacterial Attachment.
Adv. Colloid Interface Sci. 2012, 179–182, 142–149. [CrossRef]

149. Song, F.; Brasch, M.E.; Wang, H.; Henderson, J.H.; Sauer, K.; Ren, D. How Bacteria Respond to Material Stiffness during
Attachment: A Role of Escherichia coli Flagellar Motility. ACS Appl. Mater. Interfaces 2017, 9, 22176–22184. [CrossRef]

150. Anselme, K.; Davidson, P.; Popa, A.M.; Giazzon, M.; Liley, M.; Ploux, L. The Interaction of Cells and Bacteria with Surfaces
Structured at the Nanometre Scale. Acta Biomater. 2010, 6, 3824–3846. [CrossRef]

151. Dobbenga, S.; Fratila-Apachitei, L.E.; Zadpoor, A.A. Nanopattern-Induced Osteogenic Differentiation of Stem Cells—A Systematic
Review. Acta Biomater. 2016, 46, 3–14. [CrossRef] [PubMed]

152. Busscher, H.J.; Van Der Mei, H.C.; Subbiahdoss, G.; Jutte, P.C.; Van Den Dungen, J.J.A.M.; Zaat, S.A.J.; Schultz, M.J.; Grainger,
D.W. Biomaterial-Associated Infection: Locating the Finish Line in the Race for the Surface. Sci. Transl. Med. 2012, 4, 153rv10.
[CrossRef] [PubMed]

153. Pham, V.T.H.; Truong, V.K.; Orlowska, A.; Ghanaati, S.; Barbeck, M.; Booms, P.; Fulcher, A.J.; Bhadra, C.M.; Buividas, R.; Baulin,
V.; et al. Race for the Surface: Eukaryotic Cells Can Win. ACS Appl. Mater. Interfaces 2016, 8, 22025–22031. [CrossRef]

154. Persat, A. Bacterial Mechanotransduction. Curr. Opin. Microbiol. 2017, 36, 1–6. [CrossRef] [PubMed]
155. Vorobyev, A.Y.; Guo, C. Femtosecond Laser Blackening of Platinum. J. Appl. Phys. 2008, 104, 053516. [CrossRef]
156. Ardron, M.; Weston, N.; Hand, D. A Practical Technique for the Generation of Highly Uniform LIPSS. Appl. Surf. Sci. 2014, 313,

123–131. [CrossRef]
157. Birnbaum, M. Semiconductor Surface Damage Produced by Ruby Lasers. J. Appl. Phys. 1965, 36, 3688–3689. [CrossRef]
158. Baudach, S.; Bonse, J.; Kautek, W. Ablation Experiments on Polyimide with Femtosecond Laser Pulses. Appl. Phys. A Mater. Sci.

Process. 1999, 69, S395–S398. [CrossRef]
159. Bonse, J.; Sturm, H.; Schmidt, D.; Kautek, W. Chemical, Morphological and Accumulation Phenomena in Ultrashort-Pulse Laser

Ablation of TiN in Air. Appl. Phys. A Mater. Sci. Process. 2000, 71, 657–665. [CrossRef]
160. Simova, E.; Hnatovsky, C.; Taylor, R.S.; Rayner, D.M.; Corkum, P.B. Femtosecond Laser-Induced Long-Range Self-Organized

Periodic Planar Nanocracks for Applications in Biophotonics. Photon Process. Microelectron. Photonics VI 2007, 6458, 317–330.
[CrossRef]

161. Shen, M.; Carey, J.E.; Crouch, C.H.; Kandyla, M.; Stone, H.A.; Mazur, E. High-Density Regular Arrays of Nanometer-Scale Rods
Formed on Silicon Surfaces via Femtosecond Laser Irradiation in Water. Nano Lett. 2008, 8, 2087–2091. [CrossRef] [PubMed]

162. Vorobyev, A.Y.; Makin, V.S.; Guo, C. Brighter Light Sources from Black Metal: Significant Increase in Emission Efficiency of
Incandescent Light Sources. Phys. Rev. Lett. 2009, 102, 234301. [CrossRef]

163. Wong, M.; Eulenberger, J.; Schenk, R.; Hunziker, E. Effect of Surface Topology on the Osseointegration of Implant Materials in
Trabecular Bone. J. Biomed. Mater. Res. 1995, 29, 1567–1575. [CrossRef] [PubMed]

