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Abstract. Use of metallic orthopedic implants (screws, plates, intramedullary rods) has
several problems, such as inadequate biological integration and high infection risk. This
review summarizes current insights on functional coatings for metallic orthopedic implants
concerning their osteoinductive, osteoconductive, immunomodulatory, and antimicrobial
properties and evaluating their clinical application potential. Key bioactive coatings include
hydroxyapatite and bioactive glass, alongside with nanostructured and ion-doped layers.
The deposition techniques, namely plasma spraying, sol-gel technology, anodization,
electrophoretic deposition, and gas-detonation spraying, are analyzed. It is ascertained that
the hydroxyapatite and bioactive glass coatings substantially enhance biocompatibility and
osseointegration. Ion doping (strontium, zinc, magnesium) further boosts osteoinductive
properties, while nanostructuring enhances cell adhesion and minimizes inflammatory
responses. Antimicrobial coatings with silver, antibiotics, and bactericidal agents
significantly reduce infectious complications. Among coating deposition methods, plasma
spraying, sol-gel processes, and gas-detonation spraying show notable industrial
applicability. Multifunctional and “smart” coatings demonstrate strong clinical efficiency
and promise widespread adoption. Advancements in coating technology and optimization
of material compositions will decrease complications and enhance treatment outcomes for
patients with bone injuries and defects.
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1. Introduction

Orthopedic implants made of metal alloys (screws,
plates, intramedullary rods) have been widely used for
stabilization of fractures and substitution of bone defects.
However, their use encounters two main issues, namely,
insufficient biological integration, which may cause
instability of fixation, and the risk of infection
complications. The periodicity of infections after the
osteosynthesis of long bones is equal to 1-4%, while it
can reach 30% in cases of high-severity open fractures
[1]. Decrease in the periodicity of infections and
improvement of the osseointegration are the critical
conditions for successful functioning of implants.

In this context, a promising method to provide
positive osteoconductive and antimicrobial effects is

coating of implants with bioactive materials. Particularly,
application of hydroxyapatite (HA), bioglasses, doped
oxides, and nanostructured layers has become the subject
of active investigations over the last decade [2]. Today,
the attention of researchers is being paid to improvement
and optimization of the bioactive coating deposition
methods, namely, plasma spraying, -electrophoretic
deposition, sol-gel technology, anodizing, and gas-
detonation spraying. These methods allow creation of
multilayer composite bioactive coatings of complex
structures with smart functional properties [3—5].

Another important direction of investigations is
tuning of physical and chemical properties of the
coatings being formed according to the specific clinical
cases: osteoporosis, open fractures, multifractional
injuries, or infected defects.
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In this review, we carry out systematization and
critical analysis of the data from modern references
concerning the properties of bioactive and antimicrobial
coatings of metallic implants, evaluating the efficiency of
various materials, deposition methods, prospects for
clinical applications, and the key directions of future
investigations.

2. Methodology

The reference search was carried out using the
scientometric databases PubMed, Scopus, and Web of
Science using the following keywords: orthopedic
implants, bioactive coatings, hydroxyapatite, bioactive
glass, antimicrobial surface, silver coating, gentamicin-
releasing implants, etc. The period was from 2019 to
2024. We analyzed both experimental and clinical
investigations concerning the functional properties of
coatings for metallic implants, including biocompati-
bility, osseointegration, and antimicrobial activity of the
coatings. We did not analyze the studies without initial
data or published in a language different from English.
The total number of the analyzed articles was 184. With
account of importance of the discussed information, 40
of them were included in the reference list.

3. Results and discussion
3.1. Interaction of coatings with bone cells

Biocompatibility is the ability of a material to function
normally in an organism without causing toxic reaction or
immune response. It means that adhesion of osteogenic
cells should occur on the surface of the orthopedic implant,
with subsequent formation of a new bone. The basic mate-
rials, namely, titanium and inox steel, are inert and do not
facilitate osteogenesis. On the other hand, the specia-
lized coatings can substantially improve the interaction of
the implants with bone tissue cells. The most well-known
bioactive material is crystalline hydroxyapatite (HA).
This mineral is equivalent to the crystalline component of
bones. An HA-coating on metallic implants improves adhe-
sion of osteoblasts and accelerates formation of the bone
matrix. It is proven that the surface of titanium coated
with a porous HA layer provides a more dense contact
“bone-implant” compared to the uncoated surface,
decreasing the risk of fibrous capsule formation [6]. The
cells feel the HA as their own environment: the activity
of alkaline phosphatase and the expression of osteogenic
genes increase, which leads to faster mineralization at the
edge of the implant [7]. Another example of bioactive
materials is bioactive glass (bioglass). This is Si-based
material, which releases Ca*" and SiO,* during contact
with the organism liquids, stimulating osteoblasts.
Systematic review states that titanium implants coated
with bioglass exhibit a high level of osteoblast viability
and accelerated bone formation in vivo [8].

Besides the chemical composition of the coating
material, the structural and morphological properties of
the coating are also important. The roughness of the
coating and its porosity increase the contact area, serving
as a frame for bone growth [9]. Macroporous coatings

with pores sized 50...300 um facilitate germination of
bone beams in the implant pores, providing mechanical
bonding (interpositional osteoconduction). Also, the
nanorelief influences the cell behavior. It was shown in
particular that nanostructured surfaces (for example,
titanium dioxide nanotubes) imitate natural bone
substrate and stimulate attachment and proliferation of
the osteoblasts. Rajyalakshmi et al. demonstrated [10]
that titanium implants with a layer of nanotubes
40...50 nm in diameter provide better colonization by
bone cells compared to mast cells, decreasing adhesion
of macrophages and local inflammation.

3.2. Inflammatory reactions and immune response

Implantation of a foreign body (material) necessarily causes
an immune response. Normally, short-period controlled
inflammation is a part of the healing process: neutrophils
and macrophages migrate into the implantation location
and clean the wound. However, excessive or chronic
inflammation can lead to the formation of a fibrous
capsule around the implant, isolating it from the bone and
hindering osseointegration [11]. Therefore, the implant
coating should minimize the undesirable inflammatory
reaction and facilitate the transition of the immune system
in the regeneration phase. In this case, macrophages play
an important role — they can acquire an inflammatory
phenotype (M1) or a regenerative one (M2). The ideal
situation is when the coating material causes macrophages
to M2 phenotype, which produces anti-inflammatory
cytokines and growth factors, stimulating bone formation.
Some coatings can modulate this osteoimmune interaction.
For example, embedding of Mg ions in a titanium oxide
coating leads to a decrease in secretion of anti-inflamma-
tory mediators by macrophages and reduces expressive-
ness of inflammation in the surrounding tissues [12]. The
coating based on special glass ceramics enriched with
Mg and Sr causes depression of Toll-like receptor inflam-
matory pathway in cells, which manifests as a decrease in
the inflammation and better integration of the implant.
To decrease the inflammation, biopolymer implants are
also used. For example, chitosan-based coatings are
biocompatible and biodegrade slowly, having the natural
anti-inflammatory properties [13]. Chitosan is obtained
from chitin, serves as an osteoinductive matrix as well as
can bond endotoxins and inhibit activity of anti-
inflammatory factors. This facilitates the following: the
long-term inflammatory process does not occur around
the implant and oppositely, the phase of bone repair and
remodeling begins earlier [14].

