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INTRODUCTION

Biomaterials are new composite materials which are used
to replace or support an organ or tissue, and they must be
biocompatible even though they bring within full contact with
biological systems [1]. Biomaterials are divided into four
groups depending on their medicinal use. First-generation
biomaterials are inert biomaterials that have been developed
and selected since 1950 to aid in the repair or replacement of
host tissue while causing no adverse reactions in the biological
system. Cobalt alloys, alumina and stable polyurethane were
among several, but they were vital in orthopaedic and dental
applications [2]. Second-generation biomaterials with bioactive
or biodegradable qualities have been studied since 1970. Second
generation biomaterials such as titanium and calcium phos-
phates or hydroxyapatite, have shown low durability over time.
Further research is focused on creating impermanent materials
that must be degraded in a controllable way through duration
while still fostering natural integration of the graft with the
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The outstanding physico-chemical characteristics to assist bone regeneration and cell development, titanium dioxide (TiO,) based materials |
have showed significant promise for applications in implants. Due to its excellent performance in a wide variety of applications, chemical |
stability, and inexpensive cost, this metal oxide has received the more attention. Coating techniques for creating surfaces made of this
substance have been thoroughly investigated. The aim of this review article is to look at the current status of TiO, technology for orthopedic |
and dental implants. Over the years, researchers have investigated several TiO, coating deposition techniques on metal implants, with the |
goal of improving adhesion strength and long-term dependability. This review examines a variety of TiO, deposition techniques on metal |
substrates in depth. Anodization, sol-gel method, plasma spray coating, cold spray coating, high velocity oxy-fuel spray, high velocity |
suspension flame spraying, pulsed laser deposition (PLD), ion beam deposition (IBD), magnetron sputtering deposition, electrophoretic
deposition (EPD), electrochemical deposition and biomimetic deposition are among the methods examined. I
|

Keywords: Titanium dioxide, Coating deposition techniques, Cold spray, High velocity oxy-fuel spray, Anodization.

bone it will eventually replace, such as magnesium and its
alloys [3]. By year 2010, researchers started testing a new gene-
ration of biomaterials, particularly involves biomimetic nano-
composites for tissue engineering applications [4,5].

Biomaterial science is mainly reliant on implant develop-
ment and improving the replacement or repair method. The
implant diminishes after healing and is removed by host tissues.
Metal alloys based on titanium, stainless steel 316L, nickel-
titanium, magnesium and cobalt are widely used as prosthetic
devices [6]. Their high mechanical strength, wear resistance,
and corrosion resistance are the reasons for using these metal
alloys. These implants should be used to preserve the bones in
place and assist in osseointegration with the overlying bone
tissue. Implants used to strengthen tissue must be biocompati-
ble and also provide clues to host cells in order to trigger a
cellular repair process [7]. Coatings on biomedical implants
are deemed to be a promising solution to grow implant-tissue
interactions and boost biocompatibility and biofunctionality
without disrupting the material’s properties [8,9].
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Titanium dioxide, commonly known as titanium(IV) oxide
or titania [ 10], is a naturally occurring white solid with a variety
of properties, including low modulus of elasticity, high tensile
strength, biocompatibility and corrosion resistance, as well as
extensive uses [11-14]. Rutile, anatase and brookite are the
three natural polymorphic forms of TiO, [15,16]. A deformed
octahedron [17,18] is produced when a Ti* cation is coordi-
nated by six-oxygen atoms. The polymorphic topologies of
these octahedrons are determined by the way they assemble.
The rutile form has a tetragonal structure with two TiO, mole-
cules in each unit cell, whereas the anatase form has a tetra-
gonal structure with four TiO, molecules in each unit cell.
Brookite is the least dense TiO, form, with an orthorhombic
structure and an eight-molecule unit cell, as compared to anatase
and rutile [19,20]. Depending on its polymorphic phase, TiO,
exhibits distinct properties. At high temperatures, anatase and
brookite can be permanently converted to rutile, although rutile
is the most stable phase.

