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Abstract

Background Ceramic materials are currently in wide demand in various fields of medicine. Zirconium
ceramics demonstrate exceptional mechanical properties and biocompatibility and do not cause cytotoxic
effects or allergic reactions in surrounding tissues.

The objective was to present an analysis of current literature data on the use of zirconium ceramics as a bone
replacement material in traumatology and orthopaedics.

Materials and methods The search for publications was conducted using the databases of Scopus, PubMed
and the electronic scientific library eLIBRARY in the Russian and English languages using the keywords:
bioceramics, bone, bone defect, zirconate, zirconium ceramics, bone tissue engineering, implant, scaffold,
augment, biointegration, bioactivity. Depth of search for scientific papers was from 2000 to 2023.

Results and discussion Zirconium dioxide is the main ceramic bioinert material. The study presents
the characteristics of ZrO, as a bone replacement material and its comparison with titanium implants. Data are
presented on various strategies for improving zirconium bioceramics: improving the surface of the material
by physical and chemical methods, obtaining volumetric porosity, including using additive technologies,
creating composite materials, and developing bioactive coatings. New methods of creating zirconium ceramics
compatible with living tissues containing bioactive ions that promote both osseointegration and bone tissue
regeneration have been actively studied.

Conclusions Zirconium dioxide ceramics appear to be a promising alternative to titanium implants in terms
of mechanical strength, biological functionality, chemical stability, osseointegration, and antibacterial
properties. Future experimental and clinical studies will further improve zirconium ceramics.
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INTRODUCTION

Annually, about 130 million fractures happen worldwide. A significant part of them develops
bone defects that must be filled in [1]. Moreover, the problem of bone defect compensation exists
in degenerative diseases of the musculoskeletal system, osteomyelitis, and oncological diseases
that require surgical intervention using bone grafts [2]. Patients of older age groups, patients
with complex comminuted fractures, patients with metabolic disorders are at risk for fracture
nonunion due to impaired bone tissue repair [3]. Unfortunately, there are currently no complete
solutions to this problem, since the ideal one would be to achieve a biocompatible scaffold similar
to natural bone. One of the most important properties that a graft must have is osteoconduction,
that is, the ability to function as a scaffold for mesenchymal stem cells (MSCs), osteoblasts and
osteoclasts [4]. This property of the material is directly related to the quality of the surface, which
should resemble the structure of cancellous bone [5]. Another required feature is osteoinduction
or the ability of the graft to stimulate bone formation, ensure the recruitment, proliferation
and subsequent differentiation of MSCs into chondro- and osteoblasts under the influence of growth
factors, cytokines, and adhesion molecules. It is also worth noting that an important function
of growth factors is induction of angiogenesis for the delivery of nutrient substrates to the developing
bone tissue [6]. Osseointegration is a direct contact of the implant with the bone through newly
formed bone tissue that should exclude the growth of fibrous tissue at the bone-implant interface.
One of the determining factors for successful osseointegration is the geometry and size of pores
on the surface and inside the structure of the material [7, 8]. Moreover, the osteosubstitution material
must meet the mechanical characteristics of the bone, requirements of biocompatibility, strength,
infectious safety and availability.

Autografting is considered the “gold standard” in the clinical practice due to a number of advantages:
good osteoconduction, osteoinduction and stimulation of osteogenesis. However, we must not
forget about possible complications both at the site of donor bone collection and at the site of bone
defect [9, 10]. The use of allografts also has significant shortcomings: possible immune rejection,
transmission of infection, and a high failure rate. The use of xenografts is limited by the presence
of immunogenic interspecies barriers [11]. The shortage of natural sources due to growing demand
for implants stimulated the search and development of artificial materials for osteoplasty.

The effectiveness of the interaction between the recipient bone bed and the implant depends not
only on the regenerative potential of the bone tissue and the area of interaction between the implant
and the bone in the defect area, but also on the compatibility of the osteosubstitution material
with the body tissue in terms of physicochemical, biological and mechanical properties. Artificial
materials that are developed specifically for medical purposes are biocompatible and are classified as
biomaterials. Among such materials, a special place is occupied by bioceramics, which has a unique
combination of properties versus metals or polymers. The biocompatibility of bioceramics ranges
from oxides, which are inert in the body, to resorbable materials, which eventually decompose
in the body. High internal strength, wear resistance, and low coefficient of friction allow the use
of bioceramics under high loads. The compatibility of bioceramics with human tissue reduces
the risk of adverse reactions or inflammation. Moreover, some types of bioceramics, in particular
hydroxyapatite or bioactive glasses, exhibit properties that promote tissue regeneration and
osseointegration. Bioceramics have the inherent versatility: the material can be molded into precise
shapes and its composition can be tailored to improve specific properties. All these features make
bioceramics an adequate material for solving a wide range of medical problems [12-15]. Research
on ceramic biomaterials has been developing rapidly, finding new areas of application in medicine,
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in particular in traumatology and orthopaedics. Moreover, the analysis of the contemporary market
of bioceramics showed that there has been a steady tendency towards the change of other types
of oxide ceramics by zirconium ceramics [16].

