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Abstract: This review considered various methods for depositing special modifying coatings on
medical implants made of titanium alloys including techniques such as electrochemical deposition,
sol-gel process, atmospheric plasma deposition, and PVD methods (magnetron sputtering and
vacuum arc deposition). The rationale is provided for the use of modifying coatings to improve
the performance efficiency of implants. The concept of a functional multilayer coating designed for
products operating in the human body environment is proposed. The advantages and disadvantages
of various methods for depositing coatings are considered based on the possibility of their use for
obtaining modifying coatings for medical purposes deposited on a titanium alloy base.
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1. Introduction

One of the main challenges in regenerative medicine is the treatment of diseases and
injuries associated with violation of skin integrity and loss of large fragments of bone,
cartilage, and other tissues. Along with cell therapy and the introduction of biologically
active substances, the use of special implants [1-3] is often relevant in the case of the
extensive damage of body tissues.

The manufacturing of implants designed to restore the functioning of damaged body
tissues applies materials that are able to form an oxide film, which provides them with
good biotolerant properties [4]. As a rule, metal materials are used to restore bone tissue as
well as to fasten bones, and polymers are applied for soft tissues.

Metal implants are actively used in various fields of medicine (e.g., osteosynthesis,
dentistry, endoprosthetics, etc.), and have a number of advantages including the required
combination of physical and mechanical properties, low weight, good resistance to corro-
sion, relatively low cost, biocompatibility (they are non-toxic and not rejected by the human
body), durability, ability to initiate the process of osseointegration, flexibility, and elasticity.

Titanium (Ti) and its alloys are used as the main materials in the manufacturing
of bone implants [5-15]. These materials are characterized by high durability with low
density as well as high elasticity, which is five times higher than that of human bones [16].
Furthermore, titanium is typically classified as a bioinert material. Back in 1965, Swedish
research professor Per-Ingvar Branemark discovered the process of osseointegration (i.e.,
the growth of bone substance on titanium surfaces [17]). The implantology most often uses
the following titanium alloys [12-15,18]:

e In accordance with the standards of ISO 58321 II [19] and ASTM F 67-89 [20],
Grade 14 titanium alloys contain about 99% titanium (Ti) and up to 0.5% iron (Fe);
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o Grade 5 (Ti-6Al-4V alloy) is an alloy of titanium (Ti) (88%) with aluminum (Al) (up
to 6.75%) and vanadium (V) (up to 4.5%). Grade 5 is 3.0-3.5 times more durable than
Grade 4 and is cheaper to manufacture [21]. The mentioned high durability makes
Grade 5 titanium alloy irreplaceable in the manufacture of thin reliable implants with
special compression or aggressive threads to be installed in dense basal regions of
jawbones. However, the presence of vanadium in Grade 5 titanium alloy may slow
down the process of osseointegration.

However, the elastic moduli (60-120 GPa [22]) of second-generation Ti alloys are sig-
nificantly higher than those of human cortical bone (mainly 10-20 GPa) [23]. The difference
in the modulus of elasticity of the implant and bone tissue leads to bone atrophy [24] and
loosening of the implant with damage to the bone tissue [25], and consequently, to an
increase in the likelihood of secondary fractures after restoration [26], since most of the
stress is absorbed by the alloy due to its higher modulus of elasticity [24,25]. In this regard,
research continues the development of titanium alloys for medical applications, which are
currently largely focused on the so-called third generation 3-models, which have elastic
moduli close to those of human bones. This type of titanium alloy is free of harmful or
allergenic elements such as vanadium and nickel. Thus, the Ti-28Nb-35.4Zr alloy [27]
was developed, which was subjected to thermal exposure for one hour at 890 °C followed
by cold deformation. As a result of such thermomechanical treatment, a homogeneous
structure was formed, consisting of a 3-phase, while the tensile strength of the alloy was
633 MPa, and the elastic modulus was 63 GPa. In addition, the authors of [27] suggested
that the presence of an a-phase can reduce the value of the elastic modulus, since they are
able to dissolve a higher content of 3-stabilizers.

The Ti-35Nb-7Zr-5Ta alloy is also known, which has favorable biological activity
and a low elastic modulus (50 GPa) [28] as well as the Ti-24Nb—4Zr—85n alloy, the elastic
modulus of which is only 45 GPa, the tensile strength is 850 MPa, in addition, it has a high
corrosion resistance [29,30] due to the formation of passivating films of TiO; and Nb,Os
and a little of ZrO, and SnO, on the surface [8].

Ti-Mo alloys are also widely used as biomedical materials [31-33], however, when
implanting products from these alloys in vivo, infection around the implant and protec-
tion of the bone tissue from stresses occur [34] (the causes and consequences of this are
discussed above). To eliminate these problems, these alloys are additionally alloyed with
other components to reduce the modulus of elasticity of the alloy (bringing it closer to
the modulus of elasticity of bone tissue) as well as to impart antibacterial properties to
the alloy.

For example, in the study by [35], B-titanium alloy of the Ti-12Mo-10Zr type was
used. Additional alloying with zirconium made it possible to reduce the value of the elastic
modulus (~50.8 GPa) while maintaining a sufficiently high compressive yield strength of
the alloy (~430.89 MPa).

In the study by [34], Ti-15Mo—xCu (x = 3, 7, 11, and 15 wt.%) alloys with an integrated
functional structure were obtained by powder metallurgy using Ti, Mo, and Cu powders as
starting materials. The results showed that Ti-15Mo—xCu alloys mainly consist of 3-Ti, o-Ti
phases as well as TipCu intermetallic particles located along the o-Ti grain boundaries. At
the same time, the strength of the Ti-15Mo-xCu alloys decreased with increasing Cu content.
With a Cu content of 11 wt.%, the Ti-Mo-Cu alloy showed a higher compressive strength of
318.8 MPa and the lowest elastic modulus of 5.2 GPa. In this case, the antibacterial activity
of the alloy can be controlled by the concentration of released Cu ions, which, in turn, is
proportional to the Cu content. Thus, for the Ti-15Mo-11Cu alloy, it is possible to obtain
antibacterial indices of S. aureus and E. coli over 95% with good cytocompatibility.

Another way to improve osseointegration and reduce the toxicity of Ti-Mo alloys is to
dope them with yttrium (Y). Ti-15Mo-xY alloys (x = 0.5, 1.0, 1.5 wt.%) [36] were studied,
the hardnesses of which were 405, 435, and 510 HB, and the ultimate compressive strength
was 17.82, 18.04, and 18.14 MPa, respectively. The increase in mechanical properties with
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the introduction of yttrium and an increase in its concentration in Ti-Mo alloys is associated
with the deoxidation of the titanium matrix and the strengthening effect of Y oxides.

Promising alloys for the production of orthopedic implants are the Ti-Si alloy, which
showed greater cell proliferation and osteoblastic protein expression as well as a better
biological profile compared to commercial pure Ti [37].

In addition, the use of biomaterials with a porous structure can reduce the elastic
modulus of the titanium alloy and promote its osseointegration. Thus, the formation of a
porous structure is facilitated by the introduction of the TiH, modifier into the composition
of the sintered alloy of the Ti-Si—Zr system to activate sintering [38]. It has been observed
that the degree of porosity is affected by the amount of TiH, and the particle size of TiH,
affects the pore size. In this case, with the introduction of fine TiH, particles, the dependence
of the elastic modulus of the Ti-Si—Zr alloy on the fraction of TiH;, and with the introduction
of large TiH, particles, porosity did not significantly affect the elasticity modulus.