164. Gotfredson, K.; Wennerberg, A.; Johansson, C.; Skovgaard, L.T.; Hjørting-Hansen, E. Anchorage of TiO2-Blasted, HA-Coated, and
Machined Implants: An Experimental Study with Rabbits. J. Biomed. Mater. Res. 1995, 29, 1223–1231. [CrossRef]

165. Gottlander, M.; Johansson, C.B.; Wennerberg, A.; Albrektsson, T.; Radin, S.; Ducheyne, P. Bone Tissue Reactions to an Elec-
trophoretically Applied Calcium Phosphate Coating. Biomaterials 1997, 18, 551–557. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biomaterials.2017.02.030
https://doi.org/10.1021/acsami.6b03152
https://www.ncbi.nlm.nih.gov/pubmed/27300485
https://doi.org/10.1021/acs.jmedchem.5b01593
https://www.ncbi.nlm.nih.gov/pubmed/26734854
https://doi.org/10.1021/tx500479m
https://doi.org/10.1016/j.toxlet.2012.07.009
https://www.ncbi.nlm.nih.gov/pubmed/22820426
https://doi.org/10.1038/s41565-017-0013-y
https://www.ncbi.nlm.nih.gov/pubmed/29203912
https://doi.org/10.1016/j.jcis.2017.07.021
https://www.ncbi.nlm.nih.gov/pubmed/28728752
https://doi.org/10.1038/srep29516
https://doi.org/10.1016/j.cis.2012.06.015
https://doi.org/10.1021/acsami.7b04757
https://doi.org/10.1016/j.actbio.2010.04.001
https://doi.org/10.1016/j.actbio.2016.09.031
https://www.ncbi.nlm.nih.gov/pubmed/27667018
https://doi.org/10.1126/scitranslmed.3004528
https://www.ncbi.nlm.nih.gov/pubmed/23019658
https://doi.org/10.1021/acsami.6b06415
https://doi.org/10.1016/j.mib.2016.12.002
https://www.ncbi.nlm.nih.gov/pubmed/28068612
https://doi.org/10.1063/1.2975989
https://doi.org/10.1016/j.apsusc.2014.05.154
https://doi.org/10.1063/1.1703071
https://doi.org/10.1007/s003390051424
https://doi.org/10.1007/s003390000585
https://doi.org/10.1117/12.699157
https://doi.org/10.1021/nl080291q
https://www.ncbi.nlm.nih.gov/pubmed/18540658
https://doi.org/10.1103/PhysRevLett.102.234301
https://doi.org/10.1002/jbm.820291213
https://www.ncbi.nlm.nih.gov/pubmed/8600147
https://doi.org/10.1002/jbm.820291009
https://doi.org/10.1016/S0142-9612(96)00168-8
https://www.ncbi.nlm.nih.gov/pubmed/9105595


Materials 2025, 18, 822 47 of 58

166. Vercaigne, S.; Wolke, J.G.C.; Naert, I.; Jansen, J.A. Bone Healing Capacity of Titanium Plasma-Sprayed and Hydroxylapatite-
Coated Oral Implants. Clin. Oral Implants Res. 1998, 9, 261–271. [CrossRef] [PubMed]

167. Li, J. Behaviour of Titanium and Titania-Based Ceramics In Vitro and In Vivo. Biomaterials 1993, 14, 229–232. [CrossRef] [PubMed]
168. Yeo, I.S.; Han, J.S.; Yang, J.H. Biomechanical and Histomorphometric Study of Dental Implants with Different Surface Characteris-

tics. J. Biomed. Mater. Res. Part B Appl. Biomater. 2008, 87B, 303–311. [CrossRef] [PubMed]
169. Vercaigne, S.; Wolke, J.G.C.; Naert, I.; Jansen, J.A. A Histological Evaluation of TiO2-Gritblasted and Ca-P Magnetron Sputter

Coated Implants Placed into the Trabecular Bone of the Goat: Part 2. Clin. Oral Implants Res. 2000, 11, 314–324. [CrossRef]
170. Borsari, V.; Fini, M.; Giavaresi, G.; Rimodini, L.; Consolo, U.; Chiusoli, L.; Salito, A.; Volpert, A.; Chiesa, R.; Giardino, R.