Because of its potential uses in science and technology,
TiO, has received great of interest in recent years [21-27].
TiO, has a big future for usage in bone and dental implants
with its mechanical qualities, biocompatibility, low cytoto-
xicity, bodily fluid stability and corrosion resistance [21-26].
TiO, evokes a strong molecular response and osseointegration,
leading to improved bone strength [28,29]. TiO, can be used
as a covering for metallic implants in tissue engineering
applications. Surface alteration, such as a thicker TiO, coating
on the metal surface, can help titanium to osseointegrate better
[30-32]. TiO, coatings on metallic surfaces have been demons-
trated to increase corrosion resistance, biocompatibility, cell
efficiency and even bone formation [33,34]. Studies have shown
that TiO, coatings increase mechanical resistance, osseointe-
gration, cell fixation, bone strength and corrosion resistance
because hydroxyapatite is comparable to many calcified tissues
of vertebrates [35-40]. An effort to introduce TiO, physiol-
ogical and morphological consistent. Titanium dioxide coatings
are used in biomedical engineering for dentistry and ortho-
paedic applications due to their mechanical qualities and biocom-
patibility [41-44]. TiO, has been used as a protective coating
on titanium substrates, 316L stainless steel and other metals
[45.46].

Because of its excellent chemical stability and non-toxic
nature, TiO, coating plays an important role in various fields of
research and may lead to attractive characteristics. TiO, has been
explored for a variety of possible functions including as a coating
for biomaterials [47,48] and as a corrosion-resistant material
[49-53]. Plasma spray coating, cold spray coating, high velocity
oxy-fuel spray, high velocity suspension flame spraying, pulsed
laser deposition (PLD), ion beam deposition (IBD) and
magnetron sputtering deposition are all examples of anodization.
Excellent adhesion, fast deposition rates, and great control over
the metal substrate are some of the benefits of electrophoretic
deposition (EPD), electrochemical deposition and biomimetic
deposition. As a result, the purpose of this work is to analyze
and looked into its viability of TiO, coating methods for bone
and dental implants, since there are many published articles
available in the literature from the past year 1994 to till 2021.

Titanium dioxide coating methods: TiO, coating on metal
implants can be carried out by several methods. Coating methods,
on the other hand, are beneficial in certain applications based
on the morphology, productivity, compatibility, stability and
functionality desired. Different deposition mechanisms for
TiO, coating systems must be researched in order to reveal their
benefits and drawbacks for the target application. Anodization,
sol-gel, thermal spray, physical vapour deposition (PVD),
chemical vapour deposition (CVD) and electrodeposition are
among the many coating processes available, but just a few
are among the most effective and adaptable. Low-temperature
thermal processes for TiO, coatings, which is rare to find has
been developed on metal substrate are reliable and repeatable.

(A) Anodization: When an electric field is placed between
a metal and an anode, ionic diffusion occurs, resulting in the
formation of controlled nanotubes on the anode surface. The
procedure is carried out when a two-electrode system is subjected
to alternating voltage in an electrolyte under controlled circum-
stances [54]. TiO, nanotubes may be made using acidic aqueous
hydrogen fluoride electrolytes or neutral solutions containing
fluoride salts [55]. The voltage employed in the anodization
process changes the diameter of TiO, nanotubes. Several resea-
rchers have demonstrated that changing the applied voltage
may change the diameters of TiO, nanotubes and that the kind
of electrolyte used in the anodization process can also affect
the diameters [56,57]. In an early work, titanium metal sheet
was utilized to generate nanotubes using NH4F and H;PO,
electrolytes, respectively and on changing the electrolyte from
fluoride to phosphate , increased the nanotube diameter from
174.2 to 235.3 nm [58,59].