The use of titanium implants may sometimes provoke complications associated with
the phenomenon of metallosis. This problem may be caused by the accumulation of metal
ions from the composition of implants in the soft tissues of the human body, which leads
to intoxication of the body as well as damage and destruction of the implants themselves.
The phenomenon of metallosis is one of the key problems in osteosynthesis [39-41]. When
installed in body tissues, implants are subjected to various kinds of influences including
compression, stretching, torsion, displacement, and bending. As a result, the implants
are subject to deformation with a change in the internal crystal structure of the metal.
Thereby, all processes proceed in the aggressive biological environment, which may be
described as an electrolyte with a large amount of chlorine (Cl) and hydrogen (H) ions [42].
As a result, complex electrochemical redox reactions take place on the implant surface
with the formation of various compounds and the generation of galvanic currents, which
actively affect the surrounding tissues [43]. The prolonged use of metal implants may
provoke disturbances in the oxidative reactions in the surrounding tissues and symptoms of
general intoxication.

In [18,44], the studies found that vanadium contained in titanium alloys has a toxic
effect on biological objects. At the same time, although aluminum and iron are not toxic
elements, they affect the formation of the connective tissue structure around the implants
and cause extensive tissue contamination. Iron also inhibits the growth of organic culture.
Furthermore, the tissue cell adhesion to the implants made of titanium alloys is slightly
lower than to implants made of pure titanium [45].

Protective, usually oxide, films (coatings) are formed on the surface of the implants in
order to reduce the release of metal ions into the body tissues. However, with the prolonged
contact of implants with a biological environment, the oxide films become damaged and
cease to perform their barrier functions, thus ultimately leading to the need to remove the
implant [46-51].

Another complication that may occur with the implantation is inflammatory processes
as well as expansion between the implant and the bone tissue of the so-called film infec-
tion caused by a conglomerate of microorganisms whose cells are attached to each other.
This infection is inaccessible to the effects of antibiotics and antiseptics delivered by the
bloodstream [52].

Conceptually, prosthetic elements introduced into the human body are foreign bodies
(corpora aliena), and they may cause a corresponding reaction of the immune and other
systems of the human body. In [53], it was noted that the main onsets of osteosynthesis
stability disorders appear in the expansion of aseptic necrosis and lysis of the bone tissue
around an implant. The presence of metal prosthetic elements in the human body may
contribute to the expansion of an inflammatory process in the implant area, especially after
infectious diseases as well as due to various types of immunodeficiency disorders [54]. In
particular, it was noted that, according to the studies carried out in [55], mild inflammation,
stopped by the antimicrobial therapy, was detected for 13 out of 110 patients (11.8%),
and severe inflammation, which required the removal of implants, was diagnosed for
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32 patients (29.1%). Suppuration of soft tissues in the implant area during the treatment of
patients with bone fractures was observed for 12.7-22.0% of patients, depending on the
nature of prosthetics [56].

The general observations presented in [56] (the installation of several thousand im-
plants) found that cases of suppuration in the implant area were diagnosed for almost
17.0% of patients and amounted to 66.9% of all complications detected in them. According
to the studies conducted by the Russian Scientific Research Institute of Traumatology and
Orthopedics (RSRI of TO), named after R.R. Vreden (Moscow, Russia), during the treatment
of 728 patients, inflammation and suppuration in the areas of implants were diagnosed
for 19.0% of patients [56]. It is the phenomenon of metallosis that is the main (in 40% of
cases) reason for the need to replace a knee joint implant [41]. Thereby, the time period
between the primary implantation and the onset of metallosis ranges from 6 weeks to
26 years [41]. In 2014, in the United Kingdom, the phenomena of metallosis and other
complications resulted in the need for the replacement of 10% of hip joints and 7% of
knee joints previously implanted [57,58]. In 2020, in the United States alone, 498,000 hip
joint replacement and 1,065,000 knee joint replacement surgeries were performed, and by
2040, the number may increase to 1,429,000 hip joint and 3,416,000 knee joint replacement
surgeries [59].

The latest data in the Russian Federation on arthroplasty refer to 2020 and were
published in the form of a report by N.N. Priorov [60]. Figure 1 shows data on the
number of joint replacement surgeries in adult patients performed in 2017-2020 in the
Moscow region of the Russian Federation. In 2019, 136,442 joint replacement surgeries
were performed in adult patients including 76,849 hip replacement surgeries (56.3%) and
54,720 knee joint replacement surgeries (40.1%); other limb joint replacement surgeries
(shoulder, elbow, ankle joints, small joints of the hand) amounted to 4873 operations (3.6%).
During 2017-2019, the number of operations progressively increased, where the growth
was 16.2%. In 2020, according to [60], 116,080 joint replacement surgeries were performed.
The number of operations decreased by 15% compared to 2019, which may be due to
the SARS-CoV-2 pandemic and a decrease in the number due to restrictions on elective
operations. Endoprosthesis replacement of the hip joint was performed in 62,680 cases
(54%), the knee joint in 49,974 cases (43%), and other in 3426 cases (3%). The structure
of joint arthroplasty operations in patients older than the working age was similar. The
number of joint replacement surgeries in persons older than working age (84,441) was
72.7% of the total number of joint replacement surgeries in adults (116,080). From 2017 to
2019, in patients older than the working age, there was also an increase in the number of
operations: from 82,860 to 103,213 (by 24.6%), and in 2020, a decrease in the number of
operations to 84,441 (by 18.2%). The structure of joint replacement operations in patients
older than working age in 2020 (Figure 2) was as follows: hip joint—43,209 operations
(51.2%); knee joint—39,319 (46.6%); other—1913 operations (2.2%) [60].

Thus, the number of joint replacement surgeries conducted due to the phenomena of
metallosis and similar complications may be measured in hundreds of thousands per year
throughout the world. The data presented indicate the need to find ways to overcome the
undesirable phenomena of complications.

The modification of the surface properties of the implant material with coatings
deposited using various methods is not only able to significantly reduce the risk of the onset
and expansion of the above described complications, but it also significantly accelerates the
healing process [61]. Therefore, in [62], it was found that a nitride coating has protective
properties and prevents the migration of toxic ions (in particular, ions of vanadium) from
an implant into body tissues. In addition to their barrier functions, coatings can also act as
an activator and catalyst of regenerative processes [63-66].
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The relevance of this direction is confirmed by the growing number of scientific articles
that present the results of studies related to the modification of the surface properties
of titanium implants (Figure 3). When analyzing the results of a search query for the
keywords (titan* AND implant*) and (coating* OR (surface AND modificat*) in the Scopus
bibliographic database in the period from 1989 (the year of registration of the first patent
for a titanium implant) to the present, 11,968 publications have been identified, while over
the past 10 years, their total number has more than doubled (from 5002 to 11,968).
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Figure 3. Analyzed search results of publications for the keywords (titan* AND implant*) and
(coating® OR (surface AND modificat*)) from 1989 (the year of registration of the first patent for a
titanium implant) to the present (according Scopus).

