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ABSTRACT

Treatment and rehabilitation of patients have always been the most important goals of medicine, and nowadays implantology 
becomes one of the most important aspects of medical science. Various materials and methods are used in the traumatology 
and orthopedics among which metals take significant place. And one of the main problems of the modern medicine is the 
complication of implants application by the growth of infectious diseases that can progress on the surface of the implant. 
To prevent these complications various nanocoatings and methods of prevention of the infection are used over the surface 
of implants and surrounding organs and different antibacterial properties are being applied during the development of 
metallic constructions. The goal of this work was to analyze the results of various studies related to the use of nano-
coatings as well as the application of antibiotics in bone pathology and subsequently make conclusions on the topic of the 
best material for use in medical practice for the treatment of infectious complications on the basis of examined studies.
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BACKGROUND
The treatment and rehabilitation of pathologies of the human body has been one of the imperious 
necessities from the earliest foundations of human civilization. That fact led to the usage of 
different materials including metals for the making and the development of biomedical technologies 
in general and implants in particular.[1] And nowadays the theoretical possibility of complete 
restoration of organic and body functions had lead to the accelerated pace of the development of  
implantology.

Implant materials are used for numerous purposes: for example, pacemakers and artificial heart valves 
are used for the sustenance of a patient’s normal life activity with heart defects and also implants 
are used for the mobility of artificial joints.[2] Biomaterials can be divided into three general types 
including metals, polymers, and ceramics. Herewith metals are used more widely in biomedicine, the 
development of implants including.[3]

Also combined implants are used more often, with the base of a strong metal like bio inert titanium, 
zirconium or tantalum coated with a bio ceramic material representing a specially formed metal oxide 
layer.[25]

Metals are highly preferable in the production of implants during loads of dynamic and cyclical nature 
because of the combination of their density and plasticity. But modifications of metal coating are 
necessary from time to time because of their incompatibility with the blood and biological activity 
of the organism.[4] As such the nosocomial infection that can lead to the defect of the implant itself 
with the decline of its functionality can be detected in the post-operational period on the surface 
of implants.[5] This problem is especially manifested during the implantation of orthopedical 
prosthetics due to the necessity of two or three surgical involvements during several weeks in this  
procedure.[37]

Though implants and various materials with the property of osteoinductivity and osteointegration 
for the improvement of its properties are used in biomedicine and it led to significant progress in 
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for example has been widely used in various researches 
due to its antibacterial activity and distinctive high surface 
area-to-volume property.[16] Moreover, ZnO is known for 
targeting several bacterial pathways at once instead of 
targeting the single one, making it rather complicated for 
the infectious pathogen to develop resistance against ZnO.[19]  
Another metal oxide nano-particle which is used due to its 
antibacterial activity is Silver nanoparticles (Ag NPs).[19] 
Though silver was used in antibacterial and antifungal therapy 
for a long time, its importance has been significantly increased 
because of the lesser possibility of bacterial resistance and 
wider possibilities.[20]

The clinical application of titanium and titanium alloys on the 
other hand was limited due to the low level of anti-infection, 
osteoinductivity and angiogenic abilities. In this case novel 
model substrate was designed which has become a combination 
of periodic micro/nano-pillar array and TiO2 for basically 
understanding the topographical bacteriostatic effects of 
periodic micro/nano-pillar array and the photocatalytic 
bactericidal activity of TiO2.[38]

Lately nano-antibiotic materials which consist of nano-particles 
combined with antibiotics were used in the enhancement of 
antibiotic activity that prevented bacterial resistance. Thus 
Ag NPs were applied in combination with traditionally used 
antibiotics for the enhancement of antibacterial activity. In a 
similar way, mixed with antibiotics ZnO has been used for the 
increasing of their synergistic effective potential.

In any event, it is biocompatibility that determines the 
ability of different materials to integrate into the biological 
tissue providing the most efficient implant functioning. 
Biocompatibility is the property of materials to fulfill their 
functions without leading to the damages of the organism. It 
is due to this effect clinical disorders are not caused by the 
implantation of the material into the body leading to the 
adverse tissue reactions [41]. This property of materials is 
necessary for an optimal therapeutic effect [26]. Consequently 
biocompatible materials are such materials that work or 
function without causing serious damage of the organism or 
lead to the complications harmoniously when in contact with 
the body or in the body.[27]

Goal

Our goal was to analyze the results of various studies related to 
the use of nano-coatings as well as the application of antibiotics 
in bone pathology and subsequently make conclusions on the 
topic of the best material for use in medical practice for the 
treatment of infectious complications on the basis of examined 
studies.