Purpose Based on literature data, determine the prospects for using zirconium ceramics as a bone
substitution material in traumatology and orthopaedics

MATERIALS AND METHODS

The search for publications on the topic was carried out in the PubMed databases and the electronic
scientific library eLIBRARY in two languages: Russian and English. Key words used were: bioceramics,
bone, bone defect, zirconate, zirconium ceramics, bone tissue engineering, implant, scaffold,
augment, biointegration, bioactivity. Depth of the search for scientific papers was from 2000
throughout 2023. The literature search using keywords and abstracts found 592 sources. Of these,
79 full-text articles were selected according to the specified criteria. The choice was determined
by the fundamental nature, evidence, and relevance of the work on the use of zirconium ceramics
in traumatology and orthopedics.

RESULTS AND DISCUSSION

The term "ceramics" comes from the Greek word kepapuko (keramiko) which means "fired material”.
Ceramics include inorganic materials consisting of metallic and non-metallic components chemically
bonded to each other. The properties of materials depend significantly on their microstructure [17].
The main characteristics of ceramic materials are high strength, resistance to corrosion and wear,
and good compression resistance [12, 13]. However, fragility and relatively low tensile and bending
strength are a serious problem for the use of ceramics asimplants [18, 19]. For biomedical applications,
such materials can be used as all-ceramic components, or they can contain particles of other
materials [20]. Bioceramic scaffolds play a central role in the engineering of bone tissue substitutes
as a support and modulator for cell attachment, proliferation and differentiation, and as a carrier
of osteogenic substances. It is important to note that the morphology, microstructure, porosity,
mechanical and physicochemical characteristics of the scaffold should be as close as possible
to natural bone [21].

Depending on their activity in interacting with the human body, ceramic biomaterials can be divided
into three groups: 1) inert; 2) having low or medium surface activity; 3) bioresorbable (adsorbable).
The choice of the type of ceramic material (inert, bioactive or bioresorbable) in each specific case
depends on what functions the implant performs.

Inert bioceramics do not promote connection with living tissues; connective tissue of varying
thickness develops around the implant that holds the implant and, at the same time, isolates it from
neighboring tissues. Possessing high biocompatibility and mechanical strength, such bioceramics
are usually used for permanent implants. Materials with low and medium activity, in addition to their
ability of binding to specific proteins, can also release ions, thereby facilitating the integration
of implants into living tissues. Bioresorbable ceramics should remain in the target site until bone
regeneration occurs [14, 22].

Inert bioceramics The first generation of biomaterials was developed in the 1960s. Those materials
were bioinert, showed minimal interaction with surrounding tissues, and did not stimulate bone
formation [23]. The most important bioceramic inert materials are zirconium dioxide (ZrO,) and
alumina (AlO,). Their properties such as reduced wear rates and good long-term biocompatibility
make these materials suitable for orthopaedic applications. The use of ceramic materials, compared
to implants made of metal alloys, provides a lower rate of component wear and leads to a decrease
in the release of metal ions. [24].
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Al O, was the first oxide used in orthopaedics due to its biological safety, strength, and reduction
in the rate of aseptic osteolysis in comparison with metal implants [25]. Polycrystalline aluminum
oxide has a relatively low cost, due to which it is widely used in traumatology and orthopaedics as
a component in friction pairs of endoprostheses [26].

Zirconium dioxide has more than double strength compared to aluminum oxide, due to which this
material has been actively used in the production of implants [27]. Zirconium dioxide occurs in three
main crystal phase structures: cubic, tetragonal and monoclinic. Microcracks in the crystalline-
networkstructure of zirconiumdioxide are self-limitingif the transition from tetragonal to monoclinic
crystal structure is controlled [28]. To stabilize the structure of zirconium dioxide, various oxides
are added to it, in particular, yttrium oxide [29]. Zirconium dioxide bioceramics, in particular yttria-
stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramics, exhibit exceptional mechanical
properties and biocompatibility, and do not cause cytotoxic effects or allergic reactions in
surrounding tissues. Although this biomaterial was claimed to be inert, the adsorption of blood
proteins, platelets and the migration of osteogenic cells suggest biological interaction with zirconia
dioxide-based surfaces [30, 31].