3.3. Influence on the healing processes

The implant coating can substantially influence the bone
healing rate and quality after operation. Osteoconductive
coatings, which serve as a frame for bone growth, can
accelerate osseointegration of the implant, forming a
continuous contact between the implant and bone tissue
without a fibrous layer. It was proven that hydroxyapatite
coatings facilitate fast growth of the bone mass on the
implant surface in early periods. Under clinical
conditions, this manifests itself as a higher initial stability
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of cementless endoprostheses with HA coating compared
to implants without coating [15]. A review shows that
after several years of exploitation, the fraction of the
implants with the HA coating remains stable and not
smaller compared to cemented implants, indicating equal
long-term survival. It also indicates that the coatings of
bioactive ceramics can provide the effect of “biological
cementation”, when the bone itself successfully fixes the
implant [16]. In experiments on animals, the positive
influence of the implant coatings was also obtained.
Particularly, in rats and rabbits, implants with HA or
bioglass coatings demonstrated higher areas of the
bone/implant contact and higher strength of connection
in mechanical tests compared to implants without
coating. These positive effects of the coatings were
explained by earlier mineralization of the newly formed
bone and weaker bone resorption. It is especially
important to achieve stability in the first weeks after the
operation due to a high risk of the implant micro motions
in this period. Osseointegrative coatings reduce this
period, facilitating early functional loading of the
operated limb in the absence of contraindications [17].

Besides the stimulation of the newly formed bone,
some coatings can influence remodeling of the existing
bone. For example, coatings doped with Sr can reduce
activation of osteoclasts (cells which destroy the bone),
holding the bone mass around the implant, which is very
important for patients with osteoporosis. Also, if the
implant has different mechanical properties due to the
coating (for example, an intermediate layer), it can
reduce the “stress shielding” phenomenon, where a high-
strength implant takes all the mechanical loads on itself.
In this case, the bone around the implant atrophies due to
low load [18].

Therefore, a correctly selected coating facilitates the
initial healing as well as supports the healthy state of the
bone tissue around the implant during long term.

Generally, numerous studies confirm the following:
implant coatings increase the quality of osseointegration
and decrease the periodicity of aseptic rocking. In review
[2], which includes 40 in vivo studies, the authors
conclude that bioactive and antimicrobial coatings
facilitate reduction of bacterial complications without
negative effect on bone healing and, in some cases,
demonstrate improvement in osseointegration.

3.4. Osteoinductive and osteoconductive properties

Osteoconductivity of material is the ability to serve as a
frame for bone growth, while osteoinductivity is the
ability to induce formation of a new bone tissue even in
places where it does not occur. Most coatings applied
today are osteoconductive. On the other hand, the
formation of the osteoinductive properties in them is a
challenge for researchers. In this case, the main approach
concerns embedding of biologically active molecules (for
example, the bone growth factors) into the coating. A
good example is the coating with immobilized BMP-2
(bone morphogenetic protein 2). BMP-2 is an effective
osteoinductor, which can initiate osteogenesis in mesen-

chymal stem cells (MSCs). Moreover, investigations also
confirm the role of the BMP-2 in stimulating osteogenic
differentiation in the MSCs. For example, the study
showed that BMP-2 facilitates osteogenic differentiation
in MSCs by increasing the activity of mitochondria,
which indicates the importance of energy metabolism in
osteogenesis. There are experimental examples of
coatings which provide the controlled release of BMP-2
during the optimal time after implantation [19, 20].

Bioactive glass is one of the most common osteo-
conductive coatings. This material is well compatible with
bone and stimulates formation of apatite on its surface.
At the same time, bioactive glass has some advantages in
osteogenic properties. Investigations show that bioactive
glass coatings can induce more pronounced formation of
new bone tissue compared to hydroxyapatite. The reason
is the resorption of bioglass in physiological solutions
with the release of Ca®" and SiO* ions and other biosti-
mulating agents, which increase the activity of osteoblasts
and stimulate vascularization of the healing area [21].

However, novel deposition technologies (sol-gel,
laser deposition, gas-detonation spraying) allow
formation of uniform glass-like coatings with high
adhesion to titanium. Hence, bioactive glass is a
promising alternative to hydroxyapatite, demonstrating
better osteoinductivity due to the release of ions [22, 23].

Another approach to enhance the osteoinductive
properties of coatings is adding bioactive molecules or
jons to the coating composition. Metal ions, namely Sr*",
Zn2+, and Cu2+, are well-known for their positive effects
on bone metabolism. Strontium, for example, stimulates
proliferation of osteoblasts and simultaneously depresses
bone resorption by osteoclasts. Therefore, it can be
systematically applied to osteoporosis. In the case of HA
coatings, partial substitution of calcium with strontium
causes a substantial increase in the formation rate of a
new bone around the implant [24]. A recent metaanalysis
of preclinical investigations showed that implants with
Sr-doped coatings had a higher (by ~19%) contact area of
the bone with the implant in the osteoporotic model and
substantially higher strength of fixation compared to the
coatings without strontium. This effect is statistically
significant and confirms that Sr-doping improves the
osseointegration properties of coatings at the bone mass
deficiency [25].

Other ions (zinc, silicon, and magnesium) are also
studied as the active dopants to apatite and glass-ceramic
layers. They can improve the activity of osteogenesis
ferments and collagen synthesis rate by osteoblasts. For
example, zinc is a cofactor of alkaline phosphatase.
Therefore, Zr-doped coatings stimulate  matrix
mineralization. Copper in moderate quantities facilitates
angiogenesis, which is the process of capillary growth in
the implantation zone, which improves bone formation
indirectly. At the same time, Cu”" ions also have a direct
osteogenic action. In experiments on animals, Cu-based
coating of implants enhanced the bone deposition on
their surfaces. However, an excess of copper can be
toxic, therefore, it is important to control its content [26].
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3.5. Antimicrobial properties

Inflammation of an orthopedic implant (fixation device)
is a severe complication, which may cause osteomyelitis,
pseudoarthrosis, and multiple revision operations. Bacte-
rial biofilm on the metallic surface is poorly affected by
antibiotics, therefore, prevention has a crucial importance.
Use of coatings with antimicrobial properties aims to
decrease bacterial adhesion, prevent biofilm formation,
and provide local release of bacteriocidal agents during
the first hours and days after implantation [2].

There are two main approaches. The first one is use
of contact-active coatings, which kill microorganisms at
contact with the surface. The latter can be caused by
embedded biocidal groups or Si nanoparticles. The
second one is use of coatings with controlled release of
antimicrobial substances (antibiotics, antiseptics, metal
ions) in the surrounding tissues. Some of the novel
developments join both approaches, forming multi-
functional “smart” coatings, which first release high
doses of bactericide, then provide long-term contact pro-
tection from bacterial colonization of the implant [27].