Osteointegration of Titanium and Hydroxyapatite Rough Surfaces in Healthy and Compromised Cortical and Trabecular Bone:
In Vivo Comparative Study on Young, Aged, and Estrogen-Deficient Sheep. J. Orthop. Res. 2007, 25, 1250–1260. [CrossRef]

171. Savarino, L.; Fini, M.; Ciapetti, G.; Cenni, E.; Granchi, D.; Baldini, N.; Greco, M.; Rizzi, G.; Giardino, R.; Giunti, A. Biologic
Effects of Surface Roughness and Fluorhydroxyapatite Coating on Osteointegration in External Fixation Systems: An In Vivo
Experimental Study. J. Biomed. Mater. Res. A 2003, 66, 652–661. [CrossRef] [PubMed]

172. Mendes, V.C.; Moineddin, R.; Davies, J.E. The Effect of Discrete Calcium Phosphate Nanocrystals on Bone-Bonding to Titanium
Surfaces. Biomaterials 2007, 28, 4748–4755. [CrossRef] [PubMed]

173. Meirelles, L.; Currie, F.; Jacobsson, C.M.; Albrektsson, T.; Wennerberg, A. The Effect of Chemical and Nano Topographical
Modifications on Early Stage of Osseointegration. Int. J. Oral Maxillofac. Implant. 2008, 23, 641–647.

174. Schliephake, H.; Aref, A.; Scharnweber, D.; Rößler, S.; Sewing, A. Effect of Modifications of Dual Acid-Etched Implant Surfaces on
Periimplant Bone Formation. Part II: Calcium Phosphate Coatings. Clin. Oral Implants Res. 2009, 20, 38–44. [CrossRef] [PubMed]

175. Wennerberg, A.; Albrektsson, T. Effects of Titanium Surface Topography on Bone Integration: A Systematic Review. Clin. Oral
Implants Res. 2009, 20 (Suppl. S4), 172–184. [CrossRef]

176. Cardoso, G.C.; Grandini, C.R.; Rau, J. V Comprehensive review of PEO coatings on titanium alloys for biomedical implants. J.
Mater. Res. Technol. 2024, 31, 311–328. [CrossRef]

177. Grizon, F.; Aguado, E.; Huré, G.; Baslé, M.F.; Chappard, D. Enhanced Bone Integration of Implants with Increased Surface
Roughness: A Long Term Study in the Sheep. J. Dent. 2002, 30, 195–203. [CrossRef] [PubMed]

178. Becker, W.; Becker, B.E.; Ricci, A.; Bahat, O.; Rosenberg, E.; Rose, L.F.; Handelsman, M.; Israelson, H. A Prospective Multicenter
Clinical Trial Comparing One- and Two-Stage Titanium Screw-Shaped Fixtures with One-Stage Plasma-Sprayed Solid-Screw
Fixtures. Clin. Implant Dent. Relat. Res. 2000, 2, 159–165. [CrossRef] [PubMed]

179. Wennerberg, A.; Albrektsson, T.; Andersson, B.; Krol, J.J. A Histomorphometric and Removal Torque Study of Screw-Shaped
Titanium Implants with Three Different Surface Topographies. Clin. Oral Implants Res. 1995, 6, 24–30. [CrossRef] [PubMed]

180. Roi, A.; Ardelean, L.C.; Roi, C.I.; Boia, E.R.; Boia, S.; Rusu, L.C. Oral Bone Tissue Engineering: Advanced Biomaterials for Cell
Adhesion, Proliferation and Differentiation. Materials 2019, 12, 2296. [CrossRef] [PubMed]

181. Cochran, D.L.; Schenk, R.K.; Lussi, A.; Higginbottom, F.L.; Buser, D. Bone Response to Unloaded and Loaded Titanium Implants
with a Sandblasted and Acid-Etched Surface: A Histometric Study in the Canine Mandible. J. Biomed. Mater. Res. 1998, 40, 1–11.
[CrossRef]

182. López-valverde, N.; Flores-fraile, J.; Ramírez, J.M.; de Sousa, B.M.; Herrero-hernández, S.; López-valverde, A. Bioactive Surfaces
vs. Conventional Surfaces in Titanium Dental Implants: A Comparative Systematic Review. J. Clin. Med. 2020, 9, 2047. [CrossRef]
[PubMed]