MATERIALS AND METHODS
During the course of the study, we searched for publications 
in peer-reviewed journals, carried out with the usage of the 
electronic databases such as PUBMED.com, RSCI (Russian 
Science Citation Index), and the scientific electronic library 
eLIBRARY.RU. The authors reviewed publications and studies 
on the topic of implantology and nanocoatings used in the 
postoperative and recovery periods. These articles have been 
included in the case of the presence of the evidence. Data 

modern medicine, it also led to the increased risk of infectious 
complications associated with implants,[10], [30] Thus, according 
to the statistics the implant-associated infections amount to 
25.6% of all healthcare-associated infections in the USA.[11] One 
of the reasons for difficulty of the treatment of the implant-as-
sociated infection is the bacterial antibiotic resistance induced 
mainly by the widespread usage of antibiotics.[12, 13] Nowadays 
approximately 700,000 deaths per year all over the world are 
caused by antibiotic-resistant infections.[12] And according to 
the statistics, this number can increase up to 10,000,000 per 
year in roughly thirty years in case if there is still no effective 
treatment of antibiotic resistance.[12]

In the current worldwide situation, this threat might be 
intensified by the extensive usage of antibiotics during the 
COVID-19 pandemic for the prevention of secondary bacterial 
infections in patients. For the prevention of these problems 
there have been attempts of identification of new antibiotics, 
usage of alternatives to known antibiotics and chemical 
modification of existing drugs as well as other methods. One 
of these methods is the usage of nano-materials that represent 
the promising alternative to current antibiotics in the 
treatment of infections caused by multidrug-resistant (MDR) 
pathogens. Due to the certain features of nano-materials 
their application in medical sphere allows such advantages as 
bacterial annihilation, bioimaging, intracellular delivery, and 
treatment of cancer.[14] It has to be noted that nano-materials 
can demonstrate antibacterial activity either independently or 
in combination with antibiotics for the enhancement of their 
potency.[15]

Regarding this problem chemical elements that have 
bactericidal properties and broad-spectrum antibiotics were 
used. But nowadays nanotechnologies lead to significant 
perspectives in medicine in general and in bone pathology in 
particular. More and more researches take place on the basis of 
these perspectives in modern laboratories worldwide widening 
the range of such researches and their further perspectives 
concerning the changes of covering features of biomaterials.[6]  
Nanotechnologies relate to the area of nano-science i.e. the 
science dedicated to the study of subjects which size if less 
than several hundred nanometers.[7]

The critical level of control of the interphase properties of 
the surface can be achieved on the surface of the substrate 
with the help of the use of nanotechnology due to the fact 
that most of the biological reactions, including the reactions 
of the host organism, take place at the nanoscale.[8] A much 
larger percentage of nano-materials is located on the surface 
on which it is applied in comparison with micro-materials, thus 
increasing the distribution area of   nano-structured materials. 
As a result of such surface and applied material scaling, almost 
every atom in the coating structure becomes interfacial.[9]  
Eventually macroscopic properties of the material are 
directly affected by nano-structures. As it is, self-organizing 
monolayers (SAM) are one of the types of nanoscale coatings 
that are capable of modifying the surface of biomaterials for 
the adaptation of their properties for specific purposes.

Nowadays various metal and metal oxide nanoparticles 
are used due to their antibacterial properties for treating 
infections caused by MDR pathogens. Among these materials 
are ZnO, CuO, TiO2, SiO2, MgO, Cao, Ag, Au, and Cu.[16] ZnO 
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analysis was processed only for publications officially published 
in the press.