Ceramic implants appear to be a promising alternative to titanium implants in terms of mechanical
strength, biological functionality, chemical stability and osseointegration. Scarano et al. examined
bone response to zirconia implants in an experimental study in rabbits. It showed that newly formed
bone was actively formed in close contact with the surfaces of zirconium ceramics, the bone-to-
implant contact rate was 68.4 * 2.4 %, mature bone and actively secreting osteoblasts were revealed
in most parts of the implant, and no inflammation was detected [34]. Comparative studies in vitro
and in vivo showed that zirconia implants have similar results with titanium-based implants in terms
of osseointegration indices [32-35].

An advantage of zirconium dioxide, in comparison with titanium, was also found in terms
of antibacterial properties. Scarano et al. showed that the percentage of the surface covered with
bacteria on zirconium oxide disks was significantly lower than on similar titanium disks [36].
Roehling et al. compared experimental disks made of titanium and zirconium dioxide with three
types of surface topography: after mechanical or sandblasting and acid etching. It was shown that
zirconium dioxide has significantly lower bacterial adhesion compared to titanium [37].

The attractiveness of ZrO,-based ceramics for medical use is due to its exceptional chemical
inertness, high strength and good compatibility with the human body, but its inertness limits its
use as a bone substitute material for filling bone tissue defects. Various strategies have been used
to improve the integration of zirconia implants into bone tissue.

The surface properties of the implant are of great importance for the formation of peri-implant
bone tissue. Various methods are used to improve the surface of zirconia. Airborne particle abrasion,
or sandblasting of zirconia surfaces, significantly improves osteogenesis and osseointegration
around implants compared to treated titanium surfaces [33, 38, 39]. To improve the surface
properties of zirconium dioxide, chemical treatment (acid etching) is also used [40, 41]. However,
the strength of zirconium dioxide can decrease in mechanical processing due to abrasion by particles
and the formation of deep microcracks while thermal and acid treatments can reduce the bending
strength of zirconium under the conditions of low-temperature degradation. Further research is
expected to develop parameters for mechanical and chemical surface treatment of the material that
do not affect its mechanical properties.

Ultraviolet radiation can induce electron excitation, increasing the surface energy of zirconium
dioxide, which leads to a decrease in the contact angle of its surface with water from 51 to 9.4° and,
accordingly, increases wettability [42]. This, in turn, makes the surface of the material biologically

117 Genij ortopedii. 2024;30(1)



Literature review

more attractive for protein adsorption, osteoblast proliferation and osseointegration. Treatment
of the zirconia surface with ultraviolet radiation promotes the attachment, proliferation and
differentiation of osteoblasts without affecting the mechanical properties of the material [43].

Laser radiation may also be a promising way to improve osseointegration of zirconia. Laser
modification improves the wettability of the material and increases the adhesion of osteoblasts
compared to untreated samples [44].

The development of methods for obtaining porosity in ceramics enables to produce materials with
improved osseointegration properties. Based on their structure, the following types of ceramics are
distinguished: fine (less than 5 % of pores), coarse (from 5 to 30 % of pores), highly porous (more than
30 % of pores). The necessary porosity characteristics — the number of pores and their morphology —
are achieved by special technological methods, including the introduction of special pore-forming
additives. In this case, the geometry of pores in ceramics depends on the configuration of pore-
forming particles [45]. Kalinina et al. developed highly porous bioceramics based on stabilized ZrO,.
A synthesized ceramic implant material with an open porosity of 55 % and a pore size of 40-800 nm
was placed into the body of laboratory animals. Vascular ingrowth into the pore space of ceramics
was demonstrated. The authors suggest that porous ceramics based on zirconium dioxide can
be used in the production of implants for orthopaedics and traumatology [46]. Porous zirconium
ceramics have been especially actively developed for the production of small-sized implants [45].