183. Beutner, R.; Michael, J.; Schwenzer, B.; Scharnweber, D. Biological nano-functionalization of titanium-based biomaterial surfaces:
A flexible toolbox. J. R. Soc. Interface 2009, 7 (Suppl. S1), S93–S105. [CrossRef] [PubMed]

184. Rai, M.; Yadav, A.; Gade, A. Silver Nanoparticles as a New Generation of Antimicrobials. Biotechnol. Adv. 2009, 27, 76–83.
[CrossRef] [PubMed]

185. Alla, R.K.; Ginjupalli, K.; Upadhya, N.; Shammas, M.; Ravi, R.K.; Sekhar, R. Surface Roughness of Implants: A Review. Trends
Biomater. Artif. Organs 2011, 25, 112–118.

186. Gittens, R.A.; McLachlan, T.; Olivares-Navarrete, R.; Cai, Y.; Berner, S.; Tannenbaum, R.; Schwartz, Z.; Sandhage, K.H.; Boyan,
B.D. The Effects of Combined Micron-/Submicron-Scale Surface Roughness and Nanoscale Features on Cell Proliferation and
Differentiation. Biomaterials 2011, 32, 3395–3403. [CrossRef]

187. Gittens, R.A.; Olivares-Navarrete, R.; McLachlan, T.; Cai, Y.; Hyzy, S.L.; Schneider, J.M.; Schwartz, Z.; Sandhage, K.H.; Boyan, B.D.
Differential Responses of Osteoblast Lineage Cells to Nanotopographically-Modified, Microroughened Titanium–Aluminum–
Vanadium Alloy Surfaces. Biomaterials 2012, 33, 8986–8994. [CrossRef] [PubMed]

188. Gittens, R.A.; Olivares-Navarrete, R.; Cheng, A.; Anderson, D.M.; McLachlan, T.; Stephan, I.; Geis-Gerstorfer, J.; Sandhage, K.H.;
Fedorov, A.G.; Rupp, F.; et al. The Roles of Titanium Surface Micro/Nanotopography and Wettability on the Differential Response
of Human Osteoblast Lineage Cells. Acta Biomater. 2013, 9, 6268–6277. [CrossRef]

189. Browne, M.; Gregson, P.J. Effect of Mechanical Surface Pretreatment on Metal Ion Release. Biomaterials 2000, 21, 385–392.
[CrossRef] [PubMed]

https://doi.org/10.1034/j.1600-0501.1998.090407.x
https://www.ncbi.nlm.nih.gov/pubmed/9760901
https://doi.org/10.1016/0142-9612(93)90028-Z
https://www.ncbi.nlm.nih.gov/pubmed/8386556
https://doi.org/10.1002/jbm.b.31104
https://www.ncbi.nlm.nih.gov/pubmed/18435399
https://doi.org/10.1034/j.1600-0501.2000.011004314.x
https://doi.org/10.1002/jor.20413
https://doi.org/10.1002/jbm.a.10018
https://www.ncbi.nlm.nih.gov/pubmed/12918049
https://doi.org/10.1016/j.biomaterials.2007.07.020
https://www.ncbi.nlm.nih.gov/pubmed/17697709
https://doi.org/10.1111/j.1600-0501.2008.01616.x
https://www.ncbi.nlm.nih.gov/pubmed/19126106
https://doi.org/10.1111/j.1600-0501.2009.01775.x
https://doi.org/10.1016/j.jmrt.2024.06.068
https://doi.org/10.1016/S0300-5712(02)00018-0
https://www.ncbi.nlm.nih.gov/pubmed/12450710
https://doi.org/10.1111/j.1708-8208.2000.tb00007.x
https://www.ncbi.nlm.nih.gov/pubmed/11359261
https://doi.org/10.1034/j.1600-0501.1995.060103.x
https://www.ncbi.nlm.nih.gov/pubmed/7669864
https://doi.org/10.3390/ma12142296
https://www.ncbi.nlm.nih.gov/pubmed/31323766
https://doi.org/10.1002/(SICI)1097-4636(199804)40:1%3C1::AID-JBM1%3E3.0.CO;2-Q
https://doi.org/10.3390/jcm9072047
https://www.ncbi.nlm.nih.gov/pubmed/32610687
https://doi.org/10.1098/rsif.2009.0418.focus
https://www.ncbi.nlm.nih.gov/pubmed/19889692
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://www.ncbi.nlm.nih.gov/pubmed/18854209
https://doi.org/10.1016/j.biomaterials.2011.01.029
https://doi.org/10.1016/j.biomaterials.2012.08.059
https://www.ncbi.nlm.nih.gov/pubmed/22989383
https://doi.org/10.1016/j.actbio.2012.12.002
https://doi.org/10.1016/S0142-9612(99)00200-8
https://www.ncbi.nlm.nih.gov/pubmed/10656320