RESULTS
The role of nano-coatings in traumatology and orthopedics 
is discussed by many authors nowadays. For example, Anil 
Mahapatro, author of “Bio-functional nano-coatings on metallic 
biomaterials” points in his work to the fact that the modification 
of these surfaces is highly important for interfacial control 
and other secondary processes. In this case self-assembled 
monolayers (SAMs) conduct surface modifications on a variety of 
surfaces with multiple functionalities. It is noted that SAMs are 
the most fundamental components of nanotechnology. Author 
notes that biofunctional nanocoatings have a major role in surface 
modification which emphasizing silane based nanocoatings. And 
nowadays the nanocoating technology of metallic biomaterials is 
rapidly expanding with new processes and surface engineering 
methods leading increasing the rate of researches.[31]

Then in the article “Evaluation of zinc-oxide nanocoating on the 
characteristics and antibacterial behavior of nickel-titanium 
alloy” the obtaining of a unique coating on NiTi substrate with 
the usage ZnO nanoparticles is discussed as well as its superior 
anti-bacterial effect against Gram-negative and Gram-positive 
bacteria and superior frictional performance. Authors of the 
article point that nanoparticles coatings can be used in future 
orthodontic procedures.[19]

In “Stable ZnO-doped hydroxyapatite nanocoating for anti-in-
fection and osteogenic on titanium” pulse electrochemical 
in-situ method of oxidative polymerization is described which 
was used to produce polyperrole (PPy) from Pyrrole. This 
method enabled the PPy dual regulation of HA-NPs and ZnO-NPs, 
which led to the successful construction of a multifunctional 
titanium substrate with bioactive, antibacterial, angiogenic 
and osteoinductive HA/PPy/ZnO nanocomposite coating 
with physiological stability. In this experiment the composite 
coating was composed of uniformly distributed spherical shaped 
nanoparticles. As a result the composite coating could induce the 
apatite formation of the simulated body fluid, and the apatite 
arrangement demonstrated good bioactivity. Authors also noted 
much more important fact that the good antibacterial property 
was demonstrated, by the antibacterial rate of HA/PPy/ZnO 
composite coating against Escherichia coli and Staphylococcus 
aureus which was 63.5 % and 72.8 %, respectively. In this work on 
the composite coating bone marrow-derived mesenchymal stem 
cells (BMSCs) adhered, proliferated and differentiated, showing 
good osteoinductivity in fluorescence staining experiments of 
the composite coating.[34]

Another example is the the study named “A New Nano-Platform 
of Erythromycin Combined with Ag Nano-Particle ZnO 
Nano-Structure against Methicillin-Resistant Staphylococcus 
aureus” where authors describe the synthesis of ZnO 
nano-structure combined with Ag NPs for the  preparation of 
an Ag-ZO (AZO) nano-composite in a low-temperature solution 
synthesis process. Authors note the simplicity, rapidity, and 
reproducibility of the of the ZnO nano-structure synthesis 
method. During this research the growth of MRSA clinical isolates 
was inhibited by the AZO sample combined with erythromycin. 
It demonstrated a lower risk of drug resistance than antibiotics 
alone. Additionally the synthesized nano-composite showed high 

cell viability. This leads to the conclusion that this cost-effective 
synthesized nano-composite can be used in different biomedical 
applications, as an antibacterial agent for example.[21]

Authors of the work “Enhancing the antibacterial efficacy of 
low-dose gentamicin with 5 minute assistance of photothermy at 
50°C” presented another point of view in regard of antibiotics. 
They developed and researched a photothermal therapy (PTT) 
that assisted drug release system on the implant surface for 
in situ rapid disinfection under 808 nm light irradiation within 
a short time, in which gentamicin (Gent) has been loaded 
by polyethylene glycol (PEG) modified molybdenum disulfide 
(MoS2) on Ti surface, being encapsulated with chitosan (CS) 
(CS/Gent/PEG/MoS2-Ti). The coatings hyperthermia produced 
irradiated by 808 nm near-infrared (NIR) light did not only 
accelerate the local release of Gent, but also led to the 
reduction of the activity of bacteria, which simplified the 
way by which the locally released drugs entered the interior 
of the bacteria for the inhibition of the protein synthesis and 
destruction of the cell membrane. Eventually this photothermy 
controlled drug-loaded implant surface system provided rapid 
and high-efficiency in situ sterilization, as well as offered 
long-term prevention of local bacterial infection.[13]

In the “Characterization and cytocompatibility of anantibiotic/
chitosan/cyclodextrins nanocoating on titanium implants” the 
development of novel ciprofloxacin loaded chitosan nanopar-
ticle-based coating onto titanium substrates is described and 
characterized in case of obtaining an orthopaedic implant 
surface able to in situ release the antibiotic for the prevention 
of post-operative infections. By this method the combination 
of sulfobutyl ether-beta-cyclodextrin and gamma-cyclodextrin 
helped to obtain ciprofloxacin loaded chitosan nanoparticles. 
The inhibition of growth of two nosocomial Staphylococcus 
aureus strains was achieved by this particular antibacterial 
coating, with its reduction of about 20 times when compared 
to controls showing the possibility for the development of a 
new antibiotic carrier for titanium implants.[40]