Silver is a well-known antimicrobial element, which
is used as a dopant for the implant coatings. Ag" ions
have a wide spectrum of action: they are detrimental to
gram-positive and gram-negative bacteria (including
multidrug-resistant strains) and also to fungi and even
viruses. The mechanism of silver action is complex: the
ions destroy the cell membrane of the bacteria, bind the
thiol groups of proteins and DNA, and inhibit respiratory
ferments, which leads to the microorganisms death. It is
worth noting that bacterial resistance to silver occurs
very rarely, and formation of a biofilm on the Si-doped
surface is substantially complicated. The coatings with
silver can be realized as thin nanoliners sprayed on metal,
which provides slow release of Ag” ions, or in the form
of Ag nanoparticles embedded in a porous matrix. The
investigations demonstrated the high efficiency of these
coatings: in preclinical experiments, they almost
completely inhibited the growth of Staphylococcus
aureus and Pseudomonas aeruginosa and substantially

reduced the formation of biofilms, simultaneously
without hindering osseointegration [28].
Clinically, coatings with silver are already

implemented for large-sized tumor prostheses. In this
case, the results of metaanalysis of 19 studies, including
755 patients, showed a decrease in the general level of
infections (to ~17.6%). The most pronounced effect in
the revision cases after infections is the following. A
revision prosthesis with the silver-based coating shows
the infection in 13.7% cases, while using prostheses
without silver-based coating, in 29.2% cases (p = 0.019).

Hence, the infection risk at the revision replace-
ments decreased by 2 times due to the antibacterial action
of silver. Any systematic complications (argyria outside
the implantation area or organ dysfunction) were not
observed for these patients [29].

Besides silver, prospective coating layers also
contain Cu, Zn, Se, and other eclements exhibiting
antimicrobial activity. For example, Cu inhibits

reproduction of staphylococcus and is well tolerated by
human cells at low concentrations. The coating with
titanium nitride and copper reduces adhesion of bacteria;
however, unsubstantial release of copper confined the
bactericidal effect in this case [30].

Zinc has a bacteriostatic action and can also prevent
biofilm formation. Zinc oxide nanostructures are being
studied as a component of combined coatings [31].
Nanostructured selenium manifests a pronounced action
against MRSA (Methicillin-Resistant  Staphylococcus
aureus), damaging the bacterial membrane. Moreover, it
can be fixed on the implant surface chemically, without
loss in activity.

Hence, metal-based antimicrobial coatings provide
long-term protection of the implants from infections and
minimize the resistance risk, which makes them
attractive for clinical applications [32].

Another approach is deposition of layers on the
implant, which include a high concentration of antibiotics
for local release. The classical example are the gentamicin-
dilactide coatings of intramedullary rods. These rods (e.g.
UTN PROtect® system) are already applied in Europe
for treating open fractures of tibia. The surface layer
resorbs slowly, providing a bactericidal concentration of
gentamicin in the implantation area within several weeks.
In prospective investigations with a high risk of infection
(III grade open fractures), use of gentamicin-impregnated
nails allows for complete avoidance of deep infections.
[33]. The systematic review of 8 investigations, including
203 patients, showed that the infection prevention at the
primary fixation of open fractures using the rod enriched
with gentamicin was achieved in ~ 96% cases (only in
3.8% cases an infection was observed, mainly in the most
severe injuries). In other cases, successful use of these
rods at the infected bone nonunions was reported, when
high-dose local delivery of antibiotic facilitated
overcoming chronic infection in 90% patients [1].

Combination of two antibiotics (for example, vanco-
mycin + gentamicin) is also prospective. In preclinical
models of open fractures with Staphylococcus aureus
contamination, coatings with slow release of vancomycin
and tigecycline almost prevent the infection progression
compared to uncoated implants. Besides polymers, anti-
biotics can be embedded in porous ceramic coatings,
namely porous calcium phosphate. The antiseptic coatings
with chlorhexidine and iodophors are also interesting. The
film that releases chlorhexidine on the intramodular rod
has demonstrated a decrease in the implant infection [34].

Iodine-enriched plates are used in Japan. A treatment
with povidone-iodine creates a stable layer of iodine
oxides on the surface of the implants, which are a strong
antiseptic. In a retrospective series of skeletal oncology
surgery, application of iodine-enriched tumor prosthesis
shows absence of deep infections compared to the group
of prosthesis without coating, where they were observed.

A summarizing analysis of a number of clinical
investigations shows that each of the mentioned
approaches, namely, gentamicin, silver, and iodine,
significantly reduces the risk of postoperative infections
compared to the coatings not enriched with antibacterial
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substances. The summarized data of 7 investigations,
including 1307 patients, demonstrate a ~3 times reduced
infection rate by using the implants with coatings
enriched with antibacterial substances (p < 0.001) [35].

3.6. Biodegradable coatings

Traditional coatings (HA, oxides) are designed to remain
on the implant for its lifetime. However, there is a
concept of temporary coatings that perform their function
by resorbing, leaving no foreign material in the body
[36]. Today, intensive investigations are being carried
out on magnesium alloys for screws and rods, which
resorb after bone union. To control their resorption rate
and provide initial strength, calcium-phosphate coatings
are deposited on Mg-implants. These coatings should be
resorbed together with the implant or a little faster, not
hindering the bone remodeling [36].

For titanium permanent implants, biodegradable
coatings are also under discussion. Particularly,
prospective coatings are polymers, which resorb slowly,
releasing drugs. For example, polylactide (PLA) coatings
enriched with antibiotics are being developed. In this
case, after implantation, the PLA layer resorbs during
several weeks, leaving a clean titanium surface. This
allows protection of the implant during the most critical
period (the first month), with further removal of the
foreign material, when it is no longer needed [37].

Combined coatings with adapting properties, which
can perform several functions and adapt to changes in the
ambient conditions (pH, temperature, presence of
bacteria), are the object of investigation today. One of
these coatings is a multilayer system with inflammatory
responses. For example, the coating includes a layer
enriched with an anti-inflammatory drug (cytokine 1L-4
or dexamethasone), releasing at an excessive
inflammation, and a layer enriched with an antibiotic,
which activates at a local decrease in pH induced by the
bacterial infection. In normal conditions, these
substances remain immobilized; however, when strong
inflammation occurs, the coating releases them [38].

Another approach is a slow release of gentamicin,
IGF, and BMP-2. This approach is effective for prevention
of infection and stimulation of osteogenesis. Gentamicin
releases quickly from the outer layer, providing antimicro-
bial protection. IGF-I supports cell proliferation, and
BMP-2 initiates osteogenesis in later stages. The men-
tioned multiphase system for growth factor delivery from
the implant demonstrates an additive effect, enhancing
metabolic activity and osteoblast differentiation [39].

3.7. Coating deposition methods

One of the most common industrial methods is plasma
spraying. In this method, powder spraying occurs in a
plasma flux at high temperatures. This method has been
intensively used since the 1980s for depositing HA on
joint endoprostheses. The plasma spraying provides
relatively thick (50...200 pm) layers with a high
roughness. Modern improvements, namely application of
vacuum or high rates of spraying, allow for obtaining
more dense and adhesive HA layers [40].

Alternative methods are magnetron spraying or laser
ablation. They provide the coatings with a high uniform-
mity. For example, laser ablation allows obtaining the
HA coating with a composition gradient, including layers
enriched with silver or other ions, for combining properties.

Gas-phase methods provide precise control of the
thickness and composition of the coatings, but require
expensive equipment and have problems in scaling to
large areas and complex shapes [41].