(B) Sol-gel method: Because it generates low-cost coatings
with high adherence and permits structural control, the sol-
gel technique is a viable alternative method for coating diverse
metal substrates [60]. The process begins with the creation of
a colloidal suspension of a molecular precursor in a solvent
(sol), which is then followed by the production of an oxide net-
work at low temperatures. Two steps of the process include
the hydrolysis and condensation of the suspension, as well as
a polycondensation reaction that results in a three-dimensional
network. A room-temperature drying cycle (ageing) is then used
to remove the solvent from the gel, followed by a heat treatment
to create monoliths or thin films. The sol-gel transition is influ-
enced by the quantity of precursors, water, catalyst, temperature
and pH [61]. Several researchers have used the sol-gel techni-
que to create TiO, coatings. Wang et al. [62] devised a novel
technique of dip and spin coating using sol-gel to produce
ultrafine TiO, films on 0-Al,Os discs. The process was unique
in that it submerged the substrate in the sol first, then withdrew
it to spin a thin coating, resulting in tiny glass films with homo-
geneous grains and structure. The scientists claim that the
surface modification with TiO, via sol-gel can enhance protein
adsorption in vitro due to changes in surface chemical
composition, roughness, and wettability. Sol-gel was utilized
by Advincula et al. to illustrate the physiological response of
TiO on metal surfaces, revealing an increase in cell adhesion,
cellular respon-siveness, and matrix mineralization [63-65].
Furthermore, it has been shown in the literature that sol-gel
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TiO, can induce the formation of calcium phosphates on TiO,
surfaces, therefore, increasing cell attraction to biological tissue
[66]. Guo et al. [67] reported that a porous TiO, coating made
using the sol-gel technique has a biocidal effect. Fu et al. [68]
discovered a biocidal effect when using sol-gel TiO, coatings
on glass substrates. The antibacterial property of TiO, have been
resea-rched extensively, and the biological mechanism by
which this occurs is now being explored [69].

(C) Thermal spray method: Because of their hardness,
biocompatibility, wear and corrosion resistance, thermal spraying
is commonly employed to create TiO, coatings for biomedical
applications [70]. Thermal spray approach has been shown to
be successful in obtaining TiO, coatings with effective bio-
logical performance [71]. Thermal spraying involves spraying
the coating material (usually a powder with a particle size distri-
bution ranging from 10 to 100 nm) into an enthalpic source,
such as a thermal or flame created by ionization-excitation of
inert gases or combustion. The particles are heated or partially
melted before being crushed on the target substrate, where they
quickly solidify and deposit.

(D) Plasma spray coating: Coating works by either
permeating the substrate or deforming the particles as a result
of the energy impact. In the latter scenario, after a succession
of sprayings, the flattened particles collect and cover the subs-
trate’s surface; moreover, this procedure is capable of holding
various atmospheric protections, such as air, inert gas or vacuum
[72]. Even though it may deposit metallic alloys, oxides and
ceramics, plasma spray coating is one of the most researched
techniques of material deposition and it has a wide range of
applications in biomaterial and body implant coatings [73,74].
The results of high velocity oxygen fuel (HVOF) and high-
velocity suspension flame spraying (HVSFES) coatings are
equivalent to this technique. Composite coating materials with
a flow of solid particles incorporated into a heated and accele-
rated plasma stream are possible due to the high temperature
of this method. The plasma jet has been reported to reach
temperatures of 10,000 K or more, however after it leaves the
nozzle tip, the temperature drops significantly [75]. Plasma-
treated surfaces exhibit high coating adhesion [76] and coating
thicknesses of 25-100 nm have no detrimental impact, but
increasing the thickness to 150 nm reduces the mechanical
par’s wear performance. The thickness of the coating layer,
according to the findings, increases the material difference
between the substrate and the coating layer. Excessive heat
stress to the substrate during thicker coating development, on
the other hand, creates tiny fractures in both the coating layer
and the substrate, reducing the component's fatigue life.

(E) Cold spray coating: Cold spraying is a method in
which powder particles (ranging in size from 5 to 100 nm) are
designed to obtain a coating on a suitable substrate via ballistic
impingement. The solid particles deform and create a link with
the substrate after being accelerated by injecting them into a
high-velocity gas stream and smashing them on it [77]. When
solid particles are sprayed onto a substrate, a variety of pheno-
mena on the substrate surface are seen in proportion to process
variables such as substrate hardness, ductility, velocity size,
incidence angle and so on. Despite the fact that particles can

be submerged in the surface by a deposition process if the
velocity is high enough, substrate characteristics like as hard-
ness, temperature, and degree of oxidation play an important
influence in particle-substrate bonding [78-80].