The other point is shown in the article by the name of 
“Aluminum Protection by Using Green Zirconium Oxide Layer 
and Organic Coating: An Efficient and Adherent Dual System”. 
Authors of this work demonstrated that of all structural alloys 
AA1100 surfaces containing ZrO2 nanocoatings have high 
instability of its native oxide/hydroxide interface layer, in long 
exposition time in the comparison with AA2024 structural alloy. 
Authors show that the presence of nanometric zirconium oxide 
film is beneficial for both substrates despite the porousness of 
the Zr-based nanocoatings, in comparison with the aluminum 
surface uniquely ground or degreased with alkaline solution. 
Further authors could overcome low barrier property of the 
zirconium oxide by the application of a further layer of an 
anticorrosive organic coating. It was demonstrated by authors 
that the samples with an ultra-thin layer of ZrO2, generated 
by electro-assisted technique have the superior adherence 
than samples with the chemical conversion treatment, due to 
the lower porosity found in the first case during the long-term 
accelerated corrosion tests and the scratch assays. As a result, 
the dual system was able to maintain the integrity of the metal 
surface and the coating adherence for 90 days, which samples 
without Zr-based nanocoatings could not do. Authors conclude 
that this system is sufficient enough alternative to chromate 
and phosphatizing processes due to the lack of environmental 
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problems connected to the toxicity of chemical baths and to a 
large amount of waste producing.[36]

The work named Micro/nanostructured TiO2 surface 
with dual-functional antibacterial effects for biomedical 
applications presented a designed novel model substrate being 
a combination of periodic micro/nano-pillar array and TiO2 
with the help of which understanding of the topographical 
bacteriostatic effects of periodic micro/nano-pillar array 
and the photocatalytic bactericidal activity of TiO2 can be 
achieved. Additionally, the authors conducted research that 
demonstrated how bacterial behaviors were affected by 
TiO2 periodic micro/nanopillar array. It was shown that TiO2 
periodic micro/nano-pillar array with sub-micron motif size 
noticeably inhibited the adhesion, growth, and proliferation of 
S. aureus and E. coli. As a matter of fact it was demonstrated 
that limited contact area availability that generated by the 
special topography of TiO2 periodic micro/nano-pillararray 
generate, as well as the spatial confinement size-effect are 
the reason of significant antibacterial activity. Though these 
effects can’t be attributed to the photocatalytic effect of 
TiO2 because of the dark environment where the bacteria 
were cultured. And although despite the fact that the TiO2 
periodic micro/nano-pillar array is not lethal to S. aureus and 
E. coli the further researches are necessary in this area One 
of the reason for this is that further study could help clarify 
the surface topography design which is absolutely necessary 
for future medical implants confrontation with antibiotic-re-
sistant implant-associated infections without using antibiotics. 
Such approach can be one of the ways to eliminate concerns 
that originate due to the widespread and excessive usage of 
antibiotics.[38]

It has to be noted that also a lot of works has been written 
recently that are dedicated to the examination of the 
regeneration of bone tissue. Especially a lot of articles is 
dedicated to the differentiation of the mesenchymal stem 
cells.[37]

An interesting point of view presents the article “Layer-by-layer 
nanocoating of antibacterial niosome on orthopedic implant” 
whose authors support the potential use of the designed 
noisome coating for orthopedic implant applications; however, 
noting the necessity for more investigations in the future with 
other preclinical studies including. The results obtained from 
this study show the real potential for the treatment of seated 
bacteria niosome by that layered formulation. The designed 
nano-coating on bone plate has shown prolonged drug release 
and heightened antibacterial activity as well as the absence of 
toxicity in the normal cells.[29]