Materials 2025, 18, 822 48 of 58

190. Song, W.W.; Heo, J.H.; Lee, J.H.; Park, Y.M.; Kim, Y.D. Osseointegration of Magnesium-Incorporated Sand-Blasted Acid-Etched
Implant in the Dog Mandible: Resonance Frequency Measurements and Histomorphometric Analysis. Tissue Eng. Regen. Med.
2016, 13, 191–199. [CrossRef] [PubMed]

191. Roy, M.; Bandyopadhyay, A.; Bose, S. Induction Plasma Sprayed Nano Hydroxyapatite Coatings on Titanium for Orthopaedic
and Dental Implants. Surf. Coat. Technol. 2011, 205, 2785–2792. [CrossRef]

192. Liao, H.; Fartash, B.; Li, J. Stability of Hydroxyapatite-Coatings on Titanium Oral Implants (IMZ). Clin. Oral Implants Res. 1997, 8,
68–72. [CrossRef]

193. Peltola, T.; Patsi, M.; Rahiala, H.; Kangasniemi, I.; Yli-Urpo, A. Calcium Phosphate Induction by Sol-Gel-Derived Titania Coatings
on Titanium Substratesin Vitro. J. Biomed. Mater. Res. 1998, 41, 504–510. [CrossRef]

194. Mustafa, K.; Wennerberg, A.; Wroblewski, J.; Hultenby, K.; Lopez, B.S.; Arvidson, K. Determining Optimal Surface Roughness
of TiO2 Blasted Titanium Implant Material for Attachment, Proliferation and Differentiation of Cells Derived from Human
Mandibular Alveolar Bone. Clin. Oral Implants Res. 2001, 12, 515–525. [CrossRef] [PubMed]

195. Hou, F.; Gorthy, R.; Mardon, I.; Tang, D.; Goode, C. Protecting Light Metal Alloys Using a Sustainable Plasma Electrolytic
Oxidation Process. ACS Omega 2022, 7, 8570–8580. [CrossRef] [PubMed]

196. Li, Q.; Liang, J.; Wang, Q. Plasma Electrolytic Oxidation Coatings on Lightweight Metals. Mod. Surf. Eng. Treat. 2013, 4, 75–99.
[CrossRef]

197. Wu, J.; Wu, L.; Yao, W.; Chen, Y.; Chen, Y.; Yuan, Y.; Wang, J.; Atrens, A.; Pan, F. Effect of Electrolyte Systems on Plasma Electrolytic
Oxidation Coatings Characteristics on LPSO Mg-Gd-Y-Zn Alloy. Surf. Coat. Technol. 2023, 454, 129192. [CrossRef]

198. Oh, G.H.; Yoon, J.K.; Huh, J.Y.; Doh, J.M. Effect of Frequency of Plasma Electrolytic Oxidation on the Microstructure and Corrosion
Resistance of 6061 Aluminium Alloy. Surf. Coat. Technol. 2023, 471, 129861. [CrossRef]

199. Nominé, A.; Nominé, A.V.; Braithwaite, N.S.J.; Belmonte, T.; Henrion, G. High-Frequency-Induced Cathodic Breakdown during
Plasma Electrolytic Oxidation. Phys. Rev. Appl. 2017, 8, 031001. [CrossRef]

200. Dehnavi, V.; Luan, B.L.; Shoesmith, D.W.; Liu, X.Y.; Rohani, S. Effect of Duty Cycle and Applied Current Frequency on Plasma
Electrolytic Oxidation (PEO) Coating Growth Behavior. Surf. Coat. Technol. 2013, 226, 100–107. [CrossRef]

201. Wang, S.; Liu, X.; Yin, X.; Du, N. Influence of Electrolyte Components on the Microstructure and Growth Mechanism of Plasma
Electrolytic Oxidation Coatings on 1060 Aluminum Alloy. Surf. Coat. Technol. 2020, 381, 125214. [CrossRef]