The bonding process of TiO, particles cold-sprayed onto
metal and ceramic surfaces has been widely explored. Winnicki
et al. [81] employed a low-pressure cold-spray technique to
make amorphous, anatase and rutile TiO, powders with particle
sizes of 10-70 nm. The TiO, coatings were made on aluminium,
and the powder deposition mechanism was mechanical inter-
locking of microscopic particles with a local presence of agglo-
merates, showing that the working gas temperature was the
most important element in the process. To test the binding
strength of the coating, Schmidt et al. [82] used 0.1-10 nm
TiO, particles that were cold sprayed thoroughly over a good
surface of the titanium substrate, as well as ultrasonic cleaning
with a maximum intensity of 40.8 W c¢cm™. Kliemann et al.
[83] utilized 3-50 nm TiO, agglomerates to cover steel, Cu, Ti
and AlMg; surfaces continuously, identifying the bendable
substrates that allow for shear instabilities as the primary
adhesion between the particles and the substrate as the primary
adhesion between the particles and the substrate. The impact
morphology of single TiO, particles as well as examined depos-
ition of different particles on substrates at various temperatures
was assessed by Hajipour et al. [84]. Only when the substrate
temperature exceeded a particular threshold could a single TiO,
particle be deposited. It has been hypothesized that preheating
the substrates softens them and encourages substrate shear
instability, allowing for easier coating deposit. The chemical
connection between the particles and the substrate is
responsible for the deposition of TiO, on substrate in the cold-
spraying method. The fact that films of titanium suboxide
provide the substrate with the appropriate surface roughness
for the TiO, particle suggests that substrate hardness may
enhance particle-substrate interaction. Hussain et al. [85] used
TiO, coatings of 400 and 150 microns on metal and tiles,
respectively. The adhesion strength of TiO, coatings was found
to be impacted by the substrate’s hardness and oxidizability,
which may be improved by changing the substrate’s surface.
It was also suggested that preheating might increase oxidiz-
ability while reducing the coated substrate’s adhesive strength.
The TiO, particle deposition was improved by pre-heating the
substrate, according to Gutzmann’s experiment.

(F) High velocity oxy-fuel (HVOF) spraying: Before
entering an internal combustion chamber, a gaseous or liquid
fuel is pre-mixed with oxygen at isothermal conditions and
flow rates, the oxy-fuel mixture is continuously ignited and the
combustion products are forced along the gun barrel nozzle to
produce a supersonic flame in high velocity oxy-fuel (HVOF)
thermal spraying. A convergent-divergent nozzle is often emp-
loyed in liquid-fueled HVOF guns, which provides better gas
flow acceleration and high powder particle momentum yield
[86]. Powder is generally delivered into the hot gas stream down-
stream of the nozzle rather than immediately into combustion
chambers, reducing powder particle overheating. Liquid fuels,
such as kerosene, are particularly difficult to burn due to the
broad variety of composition and fuel quality. Changing the
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gas fluxes and mixing ratios, or the ratio of fuel to oxygen,
will change the temperature and velocity of the flame [87].
Because the powder particles contact the substrate at a high
speed, resulting in dense coatings, HVOF thermal spray is an
effective technique for applying nanostructured material
coatings. The low gas temperature prevents particles from
becoming superheated during flight, allowing powders placed
on the substrate to maintain their nanocrystalline structure [88].
Thermal spray can be utilized to create TiO, coatings that decom-
pose organic molecules, according to recent study [89]. Thermal
spray techniques can cause anatase to convert into rutile due
to the heat produced in the particle during the spray [90]. As a
result of this consequence, spray coatings often include more
rutile, which has poor photocatalytic capabilities [91]. It was
claimed that a coating with an anatase content of 12.6% and
55% by volume could be deposited using gas fuel and HVOF
spraying of anatase TiO, [92].