Figure 4 presents a word cloud built using the keywords of the above-mentioned
sample, limited to the time period of the last five years (from 2018 to the present), and
keywords were also selected that only related to titanium substrate compositions and
modifying coatings. According to the presented results, the Ti4Al6V alloy remains the tra-
ditional material for titanium implants. At the same time, to improve the osseointegration
of these products, barrier coatings of TiO, (anodic oxidation) and/or TiN (PVD methods)
have mainly been applied as well as bioactive coatings of hydroxyapatite (deposition
technologies are different) or sol-gel coatings of various composition containing bioactive
additives. However, it is worth noting the growing interest in new types of substrates,
new compositions of titanium alloys Ti-Nb—Zr, Tig—Nb-Ta-Zr, and Ti-Sr, while coating
compositions become more complex: multilayer, multicomponent, reinforced nanotubes
of TiO, [67,68], Ag/TiO, [69], SrTiO3 [70], and others. In addition, the functionality of
the coatings is also expanding, and the number of studies aimed at improving not only
the biocompatibility of titanium implants, but also giving them antibacterial properties
in order to reduce postoperative inflammatory processes is increasing, for which various
Ag [71], Cu [72], and Zn [73] compounds are introduced into the coatings, and polymer
layers are formed that include antibiotics (gentamicin [74], vancomycin [75], chitosan [76],
and others).
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Figure 4. Word cloud based on keywords of publications for the keywords (titan* AND implant*)
and (coating* OR (surface AND modificat*)) from 2018 to the present (according Scopus).

2. Methodological Base for Implant Surface Modification

Composite structures are increasingly used in various areas of modern manufactur-
ing. Figure 5 considers a conceptual diagram of a similar structure as applied to critical
medical devices that operate in the biologically active environment of a living organism, in
particular, implants.

1. Requirements for the surface layer:
- Biological passivity 2. Substrate requirements:
- Resistance to aggressive environments, erosive and * Elasticity
corrosive wear « Durability

- High barrier properties . =
- Preservation of the microstructure during the Manufacturability

operation of the product * Preservation of the form during operation

- High hardness * Ability to create a three-dimensional structure
- High wear resistance * Low weight

- The ability to create conditions for the adsorption of « Acceptable cost

2;?\11?)'2;:’ eanr:g (a)fcitr;]zsg):nzf:gtlﬁ;organlc Sl o] » General biological passivity, inertia

- Absence of allergic and toxic-chemical reactions

Figure 5. Concept of the compositional structure of critical medical devices operating inside the
human body.

On one hand, implants should have the following properties:

e  Elasticity, durability, manufacturability, preservation of the form during the operation,
ability to create a three-dimensional structure;
Low weight;
Relatively low cost;
General biological passivity, and chemical inertness.
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On the other hand, among the requirements for implant surface properties, the follow-
ing may be distinguished, in particular:
e  Selective (portioned) biological activity (in particular, bactericidal properties to be
manifested for a limited period of time after direct implantation procedure);
Resistance to aggressive environments, erosive and corrosive wear;
Properties of a barrier between the implant material and the human body tissues;
Preservation of the microstructure during the operation of the product;
High hardness and wear resistance;
Favorable conditions for the absorption of proteins and adhesion of cells, organic and
mineral components of the bone matrix;
e  Absence of allergic and toxic-chemical reactions.

The above list, which can be expanded for each individual case, demonstrates that
many properties are in fact conflicting (e.g., elasticity and durability /high hardness, bio-
logical activity /passivity, compliance with high requirements at an acceptable cost, etc.)
Accordingly, it is practically impossible to find a material that would meet all of the
above-listed requirements at the same time. The best way to meet the challenge is to use
composite materials.

The modern manufacturing of various medical products use single-layer coatings most
often. While such coatings are able to significantly improve the performance properties
of implants, their capabilities are limited due to their inherent constraints. Based on the
concept of the phenomenological role of the coating as an intermediate medium between the
contacting materials of any interacting pair (“metal-metal”, “metal-non-metallic medium”,

“solid-liquid /gas medium”, etc.) [77-84], it can be assumed that the best combinations

of the properties are provided by surface structures (modifying coatings) consisting of
three layers, each of which has its clearly defined functional purpose. Figure 6 depicts
the conceptual diagram of a multilayer modifying complex (coating) consisting of three
functional layers.

""iz;:‘::‘::;'m/

Figure 6. Conceptual diagram of a multilayer modifying complex.

I—Outer layer in direct contact with the human body tissues, which:

e  May have antibacterial properties (for example, it may contain silver nanoparticles,
have micro- and nanoporous structures with possible filling of pores with dosed
components of antibacterial action or accelerating the healing process);

e  May promote the absorption of proteins and adhesion of cells, organic and mineral
components of the bone matrix;

e  Should guarantee the absence of allergic and toxic-chemical reactions;
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e May be partially lost during the operation (due to the reactions involving biologically
active components).

II—Intermediate layer, which:

e May act as a base for the outer layer, providing high adhesion with it and creating

conditions for its successful formation;

May have high resistance to wear and erosion;

May perform barrier functions and be characterized by high biological passivity;
May provide a smooth transition of properties from the adhesive layer to the outer
layer, including due to its gradient structure;

e  May have high values of hardness and wear resistance, which can be provided by
the application of multi-component (high-entropy) systems, characterized by mini-
mization of the free energy of formation due to the maximum possible configurational
component of their entropy.

III—Adhesive layer, which provides the following functions:

High adhesion between the modifying complex (coating) and the substrate;
High corrosion resistance, barrier properties, biological passivity;
Gradual transition from the substrate to the intermediate and outer layers.

The analysis of the results of scientific research on the tasks of improving the perfor-
mance properties of titanium implants by the deposition of modifying coatings has found
that there is a clear current trend toward an ever wider use of multilayer coatings.

The below consideration is focused on the main compositions of the modifying
coatings used in the manufacturing of medical implantable devices and methods for
their deposition.

3. Modifying Coatings Used to Improve the Performance Properties of
Titanium Implants

3.1. Coatings Produced by the Electrochemical Deposition Method

The formation of coatings by the electrochemical deposition method has long been
widely used in medicine [85-87]. This method consists of depositing material on a conduc-
tive surface of a substrate by passing current through a liquid medium in contact with it,
which contains chemical elements of the material being deposited. Along with its relative
simplicity and low cost, the electrochemical deposition method also has a number of signif-
icant drawbacks including a high level of environmental pollution, danger to personnel,
need to use complex treatment facilities, etc. It is practically impossible to control the
structure and properties of the coatings during their deposition. It is also not possible to
create modifying complexes with a multilayer architecture. In addition, it should be noted
that the coatings obtained by the electrochemical deposition method are characterized by
relatively low hardness and wear resistance and have high porosity. The latter is rather a
positive property in the case of the formation of implant surface microrelief. The presence
of microdefects on the implant surface increases the contact area and allows osteogenic
cells to attach to the implant surface with the help of structural proteins and glycoproteins,
thereby promoting the process of osteogenesis [88,89].