202. Luo, S.; Wang, Q.; Ye, R.; Ramachandran, C.S. Effects of Electrolyte Concentration on the Microstructure and Properties of Plasma
Electrolytic Oxidation Coatings on Ti-6Al-4V Alloy. Surf. Coat. Technol. 2019, 375, 864–876. [CrossRef]

203. Attarzadeh, N.; Ramana, C.V. Plasma Electrolytic Oxidation Ceramic Coatings on Zirconium (Zr) and ZrAlloys: Part I—Growth
Mechanisms, Microstructure, and Chemical Composition. Coatings 2021, 11, 634. [CrossRef]

204. Huang, Z.Q.; Wang, R.Q.; Zhang, H.; Shen, X.J.; Zhang, X.Z.; He, Y.; Huang, C.; Shen, D.J.; Li, D.L. Effect of Nanosized Silicon
Dioxide Additive on Plasma Electrolytic Oxidation Coatings Fabricated on Aluminium. Int. J. Electrochem. Sci. 2020, 15,
11191–11202. [CrossRef]

205. Arrabal, R.; Matykina, E.; Skeldon, P.; Thompson, G.E. Incorporation of Zirconia Particles into Coatings Formed on Magnesium
by Plasma Electrolytic Oxidation. J. Mater. Sci. 2008, 43, 1532–1538. [CrossRef]

206. Savushkina, S.; Gerasimov, M.; Apelfeld, A.; Suminov, I. Study of Coatings Formed on Zirconium Alloy by Plasma Electrolytic
Oxidation in Electrolyte with Submicron Yttria Powder Additives. Metals 2021, 11, 1392. [CrossRef]

207. Li, W.; Zhu, L.; Li, Y. Electrochemical oxidation characteristic of AZ91D magnesium alloy under the action of silica sol. Surf. Coat.
Technol. 2006, 201, 1085–1092. [CrossRef]

208. Li, W.; Zhu, L.; Liu, H. Preparation of Hydrophobic Anodic Film on AZ91D Magnesium Alloy in Silicate Solution Containing
Silica Sol. Surf. Coat. Technol. 2006, 201, 2573–2577. [CrossRef]

209. Tang, M.; Li, W.; Liu, H.; Zhu, L. Influence of Titania Sol in the Electrolyte on Characteristics of the Microarc Oxidation Coating
Formed on 2A70 Aluminum Alloy. Surf. Coat. Technol. 2011, 205, 4135–4140. [CrossRef]

210. Laleh, M.; Rouhaghdam, A.S.; Shahrabi, T.; Shanghi, A. Effect of Alumina Sol Addition to Micro-Arc Oxidation Electrolyte on the
Properties of MAO Coatings Formed on Magnesium Alloy AZ91D. J. Alloys Compd. 2010, 496, 548–552. [CrossRef]

211. Lu, X.; Blawert, C.; Huang, Y.; Ovri, H.; Zheludkevich, M.L.; Kainer, K.U. Plasma Electrolytic Oxidation Coatings on Mg Alloy
with Addition of SiO2 Particles. Electrochim. Acta 2016, 187, 20–33. [CrossRef]

212. Lu, X.; Mohedano, M.; Blawert, C.; Matykina, E.; Arrabal, R.; Kainer, K.U.; Zheludkevich, M.L. Plasma electrolytic oxidation
coatings with particle additions—A review. Surf. Coat. Technol. 2016, 307, 1165–1182. [CrossRef]

213. Lederer, S.; Sankaran, S.; Smith, T.; Fürbeth, W. Formation of Bioactive Hydroxyapatite-Containing Titania Coatings on CP-Ti 4+
Alloy Generated by Plasma Electrolytic Oxidation. Surf. Coat. Technol. 2019, 363, 66–74. [CrossRef]