Authors of the work named “Silver Nanocoating Technology in 
the Prevention of Prosthetic Joint Infection” point to the fact 
that the prevention is doubtless the general response to the 
increasing problem of orthopedic implant infections. In this 
work the ability of engineers to develop reliable, durable, 
non-toxic and safe biomaterials that lead to the prevention 
of bacterial adhesion and formation of biofilm on surfaces 
is discussed. Again this work points to the great potential 
of application of nanotechnologies and nanopatterning 
especially regarding antibacterial surface treatment with the 
help of the technologies based on AgNPs whose effectiveness 
was demonstrated in vitro and in vivo. AgNPs in this work 

demonstarated a strong antibacterial effect as well as relative 
inertness to the inner microflora of a patient. Though this work 
also showed side effects of these technologies such as toxicity 
and interference with osseointegration, which require further 
study of this problem.[28]

In spite of the positive results and perspectives shown in the 
aforementioned works authors of “Scientific Approaches to the 
Creation of Biocompatible Implant Materials” note that there 
are several levels of degree of implant and tissue biocompat-
ibility.[25] The implantation in every situation is accompanied by 
specific morphological changes in the tissue mucosa. Authors 
note that aside from the implant itself the human organism 
has a reaction to biological materials in the form of powder, 
granules, or grafts which are used in orthopedics and plastic 
surgery. Authors emphasize the necessity of understanding 
that there is no material that is completely compatible with 
the organism with all its biomechanical and physiological 
properties meaning that there are no perfect implants in 
medical practice nowadays. And nowadays world scientists see 
the solution in genetic engineering which can help reproduce 
the organism structure with the living tissue functions and 
required endurance. The work shows that 3D printing, for 
example, can help produce materials with biological properties 
required for the human organism which can attribute to 
the goal of creating materials with optimal properties for 
biomedicine. Having obtained the biological structure of living 
tissue these materials can provide effective tissue ingrowth in 
the case of temporary implants, and permanent implants can 
be sufficiently strong.[39]

Thus among approaches to the prevention of complications 
during the implantation there is developing of special devices. 
Among such devices is cannulated cervical screw described in 
the work named “Cannulated Screw with Bioactive Coverage 
on the Basis of Natural Hydroxyapatite during Osteosynthesis 
of Medial Fractures of Femur’s Neck”. This screw was 
developed specifically for the accomplishment of the dynamic 
stability of osteosynthesis and for the purpose of accelerating 
rehabilitation. In the work differences in the screw design are 
described, especially its spiral part including the presence of 
bioactive coverage on the basis of natural hydroxyapatite on the 
surface. The application of such screw as observed by authors 
reduce the chance of complications during the implantation 
and prevents the development of osteoresorbable reaction on 
the “implant-bone” line.[33]

In the work “The Practicability of the Application of Vitamin 
D in Combination with Vitamin C for the Improvement of Bone 
Tissue Metabolism” authors note the importance of disease 
prevention on the example of osteopenia and osteoporosis 
problem which require the complex approach. Thus, the 
special place in this matter is dedicated not only to the 
direct treatment but also to the individual and group work 
with patients of risk groups and people of old age with the 
purpose for healthy habits formation, and lifestyle change. 
Besides, authors note the necessity of influence on all chains of 
calcium exchange with the purpose of bone tissue metabolism 
improvement.[35]

Nowadays despite active application of antibacterial drugs 
during the infectious complications of bone pathology the 
attention more and more is attracted by preventive medicine. 
The application of biocompatible nano-coatings in particular 
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shows potential though further developments and researches 
are necessary regarding best material for this purpose in 
particular.

CONCLUSIONS
On the basis of data obtained during the analysis of scientific 
and research studies as well as of experimental constructive 
works published in the form of research articles the conclusions 
about high actuality of infectious complications during the 
applications of metallic constructions including nano-coatings 
during the bone pathology were made. These complications 
require further researches and developments of nanocoatings 
with safe properties with regards to antibacterial treatment 
as well.

REFERENCES
[1] Buddy Ratner, Allan Hoffman, Frederick Schoen, J. Lemons, 

Biomaterials Science: An Introduction to Materials in Medicine, 
3rd ed. Elsevier, 2013.

[2] A. Mahapatro, Metals for biomedical applications and devices, J. 
Biomater. Tissue Eng. 2 (2012) 259–268.

[3] S. Kulshrestha Ankur, A. Mahapatro, A. Henderson Lori, 
Biomaterials, Oxford University Press, 2012.

[4] S. Spriano, S. Ferraris, Metallic surfaces for osteointegration, in: 
L. Rimondini (Ed.), Surface Tailoring of Inorganic Materials for 
Biomedical Applications, Bentham Science 2012, pp. 279–296.