The electrochemical deposition method is most often used to form an oxide film (of
titanium dioxide) on the implant surface. The film is bioinert and performs a barrier func-
tion. In [90], it was found that the surface modification of the Ti-Zr alloy by its anodizing
enhanced early osseointegration in comparison with mechanically treated implant surfaces.
In [91], the authors found that the anodic oxidized surface had inherent photocatalytic ac-
tivity that was able to enhance the process of osseointegration. Another in vitro study [92]
proved that an anodized surface reduced the adhesion of Streptococcus mitis compared to a
machined surface.

The advantages of the anodized surface of the implant contribute to its better stabi-
lization. The anodized surface is more suitable for implantation in complicated conditions
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as well as in the presence of relative contraindications to implantation such as diabetes
mellitus, smoking, periodontal disease, and others [93].

In addition, the process of anodizing makes it possible to obtain a hydrophilic surface
with a surface tension above 30 dynes/cm, which interacts more closely with biological
fluids, cells, and tissues, and accordingly, enhances the process of osseointegration. There-
fore, in [93], the authors proved the superiority of a hydrophilic anodized surface in the
early stages. In the postoperative time periods of 4, 8, and 12 weeks, the indicators of hy-
drophilic implants were consistently higher than those of the control group (implants with
the hydrophobic surface of RBM, Resorbable Blast Media, i.e., after sandblasting) and SLA
(Sandblasted Largegrid, Acid-Etched, i.e., combined processing including sandblasting
with acid etching). The above may be explained by the fact that the hydrophilic surface
stimulates the active growth of bone tissue on the entire implant surface, which results in
rapid mechanical stability.

In [94], the consideration focused on a coating in the form of a microporous oxide
structure with the inclusion of calcium and phosphorus deposited by the plasma electrolytic
oxidation (PEO) method on Ti-6Al-4V titanium alloy. After the coating had been deposited,
the implant surface exhibited high wettability and a surface free energy value, which is
favorable for cell attachment.

The coating of TiO, /CaSiOj for titanium implants was considered in [95]. The layer of
TiO, was deposited by the method of plasma electrolytic oxidation, and the layer of CaSiO3
by the method of electron beam evaporation. According to the results of the studies, the
deposition of CaSiOj3 significantly increased the possibility of the formation of apatite on
the nanostructured coating of TiO; in the simulated body fluid. Meanwhile, MG63 cells
on the coating of TiO, /CaSiO3 demonstrated higher proliferation and viability rates than
those on the coating of TiO;.

In [96], a biocompatible coating of Ti-Zn-PO, was formed on a titanium substrate
by hydrothermal treatment in an acidic solution of zinc phosphate at 250 °C for 10 h. The
adhesion of the coating to the substrate was (48.3 = 9.2 MPa). An in vitro cell study found
that the results of cell proliferation for the layer of Ti-Zn-PO,4 were much better than those
for the uncoated titanium substrates.

The above-described method has a significant limitation, which consists of an ex-
tremely narrow range of compositions of the coatings, which mainly act as a barrier for
the release of metal ions from the substrate. To create a multilayer structure, it is necessary
to involve additional technological processes (in particular, change of electrolytes), while
the substrate should be electrically conductive, which significantly complicates the process
and increases its cost. In addition, the adhesion between the layers will not be very high in
such cases.

3.2. Coatings Produced by the Sol-Gel Method

The sol-gel process is a technology for obtaining materials, in particular, nanomaterials
including the production of sol with its subsequent transfer to a gel, that is, a colloidal
system consisting of a liquid dispersion medium enclosed in a spatial grid formed by the
combined particles of the dispersed phase [85,97-101]. This method makes it possible
to achieve a uniform distribution of elements of the multi-component systems over the
surface of various solids. Moreover, the synthesis process is relatively simple and provides
excellent control over the composition of the coating as well as their deposition on surfaces
of almost any shape.

In [102], the authors examined the coating of SrO-5i0,-TiO, obtained by the sol-gel
immersion method and deposited on an ultrafine-grained alloy substrate of Nisp.g—Tis9.7.
The electrochemical testing in simulated body fluid (SBF) proved that the pitting potential
was increased from 393 mV (SCE) for the uncoated sample to 1800 mV (SCE) for the
SrO-5i0,-TiO,-coated sample and that the corrosion current density decreased from
3.41 uA/cm? to 0.63 A /cm?, respectively. The testing also detected an increase in osteoblast-
like cell attachment and their expansion in comparison with the uncoated sample.
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In [103], hydroxyapatite (HA) coatings were deposited by the sol-gel method on
substrates made of porous titanium-niobium alloy (Ti-6Al-7Nb). Good adhesion was
detected between a HA coating and titanium substrates due to the mechanical interaction
and possible chemical bonding. Application of HA coatings deposited by the sol-gel
method contributed to the prevention of the release of metal ions and bioactivation of the
surface. This coating demonstrated excellent chemical stability and increased the resistance
to corrosion of titanium products at oblique bone ingrowth.

Another advantage of the use of sol-gels as coatings is their ability to locally deliver a
wide range of antimicrobials such as antibiotics at a controlled rate. In [75], the authors
studied the effect of synthesis parameters on the properties of thin sol-gel films containing
antibiotics (vancomycin) on a substrate of Ti-6Al-4V. It was found that the thickness of the
coating (its weight) and the corresponding dose of vancomycin in the coating increased
in proportion to the number of layers. An in vitro study demonstrated sustained (up to
2 weeks) release of vancomycin from thin sol-gel films, while the rate of vancomycin
release and film degradation may be adapted to therapeutic needs by controlling the sol-
gel treatment parameters (i.e., number of layers and drug concentration in the layer). In
addition, the study proved the possibility of the formation of a multilayer coating with
layers containing different concentrations of vancomycin.

Thus, the use of the sol-gel method makes it possible to produce bioactive coatings for
various purposes with a controlled rate of degradation and removal of active substances.

3.3. Coatings Produced by the Air Plasma Spraying (APS) Method

The method of air plasma spraying (APS) implies that material (powder) of the future
coating is being fed into a plasmatron, heated to melting, and transported to the surface by
a plasma stream. This method is used to produce metal, ceramic, or plastic coatings. The
advantage of the air plasma spraying method lies in the possibility of producing coatings
of various compositions at atmospheric pressure [104,105].

During the coating deposition, a small amount of amorphous silicon dioxide (SiO,,
~1, 2, 5 wt.%) was introduced into the HA suspension, which was then spray-dried with
a powder [106]. The raw material powder was sprayed onto a substrate of the Ti-6Al-4B
alloy using the air plasma spraying technology.

The high velocity suspension flame spraying (HVSFS) method was used to deposit
4555 bioactive glass on a titanium substrate [107]. This coating did not exhibit cytotoxicity,
and human osteosarcoma cells were able to well adhere and multiply on its surface.

A biocompatible glass-ceramic coating was developed based on silicon (5i), carbon (C),
and nitrogen (N) of the SIOCN-Pateks system as well as a technology for depositing it to
dental implants of the Ti-6Al-4V alloy by the plasma enhanced chemical vapor deposition
(PECVD) method [108]. The Pateks coating is safe for the fibroblast monolayer and does
not inhibit the respiratory processes in them. The application of a Pateks glass-ceramic
coating (0.5 um thick) reduced the content of aluminum and vanadium ions in the model
medium by almost 2 times and provided a barrier that reduced the negative biological
effect of these ions on peri-implant tissues. An in vivo study found a reduction in the time
of bone tissue compaction around the experimental coated titanium implants.