Sol-gel technology is a chemical deposition of the
coating from a colloidal solution with subsequent
polymerization (gelling) and thermal treatment. This
method is good for deposition of bioactive glass and
mixed oxide layers. The sol-gel method provides highly
uniform and pure coatings with a thickness of several
nanometers to tens of micrometers. For example, sol-gel
deposition of a bioactive glass on titanium forms a
smooth amorphous layer, which crystallizes into a
bioactive phase under thermal treatment. In this case, an
optimal treatment temperature providing the best
biocompatibility is equal to 700°C [42].

Electrophoresis deposition is another method for
applying coatings on complex shapes. In this case,
particles of a material (hydroxyapatite or bioactive glass
nanoparticles) disperse in a liquid and deposit on the
implant surface under the action of an electric field. This
method allows obtaining composite coatings including
antibiotics and biopolymers with ceramic particles at
room temperature. Usually, the obtained layer requires an
additional thermal treatment to fix it to the substrate [43].

Anodizing (electrochemical etching) of titanium
surface is a special case when TiO, nanoparticles form on
the implant surface. These nanoparticles, namely
nanotubes, can play the role of micro-reservoirs for
embedding antibiotics and osteogenic factors. Systematic
reviews show that anodized nanostructured titanium
surfaces sufficiently increase the implant osseointegration
in animals (the best result is observed for nanotubes with
a diameter of 70...100 nm). According to a metaanalysis,
nanostructuring of the TiO, coating increases the strength
of the system implant-bone as well as the contact area.
Moreover, the nanopore filling with nanocomposites (e.g.
silver + biopolymer) further enhances osteogenesis.

Electrochemical methods are relatively simple and
do not require high temperatures, which allows
embedding thermolabile substances, namely, antibiotics
or growth factors [44].

Each of these methods has its advantages and disad-
vantages. In particular, plasma spraying is an economical
method, but the resulting coatings have limited application
in medicine, as the chemical composition and crystallinity
of the coating change significantly, which does not guaran-
tee the required service life of the coating in the body. It
is characterized by poor adhesion and non-uniform thick-
ness. The sol-gel method ensures chemically uniform films,
is simple and inexpensive, but requires additional heating
of the part to 300...700 °C to remove precursor compo-
nents, which is often unacceptable because it deforms the
part and deteriorates its mechanical properties. The films
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typically have unsatisfactory mechanical strength. Laser
deposition allows for creation of high-quality films with
good adhesion, but their chemical composition may differ
from stoichiometric. Electrochemical deposition allows
for coating objects of irregular shapes at low tempera-
tures, but the layers are characterized by low adhesion [45].

One of the best deposition methods is gas-
detonation spraying (GDS) [3-5]. GDS addresses many
applied problems related to obtaining functional coatings
for both the medical field and other sectors of the
economy and the military. The developed method allows
for applying coatings with the required thickness and
roughness, good adhesion to metals and polymers, and
other necessary physicochemical parameters for specific
applied tasks. The essence of the developed GDS method
lies in the use of the energy of propane-oxygen mixture
explosions, which accelerate powder particles used to
form coatings to speeds several times higher than the
speed of sound. The particles then form a coating with
the chemical and phase composition similar to the
original powder upon inelastic collision with the surface
of the part (implant). The main advantages of this
method, among others, include:

a) High productivity, the ability to apply layers of
varying thickness (from a few microns to millimeters) on
large-area substrates (up to several square meters) and
complex surfaces.

b) The ability to use powder mixtures made from
multiple components to create a composite.

c¢) Control of the kinetic energy of explosions by
varying the percentage content of the explosive gases.

d) Application of the same method for preparing
the substrate surface for coating formation (abrasive
powder mechanical cleaning, creating micro-relief on the
surface).

e) The ability to change the deposition parameters
in a controlled manner to vary the coating characteristics,
achieving high microhardness with good adhesion to the
substrate.

f) Parts are not subjected to thermal mechanical
deformation due to the short duration of explosive gas
action. The ability to apply multi-layer coatings with
different chemical compositions.

3.8. Future directions of investigation

One of the main trends is the development of multi-
functional “smart” materials for coatings, which combine
osseointegrative, anti-inflammatory, and antimicrobial
properties. Modern investigations have focused on
materials never applied in orthopedics. Graphene and
graphene oxide are new carbon materials, which are
prospective as an addition to coatings due to their high
mechanical strength and antibacterial properties.
Addition of a small quantity of graphene oxide to an HA
coating increases the strength and initiates a bactericidal
effect due to mechanical damage of bacteria by the sharp
graphene sheets. Simultaneously, HA coating enriched
with graphene oxide stimulates asteogenic differentiation
of stem cells through modulation of macrophages [46].

Metal-organic frames (MOF) are another type of
orthopedic materials. These are crystalline porous
materials which can accumulate and release biologically
active molecules. They are tested as coatings with
slow release of antibiotics and act as a “sponge” for
toxins. For example, MOF based on zinc and bisphos-
phonates can slowly release zinc and inhibit growth of
bacteria [47].

Biomimetic composite materials are also studied. It
is well known that the bone is a composite of mineral and
polymer (collagen). Therefore, polymers (collagen,
chitosan, hyaluronic acid) combined with bioceramics
(HA, bioglass) is a logically correct approach. These
materials can better imitate an extracellular matrix and
initiate acceleration in regeneration. A successful example
is the coating of collagen impregnated with HA. In this
case, collagen provides elasticity and binds growth factors,
while the HA provides hardness and bioactivity [48].

Polydopamine is a polymer based on seashell glue
that has the property of a universal adhesive layer. It can
be easily deposited using polymerization from dopamine
on any surface and can bind metal ions, proteins, and
DNA. In coating technology, it is used for fixation of
coating components to the implant. For example, Ag nano-
particles can be fixed in a dopamine layer on the implant,
forming a long-term antibacterial coating. Also, poly-
dopamine can play the role of a carrier of growth factor
(BMP-2), forming a double coating (PDA + BMP-2) for
osteoinduction and a surface silver layer protecting
against bacteria [49].

3.9. Limitations

Most of the modern investigations on the functional
coatings of orthopedic implants are based on in vitro
experiments or on experiments on animals, which limits
generalization of the results and does not allow for
formation of a sufficiently convincing evidence base for
widespread  clinical  implementation.  Significant
variability in the deposition methods, physical and
chemical properties of coatings, and conditions of their
study complicate comparison of separate studies and
formation of uniform application protocols.

Despite the high prospectivity of the novel
materials, particularly graphene, MOF, and nanocom-
posites, as well as combined multifunctional systems,
most of them are in the stage of laboratory and
preclinical studies, without sufficient clinical results.
Another problem is the difficulty of industrial scaling of
the methods for coating deposition on implants with
complex shapes, which require further optimization and
standardization of technological processes. In this case,
the implant coatings are a prospective but still
experimental approach for the improvement of the results
of orthopedic surgeries, which requires careful
verification in controlled clinical investigations and long-
term monitoring of their safety and efficacy. Future
investigations should be focused on clinical evaluation of
combined osseointegrative and antimicrobial coatings
involving models of osteoporosis and infected defects.
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4. Conclusions

The development of coatings for orthopedic metal
fixation devices leads to an increase in the efficiency and
safety of osteosynthesis. Novel coatings based on hydro-
xyapatite, bioactive glass, doped compositions, and nano-
materials can substantially improve the biocompatibility
of implants and stimulate ossecointegration. Analysis of
the modern investigations confirms that the coatings of
the orthopedic implants with bioactive and antimicrobial
materials can substantially improve clinical results of
osteosynthesis. Hydroxyapatite, bioactive glass, Sr-doped
coatings, and compositional systems based on graphene
oxide or polydopamine demonstrate pronounced osteo-
conductive and in some cases, osteoinductive properties.
They enhance adhesion of osteoblasts, accelerate
mineralization, modulate the inflammatory response, and
reduce the risk of aseptic rocking.