[5] K. Tamai, K. Kawate, I. Kawahara, Y. Takakura, K. Sakaki, 
Inorganic antimicrobial coating for titanium alloy and its effect 
on bacteria, J. Orthop. Sci. 14 (2009) 204–209.

[6] S.W.Y.Wong, K.M.Y. Leung, A.B. Djuri, A comprehensive reviewon 
the aquatic toxicity of engineered nanomaterials, Rev. Nanosci. 
Nanotechnol. 2 (2013) 79–105.

[7] X. Meng, L. Qiang, J. Wei, H. Shi, Preparation of electrophoretic 
nanoparticles for electronic paper, J. Nanosci. Nanotechnol.14 
(2014) 1617–1630.

[8] M. Durбn-Lobato, I.Muсoz-Rubio, M.Б. Holgado, J. Бlvarez-
Fuentes, M. Fernбndez-Arйvalo, L. Martнn-Banderas, Enhanced 
cellular uptake and biodistribution of a synthetic cannabinoid 
loaded in surface-modified poly(lactic-co-glycolic acid) nanopar-
ticles, J. Biomed. Nanotechnol. 10 (2014) 1068–1079.

[9] J.C. Love, L.A. Estroff, J.K. Kriebel, R.G. Nuzzo, G.M. Whitesides, 
Self-assembled monolayers of thiolates on metals as a form of 
nanotechnology, Chem. Rev. 105 (2005) 1103–1170.

[10] C.R. Arciola, D. Campoccia, L. Montanaro, Implant infections: 
adhesion, biofilm formation and immune evasion, Nat. Rev. 
Microbiol. 16 (7) (2018) 397–409.

[11] S.S. Magill, J.R. Edwards, W. Bamberg, Z.G. Beldavs, G. Dumyati, 
M.A. Kainer, R. Lynfield, M. Maloney, L. McAllister-Hollod, J. 
Nadle, S.M. Ray, D.L. Thompson, L.E. Wilson, S.K. Fridkin, multi-
state point- prevalence survey of health care- associated infec-
tions, N. Engl. J. Med. 370 (13) (2014) 1198–1208.

[12]  A. Tripathy, P. Sen, B. Su, W.H. Briscoe, Natural and bioinspired 
nanostructured bactericidal surfaces, Adv. Colloid Interface Sci. 
248 (2017) 85–104.

[13]  M. Ma, X. Liu, L. Tan, Z. Cui, X. Yang, Y. Liang, Z. Li, Y. Zheng, 
K.W.K. Yeung, S. Wu, Enhancing the antibacterial efficacy of 
low-dose gentamicin with 5 minute assistance of photothermy at 
50 °C, Biomater. Sci. 7 (4) (2019) 1437–1447.

[14]  Ramos, A.P.; Cruz, M.A.E.; Tovani, C.B.; Ciancaglini, P. Biomedical 
applications of nanotechnology. Biophys. Rev. 2017, 9, 79–89. 
[CrossRef] [PubMed]

[15]  Deng, H.; McShan, D.; Zhang, Y.; Sinha, S.S.; Arslan, Z.; Ray, P.C.; 
Yu, H. Mechanistic study of the synergistic antibacterial activity of 
combined silver nanoparticles and common antibiotics. Environ. 
Sci. Technol. 2016, 50, 8840–8848. [CrossRef] [PubMed]

[16]  Gold, K.; Slay, B.; Knackstedt, M.; Gaharwar, A.K. Antimicrobial 
activity of metal and metal-oxide based nanoparticles. Adv. 
Therap. 2018, 1, 1700033. [CrossRef]

[17] Naskar, A.; Lee, S.; Kim, K.-S. Antibacterial potential of Ni-doped 
zinc oxide nanostructure: Comparatively more effective against 
Gram-negative bacteria including multi-drug resistant strains. 
RSC Adv. 2020, 10, 1232–1242. [CrossRef]

[18]  Lee, N.Y.; Ko, W.C.; Hsueh, P.R. Nanoparticles in the treatment 
of infections caused by multidrug-resistant organisms. Front. 
Pharmacol. 2019, 10, 1153. [CrossRef] [PubMed]

[19]  Ouay, B.L.; Stellacci, F. Antibacterial activity of silver nanopar-
ticles: A surface science insight. Nano Today 2015, 10, 339–354. 
[CrossRef]