(G) High-velocity suspension flame spraying: To achieve
consistency, a high-velocity suspension flame spraying (HVSES)
technique is used to coat suspensions with a spray mechanism
[93]. Many difficulties encounter due to the handling of suspen-
sions, but this problem can be resolved by using axial powder
injection. In this process, HVSFS covers the injection compli-
cations and obtained coatings are very dense and uniform with
this technique [94]. The main feature includes lower cost with
high efficiency along with no post-treatment requirements and
yields better coatings with uniform structure when the desired
thickness is less than 50 um [95-99]. The higher thickness of
coating lead to decrease the mechanical properties along with
adhesive bonding of coating with the metal surface. Stresses
also started to generate on the metallic surface due to the thick
coating. As a result of the breakdown of the protective oxide
covering, metallic ions are ejected as a result of corrosion of
the metallic surface [100]. The suspension was injected axially
in the HVSFS case to avoid intense flame interruptions producing
instabilities in the spray process [101]. According to the XRD
measurements, Gadow et al. [102] successfully deposited TiO»,
with anatase accounting for roughly 75% of the coating and
rutile accounting for the rest. A full mechanical assessment of
the samples was also performed, as well as the application of
HVSES nano-TiO; coatings for substrates.

(H) Vapour deposition method: Vapour deposition methods
are coating procedures that use condensation, chemical reactions
or conversion to condense materials in a vapour state in order
to produce thin films on diverse surfaces. There are two types
of vapour deposition technologies: (i) physical vapour deposition
(CVD) and (ii) chemical vapour deposition (PVD).

(i) Physical vapour deposition (PVD): It is a flexible
coating technique which includes vaporising solid metal in a
high vacuum and depositing it on insulating systems. It is consi-
dered ecologically friendly since it allows for the deposition
of all inorganic and organic elements, as well as certain organic
compounds, and it has a good corrosion resistance. Brohede
et al. [103] used PVD to generate a bioactive anatase TiO,
composition and an adhesion-enhancing gradient layer on the
surface. PVD is a coating technique that entails vapourizing
solid metal in a high vacuum and depositing it on metallic

surfaces. On the other hand, coating complex forms remains a
substantial disadvantage.

(a) Pulsed-laser deposition: The pulsed-laser deposition
(PLD) process involves ablation and crystallization of a target
material on the substrate’s surface using a laser. lon beam
deposition and magnetron sputtering are employed in the PVD
of TiO; coatings. The discovery of crystalline anatase and rutile
like structures in TiO, coatings of PLD was revealed by several
scientists [104]. The process of depositing TiO, coatings with
PLD is poorly understood and documented. These structures
are analogous to two additional PVD TiO, coatings dependent
on the deposited species’ substrate: high temperatures and
energies favour rutile growth, whereas low temperatures and
energies favours anatase and amorphous films [105]. In most
PVD processes, high substrate temperatures are necessary for
good coating adherence and deep coating structures prevent
heat-sensitive substrates like pre-quenched tools or polymer
materials from being coated. The PLD technique is a well-
developed scientific deposition process that permits the coating
of these materials at room temperature with excellent adhesion
strength due to the high ionized vapour (plasma) ablated from
the target by the laser beam [106].

(b) Ion-beam deposition: Ion beam deposition techniques
are used to deposit TiO, in a number of applications [107]. Since
the mid-1970s, many ions bombardment-based surface modifi-
cation technologies have been developed and are widely used
to change the surface of metals, polymers, ceramics and bio-
compatible materials, including ion beam aided deposition
(IBAD), ion beam assisted deposition and ion mixing. [on beam
aided deposition (IBAD) is a vacuum-based PVD and ion beam
bombardment technique [108]. The bombardment of the coating
with a high-energy ion beam during deposition is the key
characteristic of IBAD. Several factors impact the compo-
sition, structural, mechanical and chemical characteristics of
the as-deposited coating in the IBAD process, with ion bomb-
ardment remaining the most significant [ 109]. The most signifi-
cant processing requirements are coating materials, evaporation
rate or sputtering rate, ion species, ion energy and ion beam
current density. IBAD’s capacity to generate biocompatible
coatings with substantially higher substrate adhesive strength
than traditional coating techniques is one of its most attractive
characteristics [110]. The consequence of ion bombardment-
assisted interaction between the coating and substrate atoms,
resulting in an atomic intermixed zone at the coating-substrate
interface, is considered to be this. It also has a low substrate
temperature as well as high reliability and repeatability, all without
sacrificing physicochemical properties. Another interesting
feature of the IBAD technique is its better control over coating
microstructure and chemical makeup [111,112].