Work is underway to create domestic ceramic materials based on zirconium dioxide from
nanostructured powders [47]. A highly dispersed powder (9-10 nm) was synthesized based
on a tetragonal solid solution of partially stabilized zirconium dioxide (t-ZrO,). Based on this
powder, nanocrystalline ceramics (grain size 60-70 nm) with high physicochemical and mechanical
characteristics were obtained. In vivo studies showed the absence of a toxic effect of the ceramic
implant on the tissues surrounding the implant and on laboratory animals. The research results
allow us to state that the resulting nano-sized bioceramics can be used for medical purposes [48].
Buyakova et al. presented the results of studies on the structure and mechanical behavior of porous
ceramics produced from nanocrystalline powder of partially stabilized zirconium dioxide intended
foruse injoint replacement. Ceramics with porosity capable of providing a biomechanical connection
at the bone tissue—implant interface were obtained; it opens up new possibilities in the use of highly
porous ceramics for bone tissue substitution [49].

Additive technologies are being actively developed in relation to ceramic materials. Their use would
provide personalized components from porous bioceramics to fill in large bone defects [50-52].

Zirconium dioxide-based materials have been used in orthopedics since the 1980s, mainly due to their
excellent mechanical properties resulting from phase transformations. However, the material has
been found to undergo hydrothermal aging (low temperature degradation), whereby its mechanical
properties gradually deteriorate over time in a humid environment, what can lead to increased
surface roughness and microcracking, with slow crack growth that ultimately causes catastrophic
destruction [53, 54]. Material degradation is of particular importance for medical implants [55]. Fully
stabilized zirconium dioxide is not subject to hydrothermal aging, but its mechanical properties are
not high enough.

Creation of composite materials has largely solved the problem of low-temperature degradation
of aluminum zirconium (ATZ). Ceramic composites made from hardened zirconium oxide are
universal 56]. Compounds of alumina and zirconia have received considerable attention, particularly
hardened materials known for their exceptional mechanical properties, including high strength,
fracture viscosity, elasticity, hardness and wear resistance, and resistance to hydrothermal aging.
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[57]. In this case, not only the composition of the material is important, but also the method of its
synthesis. It has been shown, varying resistance of the resulting ceramic materials to degradation
is observed by different temperatures [58]. ATZ ceramics hold significant promise for biomedical
applications due to their biocompatibility and remarkable ability to withstand mechanical stress.
Implants made from such ceramics have excellent wear resistance and strength, ensuring long
survival in the human body and reducing the risk of adverse reactions, making them the preferred
choice for the restoration and replacement of damaged bone tissue and joints, in particular in total
hip and knee arthroplasty [31, 58-61], although Pluschev et al. indicated that if there is even minimal
doubt about the stability of the head in the acetabulum, the use of ceramic components should be
viewed critically [62].

Development of bioactive coatings on the surface of zirconia has been undertaken to improve
the biocompatibility, antibacterial potential and biological activity of the material. Various coating
materials with good biological properties have been described in the literature. Hydroxyapatite
has mineral composition similar to bone, exhibits biologically active properties, enhancing
osseointegration. Hydroxyapatite coatings enhance the osteogenesis capacity of porous
zirconia scaffolds [63]. Moreover, an increase in the hydroxyapatite content led to a decrease
in the mechanical and chemical stability of the material with a simultaneous increase in biological
activity [64]. Research is being conducted to obtain and evaluate the quality of bioceramic coatings
from a composite material based on the co-precipitation of hydroxyapatite and hydrated zirconium
dioxide [65]. Calcium phosphate is also bioactive, but coatings made from this material exhibit low
stability and provide weak adhesion to the substrate. To overcome these shortcomings, tricalcium
phosphate-reinforced hydroxyapatite coatings have been studied [66]. A study conducted by
Silva et al. showed that modification of the surface of scaffolds made of aluminum-zirconium
porous ceramics with calcium phosphate and strontium included in its structure might yield
scaffolds with high porosity, three-dimensional structure and preferential adhesion and maturation
of osteoblastic cells, which are necessary to stimulate bone tissue regeneration in vivo [67]. Coating
with functionalized carbon nanotubes, which enhance the roughness, wettability and cell adhesion
of zirconia, contributed to the osseointegrative properties of the material [68]. Attempts have
been made to produce bioactive glass coatings on zirconia substrates, but with limited success.
These coatings have poor adhesion to the substrate, as a result of which they are often subject
to delamination and destruction. To overcome these problems, a strategy based on a functionally
graded glass/zirconia system has been proposed [69]. To improve the mechanical characteristics and
wear resistance of zirconia implants, the use of graphene as a coating has been studied [70].