214. Arrabal, R.; Matykina, E.; Viejo, F.; Skeldon, P.; Thompson, G.E.; Merino, M.C. AC Plasma Electrolytic Oxidation of Magnesium
with Zirconia Nanoparticles. Appl. Surf. Sci. 2008, 254, 6937–6942. [CrossRef]

https://doi.org/10.1007/s13770-016-9126-x
https://www.ncbi.nlm.nih.gov/pubmed/30603399
https://doi.org/10.1016/j.surfcoat.2010.10.042
https://doi.org/10.1111/j.1600-0501.1997.tb00009.x
https://doi.org/10.1002/(SICI)1097-4636(19980905)41:3%3C504::AID-JBM22%3E3.0.CO;2-G
https://doi.org/10.1034/j.1600-0501.2001.120513.x
https://www.ncbi.nlm.nih.gov/pubmed/11564113
https://doi.org/10.1021/acsomega.1c06442
https://www.ncbi.nlm.nih.gov/pubmed/35309481
https://doi.org/10.5772/55688
https://doi.org/10.1016/j.surfcoat.2022.129192
https://doi.org/10.1016/j.surfcoat.2023.129861
https://doi.org/10.1103/PhysRevApplied.8.031001
https://doi.org/10.1016/j.surfcoat.2013.03.041
https://doi.org/10.1016/j.surfcoat.2019.125214
https://doi.org/10.1016/j.surfcoat.2019.07.053
https://doi.org/10.3390/coatings11060634
https://doi.org/10.20964/2020.11.24
https://doi.org/10.1007/s10853-007-2360-9
https://doi.org/10.3390/met11091392
https://doi.org/10.1016/J.SURFCOAT.2006.01.031
https://doi.org/10.1016/j.surfcoat.2006.04.068
https://doi.org/10.1016/j.surfcoat.2011.02.061
https://doi.org/10.1016/j.jallcom.2010.02.098
https://doi.org/10.1016/j.electacta.2015.11.033
https://doi.org/10.1016/j.surfcoat.2016.08.055
https://doi.org/10.1016/j.surfcoat.2019.02.030
https://doi.org/10.1016/j.apsusc.2008.04.100


Materials 2025, 18, 822 49 of 58

215. Gowtham, S.; Hariprasad, S.; Arunnellaiappan, T.; Rameshbabu, N. An Investigation on ZrO2 Nano-Particle Incorporation,
Surface Properties and Electrochemical Corrosion Behaviour of PEO Coating Formed on Cp-Ti. Surf. Coat. Technol. 2017, 313,
263–273. [CrossRef]

216. Rapheal, G.; Kumar, S.; Scharnagl, N.; Blawert, C. Effect of Current Density on the Microstructure and Corrosion Properties of
Plasma Electrolytic Oxidation (PEO) Coatings on AM50 Mg Alloy Produced in an Electrolyte Containing Clay Additives. Surf.
Coat. Technol. 2016, 289, 150–164. [CrossRef]

217. Blawert, C.; Sah, S.P.; Liang, J.; Huang, Y.; Höche, D. Role of Sintering and Clay Particle Additions on Coating Formation during
PEO Processing of AM50 Magnesium Alloy. Surf. Coat. Technol. 2012, 213, 48–58. [CrossRef]

218. Polunin, A.V.; Borgardt, E.D.; Shafeev, M.R.; Katsman, A.V.; Krishtal, M.M. Effects of Different Nanoparticles Additions on
Composition and Properties of Oxide Layers Formed by Plasma Electrolytic Oxidation on Cast Al-Si Alloy. J. Phys. Conf. Ser.
2020, 1713, 012035. [CrossRef]

219. Ceriani, F.; Casanova, L.; Massimini, L.; Brenna, A.; Ormellese, M. TiO2 Microparticles Incorporation in Coatings Produced by
Plasma Electrolytic Oxidation (PEO) on Titanium. Coatings 2023, 13, 1718. [CrossRef]

220. Rizwan, M.; Alias, R.; Zaidi, U.Z.; Mahmoodian, R.; Hamdi, M. Surface Modification of Valve Metals Using Plasma Electrolytic
Oxidation for Antibacterial Applications: A Review. J. Biomed. Mater. Res. Part A 2018, 106, 590–605. [CrossRef] [PubMed]

221. Pezzato, L.; Settimi, A.G.; Fanchin, D.; Moschin, E.; Moro, I.; Dabalà, M. Effect of Cu Addition on the Corrosion and Antifouling
Properties of PEO Coated Zinc-Aluminized Steel. Materials 2022, 15, 7895. [CrossRef] [PubMed]

222. Lee, K.M.; Lee, B.U.; Yoon, S.I.; Lee, E.S.; Yoo, B.; Shin, D.H. Evaluation of Plasma Temperature during Plasma Oxidation
Processing of AZ91 Mg Alloy through Analysis of the Melting Behavior of Incorporated Particles. Electrochim. Acta 2012, 67, 6–11.
[CrossRef]