(c) Magnetron sputtering deposition: The physical vapour
deposition, particularly magnetron sputtering, is frequently
suggested as a preferred approach for fabricating photocatalytic
TiO; films [113-115]. Over chemical deposition techniques,
magnetron sputtering provides a number of benefits, including
coating uniformity over large areas, exceptional control over
chemical and morphological characteristics of the films, the
lack of poisonous or dangerous precursors, and significant
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extensibility [116]. Based on particular studies, magnetron
sputtering also has the advantage of providing longer lasting
titanium dioxide films than sol-gel methods. Magnetron sputt-
ering is frequently utilized in the industrial production of
commercially accessible photocatalytic goods [117]. The bom-
bardment of a negatively biassed solid target with positively
charged ions (typically argon) produced in a glow discharge
plasma, followed by the condensation of the target atoms on
the substrate to form a thin layer, is known as magnetron sput-
tering [ 118]. In magnetron sputtering, strong ions from a noble
gas are used to sputter titanium (Ti) from a metallic target. By
supplying a reactive gas to the chamber, TiO, may be generated
and deposited on a specific substrate. Mild steel deposition is
very energy-dependent and deposition of crystalline TiO,, parti-
cularly in the rutile phase, generally necessitates either a substrate
bias voltage, a very high substrate temperature or a combination
of both [119].

(ii) Chemical vapour deposition (CVD): Chemical vapour
deposition is a chemical process that occurs when gaseous
reactants come into contact with a heated surface (CVD). A
highly controlled coating is achieved both quantitatively (high
purity with fine control of chemical product deposition) and
qualitatively (surface topography, number of layers) (high purity
with fine control of chemical product deposition). This typical
method has shown to be quite useful in biological applications.
Goikhman et al. [120] effectively demonstrated that TiO, coating
exhibited significant photocatalytic antibacterial activity against
E. coli under visible light, with a 30% survival rate after 3 h.
Xu et al. [121] suggested a one-step CVD method for deposi-
ting a tiny quantity of graphitic C;N, on aligned TiO, nanotube
layers. CVD was also used to apply single-layer graphene sheets
on titanium discs. The scientists ingeniously demonstrated that
a heat treatment (2 h at 160 °C) enhanced graphene adherence
to titanium while having no detrimental effect on antibacterial
activity.

(I) Electrodeposition coating: Electrodeposition is a
protective method that involves depositing metallic ions on a
substrate. In this reaction, ion transport is induced by a potential
difference between the anode and cathode poles. Extensive
studies have been done on electrodeposition coating by accep-
ting ions from the other electrode, a coating layer forms on
the submerged sample after a period [122]. Electrochemical
deposition (ECD) and electrophoretic deposition (EPD) are
the two forms of electrodeposition coating processes in general.

(i) Electrophoretic deposition: The electrophoretic
deposition (EPD) technique, which utilizes the movement of
charged particles in an electrolytic solution, has been extensi-
vely studied. The ceramic particles are charged by an electric
field in an aqueous or non-aqueous liquid. Deposition of thin
films on the surface of an implantable material enhances the
strength and corrosion resistance of metal implants when the
protection given by the original surface oxide layer is insuffi-
cient. The suspension in an EPD is made up of powder particles
which are randomly dispersed in an aqueous or non-aqueous
solution, as well as the anode and cathode electrodes. Positively
charged suspended particles will settle in the cathodic compart-
ment, whereas negatively charged particles will drift toward

the anode. Besra & Liu [123] investigated the suspension comp-
osition as well as the processing factors that impact electro-
phoretic deposition. Particle size, dielectric constant, conduc-
tivity and zeta potential influence the quality of the suspension,
whereas voltage, deposition duration and substrate conductivity
determine the effectiveness of EPD deposition. Lower surface
charged particles attract one another, resulting in a porous
deposited coating, whereas higher surface charged particles
create a strong electrostatic repulsion force during deposition,
resulting in a thick coating. As a result, a homogeneous particle
suspension with a medium dielectric constant and adequate
conductivity results in improved deposition.