Creation of bioactive ceramics compatible with living tissues has been currently developed.
By synthesizing biomaterials with appropriate biophysical and biochemical characteristics, it is
possible to modulate the cellular response of peri-implant tissues. This property of bioactive
materials, such as the release of bioactive ions (Ca, Mg, Sr, Zn, Cr, Ag, La, etc.) can be used to induce
phenotypic changes in cells or modulate the immune microenvironment to control tissue healing
and regeneration [71]. It has been proven that the biophysical characteristics of biomaterials, such as
topography, charge, size, electrostatic interactions and stiffness, can be modulated by the addition
of inorganic micro- and nanoparticles [72]. Current research shows that inert ZrO, can be
converted into a bioactive system comprising various molecules that can mimic the structural and
compositional properties of bone tissue at the macro-, micro- and nanoscale, improving implant
osseointegration [73]. Considerable efforts have been made by researchers to modify zirconia
in terms of morphology and improve biological activity for better cell attachment, proliferation and
differentiation during the formation of peri-implant bone [74, 75]. Pardun et al. added magnesium
oxide or magnesium fluoride to yttrium-stabilized zirconium dioxide. The presence of Mg?" ions
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improved the proliferation and differentiation of osteoblast cells [75]. Mushahary et al. also
showed that the introduction of magnesium promotes the proliferation of osteoblasts, increasing
the biological activity of zirconium dioxide [76].

It is known that the crystal lattice of lanthanum zirconate (La,Zr,0,) is tolerant to various types
of substitutions, in particular, calcium and strontium ions. During the process of osseointegration,
the release of lanthanum, zirconium, calcium, and strontium cations is possible. The interaction
of free cations with bone tissue can have a beneficial effect on the process of osseointegration
and promote cell adhesion and proliferation on the surface of zirconium implants. An in vivo
experimental study of the newly synthesized material La, ,.Ca Zr,0. as an implant showed that
fully featured bone tissue is formed in the peri-implant area, the architectonics of which can
effectively resist the action of mechanical stresses, which may indicate the compatibility of the
material and bone tissue in terms of physicochemical and structural characteristics. A new material
based on lanthanum zirconate seems promising for use in traumatology and orthopaedics [77]. The
synthesis and properties of complex oxides based on lanthanum zirconate were studied (La,Zr,0.,
La ,Ca  Zr,0O,,. and La Sr, Zr,O,,.). It has been proven that the method of materials synthesis
has an impact on the density and porosity of the samples. Determination of the cytocompatibility
of ceramics based on undoped and doped lanthanum zirconate showed that during the interaction
of human fibroblasts with the studied ceramic materials, cell viability changes within acceptable
values and is sufficient to maintain their recovery potential. However, additional research is needed
to optimize the integration of implants made of this material into bone tissue [78, 79].

CONCLUSION

Ceramic materials based on zirconium dioxide with exceptional mechanical properties and
biocompatibility, which do not cause cytotoxic effects and allergic reactions in surrounding tissues,
feature perspectives for being used as bone substitute materials in traumatology and orthopaedics.
Such materials appear to be a promising alternative to titanium implants in terms of mechanical
strength, biological functionality, chemical stability, osseointegration, and antibacterial properties.

Various strategies have been used in order to improve the integration of zirconia implants into
bone tissue: improving the surface of the material using physical and chemical methods, obtaining
volumetric porosity, including using additive technologies; various composite materials and
bioactive coatings have been also developed. New methods of creating zirconium ceramics
compatible with living tissues containing bioactive ions that promote both osseointegration and
bone tissue regeneration have been actively studied.

Further in vitro and in vivo studies and long-term clinical trials should evaluate ceramic implants
in terms of stability, risks of inflammation, infection and mechanical complications. It will provide
a clearer picture of recommendations for improving zirconia ceramics.

Conflict of interests The authors declare that there are no obvious or potential conflicts of interest related to the
publication of this study.

Source of funding The study was supported by the grant of the Russian Science Foundation No. 22-25-20037,
https://rscf.ru/project/22-25-20037

Ethical statement Approval of the institutional ethics committee is not required for this type of study.
Informed consent Not required.