223. Guo, J.; Wang, L.; Wang, S.C.; Liang, J.; Xue, Q.; Yan, F. Preparation and Performance of a Novel Multifunctional Plasma
Electrolytic Oxidation Composite Coating Formed on Magnesium Alloy. J. Mater. Sci. 2009, 44, 1998–2006. [CrossRef]

224. Balaji, R.; Pushpavanam, M.; Kumar, K.Y.; Subramanian, K. Electrodeposition of Bronze–PTFE Composite Coatings and Study on
Their Tribological Characteristics. Surf. Coat. Technol. 2006, 201, 3205–3211. [CrossRef]

225. Atiyeh, B.S.; Costagliola, M.; Hayek, S.N.; Dibo, S.A. Effect of Silver on Burn Wound Infection Control and Healing: Review of
the Literature. Burns 2007, 33, 139–148. [CrossRef] [PubMed]

226. Burg, K.J.L.; Porter, S.; Kellam, J.F. Biomaterial Developments for Bone Tissue Engineering. Biomaterials 2000, 21, 2347–2359.
[CrossRef] [PubMed]

227. Mu, M.; Liang, J.; Zhou, X.; Xiao, Q. One-Step Preparation of TiO2/MoS2 Composite Coating on Ti6Al4V Alloy by Plasma
Electrolytic Oxidation and Its Tribological Properties. Surf. Coat. Technol. 2013, 214, 124–130. [CrossRef]

228. Hannink, R.H.J. Microstructural Development of Sub-Eutectoid Aged MgO-ZrO2 Alloys. J. Mater. Sci. 1983, 18, 457–470.
[CrossRef]

229. Fukumasa, O.; Tagashira, R.; Tachino, K.; Mukunoki, H. Spraying of MgO Films with a Well-Controlled Plasma Jet. Surf. Coat.
Technol. 2003, 169–170, 579–582. [CrossRef]

230. Galliano, P.; De Damborenea, J.J.; Pascual, M.J.; Durán, A. Sol-Gel Coatings on 316L Steel for Clinical Applications. J. Sol-Gel Sci.
Technol. 1998, 13, 723–727. [CrossRef]

231. Vasconcelos, D.C.L.; Carvalho, J.A.N.; Mantel, M.; Vasconcelos, W.L. Corrosion Resistance of Stainless Steel Coated with Sol–Gel
Silica. J. Non. Cryst. Solids 2000, 273, 135–139. [CrossRef]

232. Wang, D.; Bierwagen, G.P. Sol–Gel Coatings on Metals for Corrosion Protection. Prog. Org. Coat. 2009, 64, 327–338. [CrossRef]
233. Khazrayie, M.A.; Aghdam, A.R.S. Si3N4/Ni Nanocomposite Formed by Electroplating: Effect of Average Size of Nanoparticulates.

Trans. Nonferrous Met. Soc. China 2010, 20, 1017–1023. [CrossRef]
234. Pepe, A.; Aparicio, M.; Durán, A.; Ceré, S. Cerium Hybrid Silica Coatings on Stainless Steel AISI 304 Substrate. J. Sol-Gel Sci.

Technol. 2006, 39, 131–138. [CrossRef]
235. Schem, M.; Schmidt, T.; Gerwann, J.; Wittmar, M.; Veith, M.; Thompson, G.E.; Molchan, I.S.; Hashimoto, T.; Skeldon, P.; Phani,

A.R.; et al. CeO2-Filled Sol–Gel Coatings for Corrosion Protection of AA2024-T3 Aluminium Alloy. Corros. Sci. 2009, 51, 2304–2315.
[CrossRef]
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317. Kalud̄erović, M.R.; Schreckenbach, J.P.; Graf, H.L. Titanium Dental Implant Surfaces Obtained by Anodic Spark Deposition—From
the Past to the Future. Mater. Sci. Eng. C 2016, 69, 1429–1441. [CrossRef]

318. Huang, T.; Wang, H.; Zhang, Z.; Feng, K.; Xiang, L. Incorporation of Inorganic Elements onto Titanium-Based Implant Surfaces
by One-Step Plasma Electrolytic Oxidation: An Efficient Method to Enhance Osteogenesis. Biomater. Sci. 2022, 10, 6656–6674.
[CrossRef] [PubMed]
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