On the other hand, the coatings enriched with silver,
iodine, gentamicin, chlorhexidine, or microelements (zinc,
copper, selenium) provide local antimicrobial protection,
reducing the rate of biofilm formation and purulent
complications without inhibiting tissue regeneration.
Modern multifunctional coatings can combine several
functions, namely antimicrobial, osteogenic, and anti-
inflammatory. They can be tuned to specific clinical
tasks. The best results can be achieved by combining
osteo- and antimicrobial properties in one implant. Novel
investigations are focused on multifunctional and smart
coatings, which can simultaneously facilitate bone
regeneration and protection against infection.

Solving technological problems of the deposition of
the mentioned coatings on complex surfaces, as well as
collecting clinical experience, are the key directions for
the coming years. With account of recent progress, the
coatings of orthopedic implants can potentially be
integrated into clinical practice, be an integral part of
treatment standards, increasing the percentage of
successful healing of complex fractures and reducing the
number of reoperations. The latter ensures better results
for patients and reduces the load of orthopedic diseases
on the healthcare system.

References

1. De Meo D., Cannari F.M., Petriello L. eral.
Gentamicin-coated tibia nail in fractures and
nonunion to reduce fracture-related infections: A
systematic review. Molecules. 2020. 25, No 22.
P. 5471. https://doi.org/10.3390/molecules25225471.

2. Kaspiris A., Vasiliadis E., Pantazaka E. etal
Current progress and future perspectives in contact
and releasing-type antimicrobial coatings of
orthopaedic implants: A systematic review analysis
emanated from in vitro and in vivo models. Infect.
Dis. Rep. 2024. 16, No 2. P. 298-316.
https://doi.org/10.3390/idr16020025.

3. Temchenko V., Lozinskii V., Vorona I. et al. Struc-
tural and morphological properties of hydroxyapa-
tite coatings obtained by gas-detonation deposition
on polymer and titanium substrates. SPOEQ. 2023. 26.
P. 368-375. https://doi.org/10.15407/spqe026.04.368.

10.

11.

12.

13.

14.

15.

16.

Vorona 1., Temchenko V., Lozinskii V. ef al. Raman
study of apatite coating obtained by detonation
spraying of the precursor salts on titanium
substrates. Solid State Commun. 2024. 394. P.
115710. https://doi.org/10.1016/j.s5¢.2024.115710.
Vorona 1., Temchenko V. Lozinskii V. etal.
Comparative study of detonation sprayed hydroxyl-
apatite coatings on polyetheretherketone and
titanium. Mater. Chem. Phys. 2025. 339. P. 130603.
https://doi.org/10.1016/j.matchemphys.2025.130603.
Ruggeri M., Miele D., Caliogna L. etal.
Hydroxyapatite-coated TigAlyV ELI alloy: In vitro
cell adhesion. Nanomaterials. 2024. 14. P. 1181.
https://doi.org/10.3390/nano14141181.

de Oliveira P.G., de Melo Soares M.S., e Souza A.S
et al. Influence of nano-hydroxyapatite coating
implants on gene expression of osteogenic markers
and micro-CT parameters: An in vivo study in dia-
betic rats. J. Biomed. Mater. Res. A. 2021. 109, No
5. P. 682—694. https://doi.org/10.1002/jbm.a.37052.
Liang J., Lu X., Zheng X. et al. Modification of
titanium orthopedic implants with bioactive glass: A
systematic review of in vivo and in vitro studies.
Front. Bioeng. Biotechnol. 2023. 11. P. 1269223.
https://doi.org/10.3389/fbioe.2023.1269223.

Li X., Wang M., Zhang W. et al. A magnesium-
incorporated nanoporous titanium coating for rapid
osseointegration. Int. J. Nanomedicine. 2020. 15. P.
6593-6603. https://doi.org/10.2147/1JN.S255486.
Rajyalakshmi A., Ercan B., Balasubramanian K.,
Webster T.J. Reduced adhesion of macrophages on
anodized titanium with select nanotube surface
features. Int. J. Nanomedicine. 2011. 6. P. 1765—
1771. https://doi.org/10.2147/1JN.S22763

Capuani S., Malgir G., Chua C.Y.X., Grattoni A.
Advanced strategies to thwart foreign body response
to implantable devices. Bioeng. Transl. Med. 2022.
7. P. €10300. https://doi.org/10.1002/btm2.10300.
Zheng K., Niu W., Lei B. ef al. Inmunomodulatory
bioactive glasses for tissue regeneration. Acta
Biomater. 2021. 133. P. 168-186.
https://doi.org/10.1016/j.actbio.2021.08.023.

Liu Z., Huang L., Qi L. efal. Activating angio-
genesis and immunoregulation to propel bone
regeneration via deferoxamine-laden Mg-mediated
tantalum oxide nanoplatform. ACS Appl Mater.
Interfaces. 2024. 16, No 19. P. 24384-24397.
https://doi.org/10.1021/acsami.4c04316.

Gavinho S.R., Padua A.S., Holz L.IV. etal.
Bioactive  glasses  containing  strontium  or
magnesium ions to enhance the biological response
in bone regeneration. Nanomaterials. 2023. 13, No
19. P. 2717. https://doi.org/10.3390/nano13192717.
Herrera A., Mateo J., Gil-Albarova J. etal.
Cementless hydroxyapatite coated hip prostheses.
Biomed. Res. Int. 2015. 2015. P. 386461.
https://doi.org/10.1155/2015/386461.

Botterill J., Khatkar H. The role of hydroxyapatite
coating in joint replacement surgery: Key
considerations. J. Clin. Orthop. Trauma. 2022. 29.
P. 101874. https://doi.org/10.1016/j.jcot.2022.101874.

Buryanov O.A., Kupriy V.O., Chornyi V.S. et al. Bioactive coatings of metallic orthopedic implants ...