REFERENCES

1. Schade AT, Mbowuwa F, Chidothi P, et al. Epidemiology of fractures and their treatment in Malawi: Results
of a multicentre prospective registry study to guide orthopaedic care planning. PLoS One. 2021;16(8):e0255052.
doi: 10.1371/journal.pone.0255052

Genij ortopedii. 2024;30(1) 120



Literature review

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

LaurencinC,KhanY,El-Amin SF.Bonegraftsubstitutes.ExpertRevMed Devices.2006;3(1):49-57.doi: 10.1586/17434440.3.1.49
Yalochkina TO, Belaya ZhE. Fragility fractures and bone remodeling in type 2 diabetes mellitus. Obesity and metabolism.
2017;14(3):11-18. (In Russ.) doi: 10.14341/OMET2017311-18

Khan SN, Cammisa FP Jr, Sandhu HS, et al. The biology of bone grafting. ] Am Acad Orthop Surg. 2005;13(1):77-86.
McKee MD. Management of segmental bony defects: the role of osteoconductive orthobiologics. ] Am Acad Orthop Surg.
2006;14(10 Spec No.):S163-167. doi: 10.5435/00124635-200600001-00036

Amini AR, Laurencin CT, Nukavarapu SP. Bone tissue engineering: recent advances and challenges. Crit Rev Biomed Eng.
2012;40(5):363-408. doi: 10.1615/critrevbiomedeng.v40.i5.10

Taniguchi N, Fujibayashi S, Takemoto M, et al. Effect of pore size on bone ingrowth into porous titanium implants
fabricated by additive manufacturing: An in vivo experiment. Mater Sci Eng C Mater Biol Appl. 2016;59:690-701.
doi: 10.1016/j.msec.2015.10.069

Chauhan A, Bhatt AD. A review on design of scaffold for osteoinduction: Toward the unification of independent design
variables. Biomech Model Mechanobiol. 2023;22(1):1-21. doi: 10.1007/s10237-022-01635-9

Gilev MV, Zaitsev D., Izmodenova MY, et al. Comparative characteristic of the methods of certification of deformed
microstructure of trabecular bone tissue. Russian Journal of Biomechanics. 2019;23(2):242-250. (In Russ.) doi: 10.15593/
RZhBiomeh/2019.2.06

Parikh SN. Bone graft substitutes: past, present, future. J Postgrad Med. 2002;48(2):142-148.

Muscolo DL, Ayerza MA, Aponte-Tinao LA. Massive allograft use in orthopedic oncology. Orthop Clin North Am.
2006;37(1):65-74. doi: 10.1016/j.0c1.2005.08.003

Yi S, Xu L, Gu X. Scaffolds for peripheral nerve repair and reconstruction. Exp Neurol. 2019;319:112761. doi: 10.1016/j.
expneurol.2018.05.016

Kaur G, Kumar V, Baino F, et al. Mechanical properties of bioactive glasses, ceramics, glass-ceramics and composites:
State-of-the-art review and future challenges. Mater Sci Eng C Mater Biol Appl. 2019;104:109895. doi: 10.1016/j.
msec.2019.109895

Vaiani L, Boccaccio A, Uva AE, et al. Ceramic Materials for Biomedical Applications: An Overview on Properties and
Fabrication Processes. ] Funct Biomater. 2023;14(3):146. doi: 10.3390/jfb14030146

JitaruS,HodisanI, TimisL,et al. The use of bioceramics in endodontics - literature review. Clujul Med.2016;89(4):470-473.
doi: 10.15386/cjmed-612

Kulbakin DE, Choynzonov EL, Buyakova SP, et al. Selection of reconstructive material for the restoration of the
maxillofacial region bone defects in oncological practice. Head and neck. 2018;6(4):64-69. (In Russ.)

Hench LL, Thompson I. Twenty-first century challenges for biomaterials. J R Soc Interface. 2010;7 Suppl 4(Suppl 4):
§379-S391. doi: 10.1098/rsif.2010.0151.focus

de Ruiter A, Dik E, van Es R, et al. Micro-structured calcium phosphate ceramic for donor site repair after harvesting
chin bone for grafting alveolar clefts in children. J Craniomaxillofac Surg. 2014;42(5):460-468. doi: 10.1016/j.
jcms.2013.05.042

Whitehouse MR, Dacombe PJ, Webb JC, Blom AW. Impaction grafting of the acetabulum with ceramic bone graft
substitute: high survivorship in 43 patients with a mean follow-up period of 4 years. Acta Orthop. 2013;84(4):371-376.
doi: 10.3109/17453674.2013.824801

Warreth A, Elkareimi Y. All-ceramic restorations: A review of the literature. Saudi Dent ]J. 2020;32(8):365-372.
doi: 10.1016/j.sdent;j.2020.05.004

Collins MN, Ren G, Young K, et al, Oliveira J.M. Scaffold fabrication technologies and structure/function properties
in bone tissue engineering. Adv Func Mater. 2021;31(21):2010609. doi: 10.1002/adfm.202010609