In [109], the study considered the effect of plasma modification of the surface of a
pure titanium implant on its corrosion resistance in simulated biological fluids (SBFs) and
artificial saliva (SAGF medium) as well as on the microbial adhesion of P. gingivalis (Porphy-
romonas gingivalis). After the plasma modification, numerous formations of reactive oxygen
species (ROS) were observed on the surface of the material and the wettability of the prod-
uct improved. In comparison with the control group, the corrosion resistance of the treated
products was higher and the absorption of bacterial suspension was significantly lower
than in the control group on the third and fifth day (p < 0.05). Thus, the electrochemical
and microbial corrosion resistance of titanium may be improved by depositing coatings
using the APS method.
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A technology of atmospheric argon plasma sputtering (AAPS) on pure titanium
substrates was developed and a composite coating with a hydroxyapatite content of 20 wt.%
was deposited [110]. As a result, a dense composite coating with a typical HA morphology
homogeneously distributed in a titanium matrix was produced; HA decomposition during
the plasma spraying process was prevented. The adhesion strength is significantly higher
for titanium-reinforced HA coatings than that for regular HA coatings, and their friction
properties are comparable to those of a titanium substrate. The higher corrosion current of
the HA /Ti composite compared to that of the pure titanium coating in the simulated body
fluid (SBF) indicates good bioactivity of the composite coating, which is also testified by the
formation of an apatite layer during an in vitro test. The obtained results testify to the good
potential of HA /Ti composites as materials for the implants operating under mechanical
loading conditions.

In [111], to improve the corrosion resistance and biocompatibility of titanium alloys
of the Ti-Mo-Si system, ZrO, coatings were deposited by atmospheric plasma spraying
on Til5Mo, Ti1l5Mo00.5Si, Ti15Mo00.75Si, and Ti1l5Mo1.0Si substrates, which were obtained
on equipment for vacuum arc remelting (MRF AB]J 900) from high purity powders: Ti
(99% purity), Mo (99% purity), and Si (99% purity). The morphology of the coatings was
shown to be uniform, without microcracks, while the presence of 3-Ti and ZrO; phases
with a tetragonal crystal structure was observed, while zirconia is very stable in simulated
body fluids and does not adversely affect the bone healing process. The instantaneous
corrosion parameters (parameters of instantaneous corrosion) of samples coated in Ringer’s
solution had very good values (for example, the corrosion current for coated samples on
Til5Mo, Ti1l5Mo0.5Si, Til5Mo00.75Si, and Til5Mo1.0Si substrates was 3.033, 2.131, 4.458,
and 3.963 A/cm?, respectively), while the oxide layer on the surface protects the alloy
from the aggressive absorption of electrolytic media. The results of the study also showed
that the coating contributed to a decrease in the elastic modulus of the coated samples
(51.71 £ 0.1 GPa for Ti15Mo00.55i-ZrO, and 48.27 + 0.2 GPa for Til5Mo-ZrO,) by 2 times
compared with the titanium elasticity modulus (103-120 GPa), bringing it closer to the
biological bone elasticity modulus (10-30 GPa), which makes it possible to avoid implant
stress screening by bone tissue [111].

3.4. Coatings Deposited by the Magnetron Sputtering Method

The method of magnetron sputtering is widely used to form nitride and oxide barrier
coatings [112-123].

In [112], the investigation focused on the effect of the coatings containing titanium
dioxide and silver (TiO, / Ag) and zinc oxide (ZnO) on the antibacterial activity of a titanium
implant against Streptococcus mutans and human gingival fibroblasts (HGF). It was found
that the antibacterial activity of the ZnO coating was higher than that of TiO, /Ag coating.
However, in terms of biocompatibility, the products coated with ZnO were inferior not
only to the products coated with TiO,/Ag, but also to the uncoated (control) samples. At
the same time, according to the data of the MTT assay (colorimetric assay for measuring
cell metabolic activity), the average values of optical density (OD) for the samples coated
with TiO, / Ag after 72 h were similar to those obtained for the uncoated Ti sample.

The (Zr,Ti)CN coating deposited on Ti-6Al-4V was studied. The coating thickness was
1.8-2.1 pm, and the hardness was 25-29 GPa [113]. During the testing of the samples, the
highest corrosion resistance was detected for the coated sample. Cell viability measurements
proved that osteosarcoma cells adhered to the surface of the coating, and the highest viability
(90.5%) after one week of incubation was recorded for the (Zr, Ti)CN-coated sample.

Coatings of three compositions—TiN, TiON, and TiAIN—were compared in terms of
the surface electrochemical corrosion in the simulated body fluid and cytotoxicity [114]. A
number of experiments were carried out in order to study the mechanism of interaction
between the blood platelets and samples with the proposed coatings in comparison with
an uncoated sample of pure titanium. On the titanium control samples, the blood platelets
were detected as aggregates, while on the coated samples, the blood platelets appeared as
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singles, without any significant spread. In terms of corrosion resistance, the best result was
demonstrated by the TiAIN coating. Cytotoxic studies testified that all the coatings under
comparison passed the test, and therefore may be classified as non-cytotoxic materials.

A titanium oxide coating containing silver (Ag) nanoparticles was synthesized on
a commercially pure titanium (CP-Ti) substrate by the method of reactive magnetron
co-sputtering [115]. The results of the study testified to the presence of two factors affecting
the inhibition of bacterial attachment to the surface of the samples: the surface morphology
and the release of silver ions. The analysis results found the absence of cytotoxicity on
fibroblast cells in all groups.

In [116], the study discussed the deposition of a coating of biocompatible calcium
phosphate (Ca3(POy)2) on the surface of materials for biomedical implants by the method
of rf-magnetron sputtering. Deposition parameters were investigated to obtain a coating
in the form of stoichiometric crystalline hydroxyapatite or amorphous calcium phosphate
at a Ca/P molar ratio from 1.53 to 3.88. The resulting coatings were homogeneous, dense,
without pores, and without any defects or cracks. The ability to control the crystalline
structure of the coating is of direct importance for the whole implant lifespan in living
tissues. An amorphous coating will be absorbed faster than a crystalline one.

Coatings based on titanium carbide (TiC) have a wide range of biomedical applications
due to their high hardness, low coefficient of friction, excellent corrosion resistance, and
good biocompatibility [117]. To improve the properties of titanium carbide nanostructured
coatings, they were deposited on a nickel-titanium substrate by the method of magnetron
sputtering with preliminary plasma immersion ion implantation of a titanium sublayer.
The study results prove that the Ti-TiC coating provided a significantly higher corrosion
resistance and stability in comparison to an uncoated nickel-titanium substrate.

The experiments conducted to study potentiodynamic polarization in artificial saliva
made it possible to evaluate the influence of deposition temperature on the microstructure
and the corrosion resistance of ZrN coatings deposited through the DC reactive magnetron
sputtering process on a Ti substrate [123]. It has been found that products with ZrN
coatings deposited at relatively low temperatures have good corrosion resistance compared
to uncoated products of titanium. At relatively high deposition temperatures, the corrosion
resistance of samples to pitting increases due to the formation of oxides and oxynitrides of
ZrNxOy and ZrO, on the surface of the ZrN coatings.