015


https://doi.org/10.3390/molecules25225471
https://doi.org/10.3390/idr16020025
https://doi.org/10.15407/spqeo26.04.368
https://doi.org/10.1016/j.ssc.2024.115710
https://doi.org/10.1016/j.matchemphys.2025.130603
https://doi.org/10.3390/nano14141181
https://doi.org/10.1002/jbm.a.37052
https://doi.org/10.3389/fbioe.2023.1269223
https://doi.org/10.2147/IJN.S255486
https://doi.org/10.2147/IJN.S22763
https://doi.org/10.1002/btm2.10300
https://doi.org/10.1016/j.actbio.2021.08.023
https://doi.org/10.1021/acsami.4c04316
https://doi.org/10.3390/nano13192717
https://doi.org/10.1155/2015/386461
https://doi.org/10.1016/j.jcot.2022.101874

SPQOEOQO, 2026. V. 29, No 1. P. 009-018.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bohara S., Suthakorn J. Surface coating of orthopedic
implant to enhance the osseointegration and
reduction of bacterial colonization: A review.
Biomater. Res. 2022. 26, No 1. P. 26.
https://doi.org/10.1186/s40824-022-00269-3.
Duraisamy R., Ganapathy D., Shanmugam R.,
Thangavelu L. Systematic review on hydroxyapatite
and chitosan combination-coated titanium implants
on osseointegration. World J. Dent. 2024. 15. P. 79—
86. https://doi.org/10.5005/jp-journals-10015-2358.
LiY., FuG., Gong Y. et al. BMP-2 promotes osteo-
genic differentiation of mesenchymal stem cells by
enhancing mitochondrial activity. J. Musculoskelet.
Neuronal Interact. 2022. 22, No 1. P. 123-131.
Wang J., Guo J., Liu J. et al. BMP-functionalised
coatings to promote osteogenesis for orthopaedic
implants. Int. J. Mol. Sci. 2014. 15, No 6. P. 10150—
10168. https://doi.org/10.3390/ijms150610150.
Furko M. Bioglasses versus bioactive calcium
phosphate derivatives as advanced ceramics in tissue
engineering: Comparative and comprehensive study,
current trends, and innovative solutions. J. Funct.
Biomater. 2025. 16, No 5. P. 161.
https://doi.org/10.3390/jfb16050161.
Dominguez-Trujillo C., Peén E., Chicardi E. ef al.
Sol-gel deposition of hydroxyapatite coatings on
porous titanium for biomedical applications. Surf.
Coat. Technol. 2018. 333. P. 158-162.
https://doi.org/10.1016/j.surfcoat.2017.10.079.
Nogueira D.M.B., Rosso M.P.O., Buchaim D.V.
et al. Update on the use of 45S5 bioactive glass in
the treatment of bone defects in regenerative
medicine. World J. Orthop. 2024. 15, No 3. P. 204—
214. https://doi.org/10.5312/wjo.v15.13.204.

Yan M., Ou Y., Lin Y. ef al. Does the incorporation
of strontium into calcium phosphate improve bone
repair? A meta-analysis. BMC Oral Health. 2022. 22.
P. 62. https://doi.org/10.1186/512903-022-02092-7.
Sayed O., Abdalla M.M., Elsayed A. ef al. Does
strontium coated titanium implants enhance the
osseointegration in  animal models under
osteoporotic condition? A systematic review and
meta-analysis. BDJ Open. 2024. 10. P. 69.
https://doi.org/10.1038/s41405-024-00220-9.
Kubiak-Mihkelsoo Z., Kostrzebska A., Blaszczy-
szyn A. et al. lonic doping of hydroxyapatite for bone
regeneration: Advances in structure and properties
over two decades — A narrative review. Appl. Sci. 2025.
15. P. 1108. https://doi.org/10.3390/app15031108.
Fuchs T., Stange R., Schmidmaier G., Raschke M.J.
The use of gentamicin-coated nails in the tibia:
Preliminary results of a prospective study. Arch.
Orthop. Trauma Surg. 2011. 131, No 10. P. 1419—
1425. https://doi.org/10.1007/s00402-011-1321-6.
Ishihama H., Ishii K., Nagai S. ef al. An antibac-
terial coated polymer prevents biofilm formation
and implant-associated infection. Sci. Rep. 2021. 11.
P. 3602. https://doi.org/10.1038/s41598-021-82992-w.
Medical device material performance study — Silver
safety profile. 2021.

Bergemann C., Zaatreh S., Wegner K. ef al. Copper
as an alternative antimicrobial coating for implants:

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

An in vitro study. World J. Transplant. 2017. 7, No
3. P. 193-202. https://doi.org/10.5500/wjt.v7.i3.193.
Malheiros S.S., Borges M.H.R., Rangel E.C. et al.
Zinc-doped antibacterial coating as a single
approach to unlock multifunctional and highly
resistant titanium implant surfaces. ACS Appl.
Mater. Interfaces. 2025. 17, No 12. P. 18022—-18045.
https://doi.org/10.1021/acsami.4c21875.

Tran P., O’Brien-Simpson N., Palmer J. ef al. Sele-
nium nanoparticles as anti-infective implant coatings
for trauma orthopedics against methicillin-resistant
Staphylococcus aureus and epidermidis: In vitro and
in vivo assessment. Int. J. Nanomedicine. 2019. 14.
P. 4613-4624. https://doi.org/10.2147/1IN.S197737.
Zamorano A.l, Vaccia M.A., Albarran C.F. et al.
Two-year follow-up shows gentamicin-coated tibial
nails reduce infection rates in open tibial fractures.
Antibiotics. 2025. 14. P. 532.
https://doi.org/10.3390/antibiotics 14060532.

Li B., Thebault P., Labat B. et al. Implants coating
strategies for antibacterial treatment in fracture and
defect models: A systematic review of animal
studies. J. Orthop. Translat. 2024. 45. P. 24-35.
https://doi.org/10.1016/j.jot.2023.12.006.

Savvidou O.D., Kaspiris A., Trikoupis 1. etal.
Efficacy of antimicrobial coated orthopaedic implants
on the prevention of periprosthetic infections: A
systematic review and meta-analysis. J. Bone Jt.
Infect. 2020. 5, No 4. P. 212-222.
https://doi.org/10.7150/jbji.44839.

Lu X., Cai H., Li Y.R. et al. Systematic review and
network meta-analysis of biomedical Mg alloy and
surface coatings in orthopedic application. Bioinorg.
Chem. Appl. 2022. 2022. P. 4529520.
https://doi.org/10.1155/2022/4529520.

Romano C.L., Scarponi S., Gallazzi E. etal.
Antibacterial coating of implants in orthopaedics
and trauma: A classification proposal in an evolving
panorama. J. Orthop. Surg. Res. 2015. 10. P. 157.
https://doi.org/10.1186/s13018-015-0294-5.

Hu Q., Du Y., Bai Y. efal. Smart zwitterionic
coatings with precise pH-responsive antibacterial
functions for bone implants to combat bacterial
infections. Biomater. Sci. 2024. 12, No 17. P. 4471—
4482. https://doi.org/10.1039/d4bm00932k.

Strobel C., Bormann N., Kadow-Romacker A. et al.
Sequential release kinetics of two (gentamicin and
BMP-2) or three (gentamicin, IGF-I and BMP-2)
substances from a one-component polymeric coating
on implants. J. Control. Release. 2011. 156. P. 37—
45. https://doi.org/10.1016/j.jconrel.2011.07.006.
Tsui Y.C., Doyle C., Clyne T.W. Plasma sprayed
hydroxyapatite coatings on titanium substrates. Part
1: Mechanical properties and residual stress levels.
Biomaterials. 1998. 19, No 22. P. 2015-2029.
https://doi.org/10.1016/s0142-9612(98)00103-3.
Nelea V., Morosanu C., Iliescu M., Mihailescu I.N.
Hydroxyapatite thin films grown by pulsed laser
deposition and radio-frequency magnetron sputtering:
Comparative study. Appl. Surf. Sci. 2004. 228.
No 1-4. P. 346-356.
https://doi.org/10.1016/j.apsusc.2004.01.029.