Yanyan S, Guangxin W, Guoqing S, et al. Effects of amino acids on conversion of calcium carbonate to hydroxyapatite.
RSC Adv. 2020;10(61):37005-37013. doi: 10.1039/d0ra07636h

Yu X, Tang X, Gohil SV, Laurencin CT. Biomaterials for Bone Regenerative Engineering. Adv Healthc Mater.
2015;4(9):1268-85. doi: 10.1002/adhm.201400760

De Aza AH, Chevalier ], Fantozzi G, et al. Crack growth resistance of alumina, zirconia and zirconia toughened alumina
ceramics for joint prostheses. Biomaterials. 2002;23(3):937-45. doi: 10.1016/s0142-9612(01)00206-x

Chevalier J. What future for =zirconia as a biomaterial? Biomaterials. 2006;27(4):535-43. doi: 10.1016/j.
biomaterials.2005.07.034

Abyzov A.M. Aluminum oxide and alumina ceramics (Review). Part 1. Properties of A1203 and industrial production of
dispersed Al203. New refractories. 2019;(1):16-23. (In Russ.) doi: 10.17073/1683-4518-2019-1-16-23

Vult von Steyern P. All-ceramic fixed partial dentures. Studies on aluminum oxide- and zirconium dioxide-based
ceramic systems. Swed Dent ] Suppl. 2005;(173):1-69.

Hernigou P, Bahrami T. Zirconia and alumina ceramics in comparison with stainless-steel heads. Polyethylene wear
after a minimum ten-year follow-up. J Bone Joint Surg Br. 2003;85(4):504-509. doi: 10.1302/0301-620x.85b4.13397
Denry I, Abdelaal M, Dawson DV, et al. Effect of crystalline phase assemblage on reliability of 3Y-TZP. J Prosthet Dent.
2021;126(2):238-247. doi: 10.1016/j.prosdent.2020.05.023

Yin L, Nakanishi Y, Alao AR, et al. A review of engineered zirconia surfaces in biomedical applications. Procedia CIRP.
2017;65:284-290. doi: 10.1016/j.procir.2017.04.057

Ulyanov YuA, Zaripova EM, Mingazova EN. On the issue of biocompatibility of ceramic implants in the provision of orthopedic
care. Healthcare manager. 2023;(9):18-22. (In Russ.) doi: 10.21045/1811-0185-2023-9-18-22

Depprich R, Zipprich H, Ommerborn M, et al. Osseointegration of zirconia implants compared with titanium: an in vivo
study. Head Face Med. 2008;4:30. doi: 10.1186/1746-160X-4-30

121 Genij ortopedii. 2024;30(1)



Literature review

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

. Gahlert M, Roehling S, Sprecher CM, et al. In vivo performance of zirconia and titanium implants: a histomorphometric
study in mini pig maxillae. Clin Oral Implants Res. 2012;23(3):281-286. doi: 10.1111/j.1600-0501.2011.02157.x

Han JM, Hong G, Lin H, et al. Biomechanical and histological evaluation of the osseointegration capacity of two types
of zirconia implant. Int ] Nanomedicine. 2016;11:6507-6516. doi: 10.2147/IJN.S119519

Kohal RJ, Weng D, Biachle M, Strub JR. Loaded custom-made zirconia and titanium implants show similar
osseointegration: an animal experiment. J Periodontol. 2004;75(9):1262-8. doi: 10.1902/jop.2004.75.9.1262

Scarano A, Di Carlo F, Quaranta M, Piattelli A. Bone response to zirconia ceramic implants: an experimental study
in rabbits. J Oral Implantol. 2003;29(1):8-12. doi: 10.1563/1548-1336(2003)029<0008:BRTZCI>2.3.CO;2

Roehling S, Astasov-Frauenhoffer M, Hauser-Gerspach I, et al. In Vitro Biofilm Formation on Titanium and Zirconia
Implant Surfaces. J Periodontol. 2017;88(3):298-307. doi: 10.1902/jop.2016.160245

Gahlert M, Gudehus T, Eichhorn S, et al. Biomechanical and histomorphometric comparison between zirconia
implants with varying surface textures and a titanium implant in the maxilla of miniature pigs. Clin Oral Implants Res.
2007;18(5):662-668. doi: 10.1111/§.1600-0501.2007.01401.x