(ii) Electrochemical deposition: In the electrochemical
coating process, substrates go through a series of electrochemical
stages before being effectively coated. In this technique, the
potential difference between the cathodic and anodic poles of
an electrical circuit is exploited to generate micro-arcs or to
transfer ions between the anion and cation sides [124]. The
two stages of the surface coating are electrophoretic and electr-
olytic depositions. The first is in charge of depositing large
suspension particles found inside the electrolyte, while the
second is in charge of depositing fine materials and structure.
These two techniques can be seen as separate processes or as
components of a larger coating process [125,126]. Electro-
chemical methods dissolve desired coating ingredients in the
working electrolyte. On Ti and Ti alloy surfaces, the most electro-
deposition coatings have been applied [127]. One of the charac-
teristics of electrochemical coatings is the thickness uniformity
of the deposited layer across the substrate [128,129]. Zhao et
al. [130] investigated the use of platinum and graphite anodic
electrodes and discovered that they enhanced coating quality
and increased deposition rate. Despite the fact that it is a low-
temperature technique, the coated substrates must go through
a series of densification and sintering stages in the furnace.
The surface of the coated substrate is not a compact structure
due to the large suspension particle deposition during the electro-
phoretic process [130]. Sharp edges, such as microcracks, are
more prone to ion exchange due to electrochemical factors,
and as a result, material deposition occurs at a quicker pace.
This characteristic guarantees that the coating layers are as
uniform as possible [131].

(J) Biomimetic deposition: This method constitutes of
mimicking natural building processes of bone. In this way,
hydroxyapatite can be used to enhance the osseointegration
of natural bone and coated artificial implant [132]. The bio-
mimetic coating process matches the capabilities of actual bone
tissues; it encourages osteoblast cell adhesion and growth. The
presence of hydroxyl groups on the surface of the implant is
required for a biomimetic technique, just as it is for other
chemical coating methods. This functional group can easily
attach to the acid or alkali pre-treatment stage. These functional
groups on the substrate surface facilitated in the creation of
apatite by encouraging CaP nucleation and following crystalli-
zation. The biomimetic coating processes were place under
normal pH and temperature ranges [133,134].

Amorphous and crystalline TiO, gels were used to study
the production of hydroxyapatite submerged in simulated body
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fluid (SBF) [135]. In simulated body fluid, amorphous TiO,
gels did not stimulate hydroxyapatite production on their
surfaces, but anatase or mixed anatase-rutile gels did. The effect
of doping elements on the sol-gel technique has also been
explored [136]. TiO, gels with an amorphous structure did
not induce the production of hydroxyapatite on their surfaces
in simulated body fluid, whereas gels with anatase or mixed
anatase-rutile did [137]. Few researches also investigated the
effect of doping drugs on the sol-gel method [138]. They reported
that the adding calcium ions to TiO, surfaces increases bio-
activity and enhances hydroxyapatite formation. For biomi-
metic apatite synthesis on materials, chemical species for
nucleation induction should be added to the surfaces. A rise
in apatite mass transfer affects formation in simulated bodily
fluid (SBF) [139,140]. The apatite is not formed biomimeti-
cally on a single crystal TiO, (anatase). SBF has a propensity to
absorb water at the surface due to the buildup of titanium hyd-
roxide groups of TiO,. Titanium hydroxide groups are scarce
in the thickness at the surface, according to Li er al. [141].
The nucleation and crystallization of apatite is triggered by
these groups. They create apatite, which looks like bone.

Conclusion

This review article presents an overview on different
coating methods of TiO, on metal substrates. In biomaterials
research and biomedical engineering, TiO, surface coating
methods are crucial. Biocompatibility can be improved and
difficulties associated with metal substrate deterioration can
be avoided by applying a TiO, surface coating while retaining
bulk characteristics. As a result, this review discusses the TiO,
coating techniques used to increase the biological and corrosion
resistance of metal substrates. Anodization, sol-gel and electro-
deposition coatings have proved to be desirable owing to their
low processing costs and ability to create homogeneous surfaces,
which minimize surface roughness on implants. Biological
responses can be regulated by altering fabrication methods
and applying heat treatments. The corrosion resistance and
biological characteristics of the bone implant interface of metal
substrates can be selectively strengthened via appropriate surface
treatments. TiO, coatings have shown to be attractive because
surface treatments with innovative and creative materials can
reduce the rate of corrosion and promote absorption between
the bone and the implant.
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