Buryanov O.A., Kupriy V.O., Chornyi V.S. et al. Bioactive coatings of metallic orthopedic implants ...

016


https://doi.org/10.1186/s40824-022-00269-3
https://doi.org/10.5005/jp-journals-10015-2358
https://doi.org/10.3390/ijms150610150
https://doi.org/10.3390/jfb16050161
https://doi.org/10.1016/j.surfcoat.2017.10.079
https://doi.org/10.5312/wjo.v15.i3.204
https://doi.org/10.1186/s12903-022-02092-7
https://doi.org/10.1038/s41405-024-00220-9
https://doi.org/10.3390/app15031108
https://doi.org/10.1007/s00402-011-1321-6
https://doi.org/10.1038/s41598-021-82992-w
https://doi.org/10.5500/wjt.v7.i3.193
https://doi.org/10.1021/acsami.4c21875
https://doi.org/10.2147/IJN.S197737
https://doi.org/10.3390/antibiotics14060532
https://doi.org/10.1016/j.jot.2023.12.006
https://doi.org/10.7150/jbji.44839
https://doi.org/10.1155/2022/4529520
https://doi.org/10.1186/s13018-015-0294-5
https://doi.org/10.1039/d4bm00932k
https://doi.org/10.1016/j.jconrel.2011.07.006
https://doi.org/10.1016/s0142-9612(98)00103-3
https://doi.org/10.1016/j.apsusc.2004.01.029

SPQEO, 2026. V. 29, No 1. P. 009-018.

42. Shenoda A.M., Gadallah M.A., Darwish R.M. et al.
Micro/nanostructured bioactive titanium implant
surface with sol-gel silicate glass nanoparticles. Int.
J. Oral Maxillofac. Implants. 2023. 38, No 3.
P. 591-606. https://doi.org/10.11607/jomi.10272.

43. Khanmohammadi S., Aghajani H. Electrophoretic
deposition  of  ternary  chitosan/mesoporous
bioglass/hydroxyapatite composite coatings for drug
delivery application. Bull. Mater. Sci. 2024. 47.
P. 51. https://doi.org/10.1007/s12034-023-03125-9.

44. Wang F., Li C, Zhang S., Liu H. Role of TiO,
nanotubes on the surface of implants in osseointe-
gration in animal models: A systematic review and
meta-analysis. J. Prosthodont. 2020. 29, No 6.
P. 501-510. https://doi.org/10.1111/jopr.13163.

45. Greer A.l, Lim T.S., Brydone A.S., Gadegaard N.
Mechanical compatibility of sol-gel annealing with
titanium for orthopaedic prostheses. J. Mater. Sci.
Mater. Med. 2016. 27, No 1. P. 21.
https://doi.org/10.1007/s10856-015-5611-3.

46. Silveira S., Sahm B., Kreve S., Dos Reis A. Osseo-
integration, antimicrobial capacity and cytotoxicity
of implant materials coated with graphene compounds:
A systematic review. Jpn Dent. Sci. Rev. 2023. 59.
P. 303-311. https://doi.org/10.1016/j.jdsr.2023.08.005.

47. Jakubowski M., Voelkel A., Domke A., Sando-
mierski M. Biomedical applications of titanium
alloys modified with MOFs: Current knowledge and
further development directions. Crystals. 2023. 13.
P. 257. https://doi.org/10.3390/cryst13020257.

48. He H., Wang L., Cai X. ef al. Biomimetic collagen
composite matrix-hydroxyapatite scaffold induce
bone regeneration in critical size cranial defects.
Mater Des. 2023. 236. P. 112510.
https://doi.org/10.1016/j.matdes.2023.112510.

49. Tolabi H., Bakhtiary N., Sayadi S. et al. A critical
review on polydopamine surface-modified scaffolds
in musculoskeletal regeneration. Front. Bioeng.
Biotechnol. 2022. 10. P. 1008360.
https://doi.org/10.3389/fbioe.2022.1008360.

Authors’ contributions

Buryanov O.A.: conceptualization, supervision, writing
— original draft, writing — review and editing.

Kupriy V.O.: writing — original draft, writing — review
and editing.

Chornyi V.S.: conceptualization, supervision, writing —
original draft.

Kusyak A.P.: literature analysis, writing — original draft.

Nasieka Iu.M.: data analysis and editing, writing —
review and editing.

PonyatovsKkyi V.A.: conceptualization, supervision.

Dubok V.A.: data analysis and editing.

Vitkovskyi Ya.V.: data analysis.

Lozinskii V.B.: synthesis of hydroxyapatite coatings,
data analysis.

Temchenko V.P.: synthesis of hydroxyapaite coatings,
data analysis.

Belyaev A.E.: conceptualization, supervision.

Authors and CV

Olexandr A. Buryanov, Doctor of
Medical Sciences, Professor, Academi-
cian of the Academy of Sciences of
Higher Education of Ukraine, Head of
the Department of Traumatology and
Orthopaedics of the O. Bohomolets
National Medical University, Honored
Worker of Science and Technology of
Ukraine. E-mail: kaftraum@ukr.net,
https://orcid.org/0000-0002-2174-1882

Valentyn O. Kuprii, Junior Research
/ \ Fellow at the State Scientific Institution
- = A “Center for Innovative Medical Techno-
LM logies, NAS of Ukraine”, PhD candidate

at the O. Bogomolets National Medical
, University. Research interests: regene-
- rative orthopedics and study of functio-
onal modifications of metallic implants. https://orcid.org/
0000-0003-3026-5053, e-mail: drkuprii@gmail.com
Volodymyr S. Chornyi, PhD, Medical
Doctor, Associate Professor of the De-
partment of Traumatology and Orthope-
dics, O. Bogomolets National Medical
University. Research interests: implant
biomaterials in orthopedics and trauma-
Nl tology, coatings of orthopedic implants,
replacement of bone tissue defects.
E-mail: oncoortoped@gmail.com,
https://orcid.org/0000-0002-3679-0783

Andrii P. Kusyak, Candidate of
Chemical Sciences, Senior Researcher
at the Chuiko Institute of Surface
Chemistry. Research interests: multi-
functional materials and coatings.
E-mail: a_kusyak@ukr.net,
https://orcid.org/0000-0003-1005-5497

Iurii M. Nasieka, Doctor of Physical
and Mathematical Sciences, Senior Re-
searcher at the Department of Kinetic
Phenomena and Polaritonics, V. Lash-
karyov Institute of Semiconductor Phy-
k sics. Research interests: semiconductor
optics, optical materials.
https://orcid.org/0000-0002-3431-8856

Vadim A. Ponyatovskyi, PhD, Asso-
ciate Professor at the Department of
Microbiology, Virology and Immuno-
logy, O. Bogomolets National Medical
University. Research interests include
microbiological studies of antibiotic
resistance, bacteriophages, and biomate-
rials. E-mail:vponiatovskyi@gmail.com,
https://orcid.org/0000-0002-1503-3935

Buryanov O.A., Kupriy V.O., Chornyi V.S. et al. Bioactive coatings of metallic orthopedic implants ...


https://doi.org/10.11607/jomi.10272
https://doi.org/10.1007/s12034-023-03125-9
https://doi.org/10.1111/jopr.13163
https://doi.org/10.1007/s10856-015-5611-3
https://doi.org/10.1016/j.jdsr.2023.08.005
https://doi.org/10.3390/cryst13020257
https://doi.org/10.1016/j.matdes.2023.112510
https://doi.org/10.3389/fbioe.2022.1008360
https://orcid.org/
https://orcid.org/
mailto:oncoortoped@gmail.com
https://orcid.org/0000-0002-3679-0783
mailto:a_kusyak@ukr.net
https://orcid.org/0000-0003-1005-5497
https://orcid.org/0000-0002-3431-8856
mailto:vponiatovskyi@gmail.com
https://orcid.org/0000-0002-1503-3935

SPQEO, 2026. V. 29, No 1. P. 009-018.