Despite the significant advantages of the above-described method, it also has consid-
erable shortcomings. In particular, the adhesion to the substrate is noticeably lower in this
case than that of the cathode vacuum-arc deposition method.

3.5. Modifying Coatings Deposited by the Vacuum-Arc Deposition Method

The vacuum-arc deposition (cathode-arc deposition) of coatings is a physical method of
producing coatings in a vacuum by condensing them onto a substrate material from plasma
flows generated on a target cathode in a cathode spot of a vacuum arc of a high-current
low-voltage discharge propagating exclusively in vapors of the electrode material [124-127].
The method is used for the deposition of metal, ceramic, and composite coatings on various
products. It is suitable for the deposition of coatings on substrates of low heat resistance
(up to 200 °C). To improve the coating quality, appropriate equipment and technologies
are used for filtering the phase of microparticles from a plasma flow, ion bombardment,
and etching of the surface coating for its cleaning and thermal activation as well as ion
implantation to increase the adhesion and modify the outer layer of the substrate [128-130].

Recently, the method of vacuum-arc deposition has become widespread due to the possibility
of producing multilayer coatings of various architectures and compositions [131-133].

Delamination of coatings during implant insertion into human bones or during the
implant lifespan is a serious problem, causing an ingress of toxic metals into the body
tissues. In this regard, it is necessary to increase the adhesive bond strength between the
coating and the substrate, which may be achieved by two additional operations:
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(1) Preliminary (before coating deposition) mechanical processing of the substrate or
processing by compression plasma flows in the surface melting mode;

(2) Finishing (after coating deposition) electromagnetic impulse action.

The first operation provides targeted regulation of the parameters of roughness and
waviness of the substrate including in the range of values corresponding to the recom-
mended parameters of medical implants [134]. The expansion of microroughness on the
implant surface provides an increase in its area, and as a result, promotes implantability.
An increase in roughness in the range of values provided by the action of compressive
plasma flows also leads to an increase in the adhesion strength of the coating, both due
to an increase in the surface area and a decrease in residual stresses in the coating being
deposited [135]. A mathematical model was developed to describe the formation of a
surface relief under the action of compression plasma flows [136]. In addition, it was found
that plasma exposure led to a decrease in the concentration of elements toxic to the human
body such as Al and V in the surface layer of the Ti-6Al-4V alloy [137].

Electromagnetic impulse action contributes to a decrease in the residual stresses in
the coating and the “coating—substrate” transition layer. The conducted studies testify to
the effectiveness of applying electromagnetic impulse action for both metal and nitride
coatings [138,139].

Coatings from the nitrides of transition metals of Groups IV-VI of the D.I. Mendeleev’s
Periodic Table of Chemical Elements have been widely used in biomedical materials in the
current decade.

The titanium nitride (TiN) coating used since the 1980s is still often applied in the man-
ufacturing of endoprostheses [140-142] due to its good performance properties including
high hardness (2400-2800 HV), good wear resistance, low coefficient of friction, increased
wettability, and physiological inertness [142-144]. However, the corrosion resistance of
a thin PVD coating of TiN is often unsatisfactory because of the coating defects (pores
and cracks) that can form during the coating deposition. The above defects can create
channels for an aggressive medium, up to contact with the substrate, thereby affecting the
electrochemical behavior of the coatings [145]. The columnar microstructure of the TiN
coating also weakens the protective function of the coatings and reduces their corrosion
resistance [146]. An additional increase in the corrosion resistance is provided by the
intermediate layer of Ti [147,148]. The presence of such an intermediate layer increases
the corrosion resistance of the Ti-(Ti,Al)N coating in the solution of NaCl as well as in the
media of H,O and O, [149]. The corrosion resistance of the TiN coating also increases upon
additional heat treatment in air [150]. Such an increase is associated with a decrease in the
defectiveness of the coating due to the formation of the oxides of TiO; and Ti,Oj3 in the TiN
structure. As a result, the volumetric expansion of the material takes place, and the coating
structure becomes denser. In theory, thicker coatings provide higher corrosion resistance.
However, too thick a coating may have lower corrosion resistance [151]. An increase in
the thickness of the Ti-TiN coating leads to a growing number of internal defects, which
allows oxygen to actively penetrate into the deep layers of the coating (for example, along
the boundaries of microparticles embedded in the coating structure, while the length of the
grain boundaries increases with a growth in the coating thickness). As a result of oxidation
of the internal regions of the coating, its volumetric expansion takes place, and internal
stresses increase. This process contributes to the formation of cracks, causing the damage
of coatings and being, in turn, channels for the further penetration of oxygen [151].

Other two-component nitride coatings CrN [152-159], ZrN [160-167], and SiN [168-176],
have also been applied for corrosion protection.

The CrN coating is highly resistant to corrosion in Ringer’s and Hank’s multi-component
physiological solutions [152]. The intermediate Cr layer in the Cr-CrN coating, like the
Ti layer in the Ti-TiN coating considered above, has a positive effect on the corrosion
resistance [152]. The intermediate layer of pure metal significantly increases the adhesion
between the coating and the substrate, which also has a positive effect on the corrosion
resistance [153]. Furthermore, the corrosion resistance of titanium implants coated with
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CrN can be increased by preliminary nitriding of the titanium substrate [154], as a result of
which a transition layer is formed between the coating and the substrate containing the
phases of e-Ti;N and 6-TiN, which improves the adhesion of the coating and, together with
an increase in the tribological properties of the nitrided CrN-coated sample of Ti, improves
the biocompatibility of the composite material.

It should be noted that in conditions of fatigue loading, the increased brittleness of the
chromium nitride layers of the Cr—CrN multilayer coating led to a decrease in the fatigue
life of the Ti-6Al-4V alloy [124]. The cracks formed in the coating propagated in a straight
line through its layers, reaching the substrate and deepening further, thus violating the
integrity of the surface of the titanium alloy.

The comparison of the properties of the CrN and TiN coatings proved that the CrN
coating provided higher corrosion protection than the TiN coating in 3.5% NaCl solution
and in 1 M H,S0, solution [153] in the simulated body fluid (SBF) [154]. In addition,
the coating of CrN outperformed the coatings of TiN, TiAIN, and a-C:H in terms of the
tribological performance in the SBF [154].

The coatings of Cr—CrN had a higher corrosion resistance in comparison with the
coatings of Ti-TiN and Cr-TiN [155].

Another commercially used coating for implants is zirconium nitride (ZrN), which is
mainly applied as a thin surface coating on endoprostheses. This coating is characterized by
high mechanical and tribological properties combined with good biocompatibility [160,162].

The ZrN coating has a slightly lower microhardness compared to TiN. This coating
is biocompatible and has antibacterial properties [163]. Therefore, the percentage of dead
S. oralis bacteria was higher in the biofilms grown on TiN- and ZrN-coated disks of Ti than
on uncoated disks and amounted to 51.84 + 3.73 and 69.45 + 1.15%, respectively, while
the uncoated surfaces reduced the viability of S. oralis by only 6.4 £ 3.38% (p < 0.001) [163].
The highest fibroblast proliferation was detected on ZrN-coated disks compared to the
uncoated samples and TiN-coated disks of Ti [163].