[20]. Burdus, el, A.C.; Gherasim, O.; Grumezescu, A.M.; Mogoanta, 
L.; Ficai, A.; Andronescu, E. Biomedical applications of silver 
nanoparticles: An up-to-date overview. Nanomaterials 2018, 8, 
681. [CrossRef] [PubMed]

[21]  Naskar A, Lee S, Lee Y, Kim S, Kim KS. A New 
Nano-Platform of Erythromycin Combined with Ag 
Nano-Particle ZnO Nano-Structure against Methicillin-
Resistant Staphylococcus aureus. Pharmaceutics.  
2020 Sep 2;12(9):841. doi: 10.3390/pharmaceutics12090841. 
PMID: 32887402; PMCID: PMC7558003.

[22]  Hua-Wei Liu, Dai-Xu Wei, Jiu-Zheng Deng, Jian-Jin Zhu, Kai Xu, 
Wen-Hao Hu, Song-Hua Xiao & Yong-Gang Zhou (2018) Combined 
antibacterial and osteogenic insitu effects of a bifunctional 
titanium alloy with nanoscale hydroxyapatite coating, Artificial 
Cells, Nanomedicine, and Biotechnology, 46:sup3, S460-S470, 
DOI: 10.1080/21691401.2018.1499662

[23]  El-Wassefy NA, Reicha FM, Aref NS. Electro-chemical deposition 
of nano hydroxyapatite-zinc coating on titanium metal substrate. 
Int J Implant Dent. 2017 Aug 13;3(1):39. doi: 10.1186/s40729-
017-0095-1. PMID: 28803411; PMCID: PMC5554469.

[24]  Feng GN, Huang XT, Jiang XL, Deng TW, Li QX, Li JX, Wu QN, Li SP, 
Sun XQ, Huang YG, Qin AP, Liang L, Fu JJ. The Antibacterial Effects 
of Supermolecular Nano-Carriers by Combination of Silver and 
Photodynamic Therapy. Front Chem. 2021 Apr 15;9:666408. doi: 
10.3389/fchem.2021.666408. PMID: 33937203; PMCID:PMC8082423.

[25]  Markov, A., Soloviev, G., Petrov, I., Khamchiyev, K., Shandaulov, 
A., Ibrayeva, S., Zhiyengaliyeva, A., Ostanin, A., Voronin, K., 
2021. Scientific Approaches to the Creation of Biocompatible 
Implant Materials. JBBBE. https://doi.org/10.4028/www.scien-
tific.net/jbbbe.53.11

[26] Berdyugin K.A., Stadler D.I., Gusev D.A. Modern materials for 
the formation of an induced bone block during operations on the 
spine // Fundamentalnyye issledovaniya. -2014. -№4. - P.415-418.

[27]  Valiev, R.Z. Nanostructured titanium for biomedical applications: 
new developments and prospects for commercialization / R.Z. 
Valiev, I. V. Aleksandrov // Russian technologies. - 2008. -V.3. 
-No9-10. - P. 106-115.

[28]  Gallo J, Panacek A, Prucek R, Kriegova E, Hradilova S, Hobza M, 
Holinka M. Silver Nanocoating Technology in the Prevention of 
Prosthetic Joint Infection. Materials (Basel). 2016 May 5;9(5):337. 
doi: 10.3390/ma9050337. PMID: 28773461; PMCID: PMC5503077.

[29] Hammad SM, El-Wassefy NA, Shamaa MS, Fathy A. Evaluation of 
zinc-oxide nanocoating on the characteristics and antibacterial 
behavior of nickel-titanium alloy. Dental Press J Orthod. 2020 
Jul-Aug;25(4):51-58. doi: 10.1590/2177-6709.25.4.051-058.oar. 
PMID: 32965387; PMCID: PMC7510495.

[30] Markov, A. Problems of the surgical treatment of patients with 
fractures of the proximal femur on the basis of osteoporosis / A. 
Markov // Systematic Reviews in Pharmacy. – 2019. – Vol. 10. – No 
1. – P. 143-145. – DOI 10.5530/srp.2019.1.26.

[31] Mahapatro A. Bio-functional nano-coatings on metallic biomate-
rials. Mater Sci Eng C Mater Biol Appl. 2015 Oct;55:227-51. doi: 
10.1016/j.msec.2015.05.018. Epub 2015 May 9. PMID: 26117759.