Vitaliy A. Dubok, Professor, Doctor of
Chemical Sciences, Leading Resear-
cher at the Institute for Problems of
Materials Sciences, NAS of Ukraine.
Research interests: oxide bioceramics,
2 high-temperature electrophysics of lan-
thanides. E-mail: vdubok17@gmail.com,
https://orcid.org/0000-0002-3494-7775

Volodymyr P. Temchenko, PhD in
Technical Sciences, Senior Resear-
cher at the V. Lashkaryov Institute of
Semiconductor Physics, NAS of
Ukraine. Author of more than 50
publications.  Research interests:
modernization of equipment for
depositing diamond-like films and ceramic material
layers. E-mail: temvp@ukr.net,

Ya.V. Vitkovskyi, Fourth-year student https://orcid.org/0009-0007-4373-0838,

at the O. Bogomolets National Medical
‘ -

University, member of the O. Kysil Stu-
dent Scientific Society, Head of the stu-
dent scientific group of the Department
of Orthopedics and Traumatology.

Alexander E. Belyaev, Doctor of
Physical and Mathematical Sciences,
Professor, Academician of the NAS
of Ukraine. He is the author of more
than 220 publications. The area of his
scientific activity is transport and
optical  properties in  quantum

Volodymyr B. Lozinskii, PhD in
Technical Sciences, Senior Researcher
at the V. Lashkaryov Institute of Semi-
conductor Physics, NAS of Ukraine. z multilayer heterostructures and low-
Author of more than 30 publications. =4 dimensional systems as well as their
Research interests: coating technolo- application in UHF devices.

gies, effect of various treatments on the E-mail: belyaev@isp.kiev.ua,

properties of semiconductors. E-mail: Ivb60@ukr.net, https://orcid.org/0000-0001-9639-6625
https://orcid.org/0000-0002-7787-0456

BioakTHBHI MOKPHUTTS MeTajeBHX OPTOMEIUYHHMX IMIJIAHTATIB: (YHKIiOHAJBHI BJIACTHBOCTI Ta KJIiHiYHMIT
TOTeHIiaJl

O.A. Byp’sinoB, B.O. Kynpiii, B.C. YopHuii, A.Il. Kycak, F0.M. Haceka, B.A. [lousaToBchbkuii, B.A. Jlyook,
S1.B. BitkoBchkuid, B.b. Jlo3incbkuii, B.I1. Temuenko, A.€. beasieB

AHoTanisi. 3aCTOCYBaHHS METAJIEBHX OPTOIECAWYHHUX IMIUTAaHTATiB (TBHHTH, IUIACTUHH, IHTPaMETYISApHI CTPHKHI)
CYNPOBOJKYETBCSI TAKUMH IpoOneMaMu, K HEAOCTaTHs OloJIoTiyHA IHTEeTpallis Ta BUCOKMH PHU3UK IHQEKIIHHUX
YCKJIaHEeHb. Y [aHOMY OISOl y3arajbHEHO CydYacHi JaHi om0 (YHKIIOHAJBHHX TMOKPHUTTIB METaIeBHX
OpPTONCAMYHMX IMIUIQHTATIB, 30KpeMa IX OCTCOIHIYKTHBHUX, OCTCOKOHIYKTUBHHX, IMYHOMOIYIIOKYUX 1
aHTUMIKPOOHHX BJIACTHBOCTEH, a TAKOXK OILIIHEHO MOTEHIaN 1X KIIHIYHOTO 3acTocyBaHHsI. OCHOBHUMH 0i0aKTHBHUMHU
MTOKPUTTSMH, SIKi PO3TIBIIAIOTECA B pOOOTi, € TiApOKCHANATHT i Oi0aKTHBHE CKJIO, a TaKOX HAHOCTPYKTYPOBaHI Ta
neroBaHl mapu. I[IpoaHani3oBaHO METOAW HAHECEHHs IIOKPUTTIB, 30KpeMa IUIa3MOBE HAaIllWJICHHS, 30Jb-Tellb
TEXHOJIOTiI0, aHOAYBaHHS Ta EJIEKTPO(GOpe3He OCaMKEHHS, 'a30BO-IETOHALliiHE HalWIeHHA. BcraHoBieHo, 1o
MOKPHUTTSL 3 TiIpOKCHANaTHTy Ta O0l0aKTHBHOTO CKJIa 3HAaYHO MOKPALIyIOTh OIOCYMICHICTH Ta CTHMYIIOIOTh
ocreoinTerpaiit. JleryBaHus ioHamMu (CTPOHIIIN, IIMHK, MArHii) MiJCKHIIOE OCTECOIHAYKTHBH BJIaCTUBOCTI IIOKPHUTTIB, a
HAHOCTPYKTYPYBaHHSA MiJBHIIYE aAre3il0 KIITHH Ta TOCTA0NIOE 3amajibHi peakiii. AHTUMIKpOOHI MOKPHUTTA 3i
cpibsoM, aHTHOIOTHKAMU 1 OaKTEPUIIMHUMH PEYOBHHAMH €(DEKTHBHO 3HIDKYIOTh YacTOTY iH(QEKIiIHHUX YCKIIaIHEHb.
Ha#iOinpmn mepcreKTHBHUME JUIS MIPOMECIOBOTO BUKOPHCTAHHS € TUTa3MOBE HANICHHS, 30Jb-TeNb TEXHOJOTIl i
ra3oBO-ACTOHALlIifHE HaIlWICHHS. baraToQyHKIIOHAIBHI Ta «PO3YMHD» MOKPHUTTS AEMOHCTPYIOTh BHUCOKY KIIHIYHY
e(EeKTHBHICTF 1 MEPCHeKTUBH IMUPOKOTO BIPOBAHKCHHS. [lomampmmii pO3BUTOK TEXHOJOTIH HAHECEHHS Ta
ONTUMI3aIlis CKJIa1y TOKPUTTIB J03BOJISITH 3MEHIIUTH YCKIIaHEHHS I TIOKPAIUTH Pe3yIbTaTH JIIKyBaHHs IAIi€HTIB 3
TpaBMaMH Ta Ae(eKTaMu KiCTOK.

KaiouoBi ciioBa: GioakTHBHI MOKPUTTS, OPTOIIEANYHI IMIUIAHTATH, METOM OCA/KEHHSI, 010JIOTIYHA IHTErpalis, pU3HK
iHGeKIil.
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