It is well-known that yttrium (Y) plays an important role in the phase transformation
of zirconium dioxide, and appropriate treatment can result in the formation of a denser
coating morphology, which is able to enhance the oxidation resistance. Thus, in [164], it was
found that the ion implantation of yttrium into the surface of the ZrN coating promoted
an increase in the oxidation resistance. At the same time, yttrium stabilized the tetragonal
phase and prevented its transformation into monoclinic zirconium dioxide [164]. Such a
mechanism of corrosion protection of the Y/ZrN coating deposited on a steel substrate as
well as the possibilities of the PVD method, give reason to believe that such coatings may
also be applied on titanium substrates.

In [165], the tribocorrosion behavior of the Zr/ZrN multilayer coatings in the simulated
body fluid (SBF) was studied. The results proved that the Zr/ZrN multilayer coatings
had higher corrosion and tribocorrosion resistance than the ZrN single-layer coating. The
above was facilitated by effective inhibition of the penetration of a corrosive environment,
both due to the formation of a passive film of ZrO,, and due to the multilayer structure
of the coating. In addition, the improved corrosion resistance of the ZrN coating and
the suppression of crack propagation by the introduction of the Zr layer improved the
tribological performance and corrosion protection. An additional effect on corrosion
resistance can be obtained by introducing elements such as hafnium (Hf) and niobium (Nb)
into the ZrN coating. Figure 7a shows the structure of the (Zr,Hf)N anti-corrosion coating,
and Figure 7b shows the structure of the Zr-(Zr,Nb)N coating with a Zr adhesive sublayer
deposited on a Ti-6Al-4V substrate.
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Figure 7. Structure of the (a) (Zr,Hf)N coating; (b) Zr-(Zr,Nb)N coating with Zr adhesive sublayer
deposited on a Ti-6Al-4V substrate (TEM).

In recent years, much attention, both in scientific research and in industrial applica-
tions, has been paid to coatings of silicon nitride (SiN). These coatings are characterized by
several useful properties: high thermal stability, chemical inertness, high hardness, and
corrosion resistance. Due to the above-mentioned properties, the coatings of SiN may be
effectively used as biocompatible and biomechanical coatings for biomedical devices and
instruments. These coatings are used in the manufacturing of hip and knee joint implants
as well as dental implants [172]. The use of SiN as a wear-resistant biocompatible coating
on artificial joints made of Co—Cr-Mo alloys increases their durability [168-171]. Silicon
nitride is a particularly promising material due to its ability to dissolve in biocompatible el-
ements, while most other coatings exhibit very limited solubility, which is a problem in the
formation of wear particles. At the same time, SiN has bacteriostatic properties [174-176].

The analysis of the available data suggests the following ranking of two-component
nitrides from the best to worst in terms of corrosion resistance:

CrN — TiN — ZrN —SiN.

It should be noted that this sequence is rather conditional, and requires further clarification.

Coatings produced from nitrides of zirconium, vanadium, titanium, and carbides of
vanadium and chromium demonstrated the highest erosion resistance [177]. The corrosion
resistance tests carried out in a tropical chamber proved that the coatings of ZrN, TiN, and
TiC had the highest resistance to aggressive environments. The above results were also
confirmed by the calculations of equilibrium potentials and the corresponding Pourbaix
diagram. The coating of ZrN applied by the method of the filtered cathodic vacuum arc
deposition (FCVAD) [178-183] had obvious advantages over the coating of ZrN deposited
conventionally (by the arc-PVD method) [184].

Along with two-component nitride coatings, three- and multi-component coatings
were also considered.

To modify the surfaces of hip and knee joint implants, three-component niobium and
titanium nitride (Ti,Nb)N can be used. In comparison with TiN, the nitride of TINbN has
similar tribological properties, high resistance to wear and abrasive wear, and biocompati-
bility [185].

The (Ti,Si)N coating with a structure consisting of nanocrystalline TiN grains embed-
ded in an amorphous SisN4 matrix was deposited on samples of the Ti-6Al-4V alloy [186].
Compared to the uncoated sample, the (Ti,Si)N coating provided a significantly higher
corrosion resistance.

The electrochemical properties of the nanostructured multilayer coating of Cr-(Ti,ALCr)N
and single-layer coatings of (Ti,Al)N and CrN were considered in [187]. In comparison
with the polarization curves of the uncoated samples and the (Ti,AI)N- and CrN-coated
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samples, the corrosion potential of the multilayer coating of Cr-(Ti,Al,Cr)N shifted in the
positive direction to —0.36 V, the corrosion current density decreased to 0.047 wAcm 2,
and the polarization resistance was 124.69 kQ cm?. The morphology of the Cr-(Ti,Al,Cr)N
multilayer coating after the corrosion tests was close to the morphology of the coating after
deposition. Therefore, the Cr-(Ti,Al,Cr)N multilayer coating exhibited excellent corrosion
resistance compared to the uncoated samples and the samples with the (Ti,AI)N and CrN
single-layer coatings. The authors explained the role of multilayer architecture in an
increase in the corrosion resistance by the change in the initial growth regime of the coating,
the blocking of pores, a decrease in the defectiveness of the coating structure, and, as a
result, the formation of a dense coating with good corrosion resistance.

An example of a multilayer structure of a (Zr,Cr,Al)N coating that has a nanolayer
structure with alternating nanolayers dominated by Zr-Cr or A, is shown in Figure 8.

(a) (b)

Figure 8. An example of a multilayer structure of a (Zr,Cr,Al)N coating that has a nanolayer struc-
ture with alternating nanolayers dominated by Zr-Cr or Al (TEM). (a) General coating structure;
(b) nanolayer structure.

In [188,189], the coating of (Ti,Zr)N was also considered. According to the experimen-
tal results, this coating improved the corrosion resistance of the Ti samples by 200 times.
The increased corrosion resistance may be explained by the nanocomposite structure of the
TiN/ZrN layers with a dense columnar microstructure impervious to aggressive media.
The multilayer structure of the coatings provokes the deflection of corrosion cracks along
the layered surfaces and additionally slows down the dissolution of the coating [190].

To improve the osseointegration of titanium implants, hydrophilic coatings of (NbCuSi)N
and (TiAINb)N were developed [191]. The contact angle and biocompatibility of these coat-
ings were studied using human umbilical cord mesenchymal stem cells (MSC). Although
the multi-component coatings had a higher contact angle with the surface due to their
uneven morphology, all samples had hydrophilic properties that favorably affected cell
adhesion and proliferation.

In addition to nitride coatings, carbide coatings, in particular TiC, are also used to
modify the surface of titanium implants. It has been found that a solid nanostructured layer
of TiC protects a titanium implant from exposure to biological media, while simultaneously
stimulating the adhesion, proliferation, and activity of osteoblasts, and also provides better
contact between the implant and the bone in comparison with an uncoated implant of
titanium [192].
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Carbonitride coatings were also considered. A coating with a nanocomposite structure
consisting of amorphous C, CNx, and nanocrystalline ZrCN was deposited onto samples
of the Ti-6Al-4V titanium alloy [193]. The corrosion resistance of the ZrCN-coated samples
was significantly higher than that of the uncoated samples of Ti-6Al—4V.