[32] Dwivedi A, Mazumder A, Nasongkla N. Layer-by-layer nanocoating 
of antibacterial niosome on orthopedic implant. Int J Pharm. 2018 



Journal of Complementary Medicine Research  ¦  Volume 13  ¦  Issue 1  ¦  2022 63

Alexander A. Markov, et al.: The Possibility of the Development of Antibacterial Properties on the Metallic Constructions for the Treatment

Aug 25;547(1-2):235-243. doi: 10.1016/j.ijpharm.2018.05.075. 
Epub 2018 Jun 1. PMID: 29864515.

[33] Markov, A. Results of the experimental research and clinical appli-
cation of cannulated screw with bioactive coverage on the basis of 
natural hydroxiapatite during osteosynthesis of medial fractures of 
femur’s neck / A. Markov // Journal of Biomimetics, Biomaterials 
and Biomedical Engineering. – 2020. – Vol. 46. – P. 52-59. –  
DOI 10.4028/www.scientific.net/JBBBE.46.52.

[34] Maimaiti B, Zhang N, Yan L, Luo J, Xie C, Wang Y, Ma C, Ye T. 
Stable ZnO-doped hydroxyapatite nanocoating for anti-infection 
and osteogenic on titanium. Colloids Surf B Biointerfaces. 2020 
Feb;186:110731. doi: 10.1016/j.colsurfb.2019.110731. Epub 2019 
Dec 14. PMID: 31855685. 

[35] Malyugina, O. A. The Practicability of the Application of Vitamin 
D in Combination with Vitamin K for the Improvement of Bone 
Tissue Metabolism / O. A. Malyugina, A. A. Markov // Systematic 
Reviews in Pharmacy. – 2020. – Vol. 11. – No 6. – P. 445-448. – DOI 
10.31838/srp.2020.6.70.

[36] Moreira, V.B.; Meneguzzi, A.; Jiménez-Piqué, E.; Alemán, C.; 
Armelin, E. Aluminum Protection by Using Green Zirconium Oxide 
Layer and Organic Coating: An Efficient and Adherent Dual Syste
m. Sustainability 2021, 13, 9688. https://doi.org/10.3390/
su13179688

[37] Malekpour K, Hazrati A, Zahar M, Markov A, Zekiy AO, Navashenaq 
JG, Roshangar L, Ahmadi M. The Potential Use of Mesenchymal 
Stem Cells and Their Derived Exosomes for Orthopedic Diseases 

Treatment. Stem Cell Rev Rep. 2021 Jun 24:1–19. doi: 10.1007/
s12015-021-10185-z. Epub ahead of print. PMID: 34169411; 
PMCID: PMC8224994.

[38] Ge X, Ren C, Ding Y, Chen G, Lu X, Wang K, Ren F, Yang M, Wang 
Z, Li J, An X, Qian B, Leng Y. Micro/nano-structured TiO2 surface 
with dual-functional antibacterial effects for biomedical appli-
cations. Bioact Mater. 2019 Nov 1;4:346-357. doi: 10.1016/j.
bioactmat.2019.10.006. PMID: 31720491; PMCID: PMC6 
838358.

[39] Markov A, Ponomarev A, Zavatskij M, Stepanova K, Krylov S, 
Naumov M. Preservation of Bone Tissue Quality during the 
Usage of Synthetic Bioactive Calcium Phosphate Mineral Coating 
for Prevention of Metallic Construction Migration. JBBBE 
2020;46:67–74. https://doi.org/10.4028/www.scientific.net/
jbbbe.46.67.

[40] Mattioli-Belmonte M, Cometa S, Ferretti C, Iatta R, Trapani A, 
Ceci E, Falconi M, De Giglio E. Characterization and cytocom-
patibility of anantibiotic/chitosan/cyclodextrins nanocoating 
on titanium implants. Carbohydr Poly, 2014 sep 22; 110;173-82. 
Doi: 10.1016/j.carbpol.2014.03.097. Epub 2014 Apr 8. PMID:  
24906744

[41] Malyutin, V. G., Sevagina, V. O., Kokotov, V. A., Goncharov, V. V., 
Markov, A. and Shalneva, K. N. (2021) “Improvement of Biomedical 
Structural Polymers by Synthetic Biology Methods”, Journal of 
Pharmaceutical Research International, 33(17), pp. 31-38. doi: 
10.9734/jpri/2021/v33i1731305.