A Ti-CN coating deposited on a Ti-6Al-4V substrate was considered in [194]. Coat-
ings of Ti-CN improve the overall reaction of the biomaterial, significantly increase wear
resistance, and reduce the coefficient of friction.

The corrosion resistance of coatings is affected not only by their composition and
structure, but also by the specific features of the deposition process. In particular, CAA-PVD
(controlled accelerated arc) technology [195-197] can significantly reduce the disadvantages
of the standard vacuum-arc processes associated with the formation of a microparticle
phase, which significantly degrades the quality of products.

The tribocorrosion behavior of coated implants is significantly influenced by the
adhesive bond strength between the coating and substrate (the greater the affinity of the
substrate and coating materials, the higher the above adhesive bond strength). To improve
the properties of coated titanium implants, it is advisable to form a diffusion sublayer
that has a high affinity for both the coating and the substrate (for example, when a nitride
coating is being produced, surface layers of the substrate are subjected to preliminary
nitriding or the ion implantation of metal atoms that form the nitride phase of the coating
is being carried out) [198-200].

The synthesis of nanostructured coatings uses a range of technological means,
in particular:

e Bombardment (pulsed or continuous) of the deposited condensate with metal-gas
ions with energies from 1-10 to 50-100 keV;

e  Mixing of precipitated condensate particles under the influence of an assisting flow of
high-energy gas—metal ions;

e Lowering the coating synthesis temperature, which leads to inhibition of the growth
of its grains due to an increase in the degree of ionization of metal-gas ions of the
condensed flow, thus forming nano-dispersed grain structures.

Another way to improve the properties of titanium implants is to make them antibac-
terial. In this case, it is preferable to apply coatings containing released metal ions [201] that
have an antibacterial effect, rather than coatings containing antibiotics, which are associated
with the risk of resistance to these antibiotics [202]. In particular, coatings with silver ions
as well as ions of other metals (e.g., Cu*, Zn*, and Mg2+) with antibacterial effect have
become widely used.

In [203], the study examined the effect of a diamond-like carbon (DLC) coating with
silver particles (DLC/Ag) obtained by pulsed dual-cathode (silver and graphite) filtered
cathodic vacuum arc deposition (PDC-FCVA) on titanium substrates of Ti-Al6-V4. The
tribological studies carried out on ultra-high-molecular-weight polyethylene (UHMWZPE)
beads in fetal bovine serum (BFS) found that the presence of silver in diamond-like carbon
helped to reduce the wear of polymer surfaces. In addition, silver nanoparticles were
critical for the antimicrobial effect.

To ensure better adhesion to the substrate during DLC coating deposition, an addi-
tional nitride layer is often used as well as a layer with a high silicon content (see Figure 9).

Ions of Zn*™ and Cu™ contained in coatings also have excellent antibacterial properties
due to their ability to penetrate and destroy bacterial cell membranes. Ions of Zn+ are
also able to stimulate the proliferation and mineralization of osteocytes and promote
calcium deposition in mesenchymal stem cells (MSCs) without causing cytotoxicity [204].
In addition, Zn is an essential microelement at several stages of bone formation, and it
plays a positive role in enhancing the process of osseointegration [202].
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Figure 9. DLC coating with an adhesive sublayer (Cr,AlSi)-(Si,Cr)N. (a) General structure of the
coating layers; SAED (b) DLC layer and (c) adhesive sublayer (Cr,Al,Si)—~(Si,Cr)N; (d) the structure of
the adhesive sublayer (TEM).

Being an important microelement in the human body, Cu is harmless to the environ-
ment, while copper ions (Cu?* and Cu*) are able to adhere to the bacterial cell membrane,
thus not only inhibiting the reproduction of various bacteria, but also effectively destroying
some drug-resistant bacteria as well as destroying reactive oxygen species (ROS) that are
generated by cells and interfere with their proteins and lipids [205]. In addition, Cu is able
to promote the process of osteogenesis by increasing the expression of vascular endothelial
growth factor (VEGF), and therefore, it has good prospects for use in coatings for orthopedic
implants [202].

To further enhance the antibacterial effect, studies are underway to develop coatings
based on the synergistic effect of various antibacterial metal ions as well as to introduce
into the composition of such coatings bioactive particles that are able to enhance bone
tissue regeneration (e.g., Ca*). In [206], the comparison focused on the corrosion resistance,
adhesion rate of proteins, in vitro cell proliferation, and the ability to inhibit bacteria of Cu—
TiN coatings with two variants of implantable ions: Mg* and Ca*. The Cu-TiN coating with
implanted ions of Mg* had improved anti-corrosive properties, higher protein adsorption
capacity, good cell proliferation and adhesion, and better antimicrobial properties.

4. Conclusions

The application of modifying coatings of various compositions deposited by various
methods is an important condition for the effective use of medical implants designed for
various purposes. The use of coatings solves a wide range of tasks at the same time. In
particular, the coatings are applied in order to:

e Increase the biological inertness of an implant excluding complications associated
with the phenomenon of metallosis;

e Increase the implant’s ability to be integrated into the human body, contributing to
the formation and strengthening of the appropriate biological environment on the
implant surface;

e  Ifnecessary, and vice versa, reduce the implantability of a medical product (in cases of
temporary implants, which should be later removed from the human body);

e  Provide a limited antiseptic effect due to the formation of a thin surface layer with the
inclusion of antiseptic substances;
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Increase the wear resistance of implant elements subject to mechanical wear (for
example, in a knee joint implant).

At the same time, the use of modifying coatings does not lead to a significant increase
in the cost of an implant, and in some cases, it can even reduce its cost due to the use of less
expensive substrate materials.

The methods of the coating deposition considered in this review have their advan-
tages and disadvantages. In some cases, the best result may be achieved by combining
different methods.

It can be concluded that it is promising to use the vacuum-arc deposition method
to modify the surface of titanium implants in order to improve their biocompatibility
and corrosion resistance as well as to impart additional bioactive functions (antibacterial,
regenerative, etc.) by creating a multilayer nanostructured architecture of coatings of
various compositions with increased adhesive bond strength in comparison to the coatings
formed by other considered methods.

Coatings of various compositions and architectures, deposited using the PVD methods
and technologies similar to them, are able to increase the corrosion resistance of products
by several times or even orders of magnitude.

The generalization of the available research results proves that the most effective are
coatings that meet the following conditions:

e  Have a multilayer architecture including an adhesive (transition) layer that provides
high adhesion to the substrate and a smooth transition of mechanical properties
between the substrate and the corrosion-resistant layer as well as a corrosion-resistant
layer itself, which, in turn, may have a multilayer structure.

e Have a multi-component composition that provides a high density and minimizes the
number of internal defects in the coating, thus significantly increasing its
anti-corrosive properties.

e  Are characterized by additional bioactivity provided by coating layers containing
releasable metal ions, while a synergistic mechanism between several ions can im-
prove the antibacterial activity and cellular compatibility of an implant. For exam-
ple, ions of calcium (Ca) and magnesium (Mg) can effectively promote osteoblast
growth, and at the same time, ions of copper (Cu) and silver (Ag) have a significant
antibacterial effect.
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