Bacchelli B, Giavaresi G, Franchi M, et al. Influence of a zirconia sandblasting treated surface on peri-implant bone
healing: An experimental study in sheep. Acta Biomater. 2009;5(6):2246-2257. doi: 10.1016/j.actbio.2009.01.024
Flamant Q, Garcia Marro, Roa Rovira JJ, Anglada M. Hydrofluoric acid etching of dental zirconia. Part 1: etching
mechanism and surface characterization. J Eur Ceram Soc.2016;36(1):121-134.doi: 10.1016/j.jeurceramsoc.2015.09.021
Vu VT, Oh GJ, Yun KD, et al. Acid etching of glass-infiltrated zirconia and its biological response. | Adv Prosthodont.
2017;9(2):104-109. doi: 10.4047/jap.2017.9.2.104

Henningsen A, Smeets R, Heuberger R, et al. Changes in surface characteristics of titanium and zirconia after surface
treatment with ultraviolet light or non-thermal plasma. Eur J Oral Sci. 2018;126(2):126-134. doi: 10.1111/e0s.12400
Brezavscek M, Fawzy A, Bichle M, et al. The Effect of UV Treatment on the Osteoconductive Capacity of Zirconia-Based
Materials. Materials (Basel). 2016;9(12):958. doi: 10.3390/ma9120958

.Yang Y, Zhou J, Liu X, et al. Ultraviolet light-treated zirconia with different roughness affects function of human
gingival fibroblasts in vitro: the potential surface modification developed from implant to abutment. ] Biomed Mater
Res B Appl Biomater. 2015;103(1):116-24. doi: 10.1002/jbm.b.33183

Kirilova IA, Sadovoy MA, Podorozhnaya VT, et al. Ceramic and osteoceramic implants: upcoming trends. Russian
Journal of Spine Surgery. 2013;(4):052-062. (In Russ.) doi: 10.14531/ss2013.4.52-62

Kalinina MV, Kovalko NYu, Suslov DN, et al. Effect of highly porous bioceramics based on ZrO, - Y,0, - CeO, system on
the biological tissues of experimental animals. ] Perspektivnye Materialy. 2020;(7):29-39. (In Russ.) doi: 10.30791/1028-
978X-2020-7-29-39

Rogozhnikov A.G. Production methods and physical and mechanical tests domestic ceramic materials based
on zirconium dioxide from nanostructured powders. Ural Medical Journal. 2015;(10):113-119. (In Russ.)

Kovalko NY, Kalinina MV, Arsentyev MY, et al. Effect of t-ZRO2-based ceramic samples on the condition of muscular
and connecting tissues in experimental animals with intramuscular introduction. Inorganic Materials: Applied Research.
2019;(5):1109-1114. doi: 10.30791/1028-978X-2019-5-41-49

Buyakova SP, Khlusov IA, Kulkov SN. Porous zirconium-based ceramics for endoprothesis of bone tissue. Physical
mesomechanics J. 2004;7(Spec 2):127-130. doi: 10.24411/1683-805X-2004-00097

Li T, Chang J, Zhu Y, Wu C. 3D Printing of Bioinspired Biomaterials for Tissue Regeneration. Adv Healthc Mater.
2020:e2000208. doi: 10.1002/adhm.202000208

Zafar MJ, Zhu D, Zhang Z. 3D Printing of Bioceramics for Bone Tissue Engineering. Materials (Basel). 2019;12(20):3361.
doi: 10.3390/ma12203361

Ma H, Feng C, Chang ], Wu C. 3D-printed bioceramic scaffolds: From bone tissue engineering to tumor therapy.
Acta Biomater. 2018;79:37-59. doi: 10.1016/j.actbio.2018.08.026

Lughi V, Sergo V. Low temperature degradation -aging- of zirconia: A critical review of the relevant aspects in dentistry.
Dent Mater. 2010;26(8):807-820. doi: 10.1016/j.dental.2010.04.006

Ricco Pa, de Carvalho Ramos N, Bastos Campos TM, et al. The roles of microstructure and surface energy on subcritical
crack growth in glass-ceramics. Ceramics International. 2021;47(5)6827-6833. doi: 10.1016/j.ceramint.2020.11.025
Chevalier ], Deville S, Miinch E, et al. Critical effect of cubic phase on aging in 3mol% yttria-stabilized zirconia ceramics
for hip replacement prosthesis. Biomaterials. 2004;25(24):5539-5545. doi: 10.1016/j.biomaterials.2004.01.002
Gremillard L, Chevalier ], Martin L, et al. Sub-surface assessment of hydrothermal ageing in zirconia-containing
femoral heads for hip joint applications. Acta Biomater. 2018;68:286-295. doi: 10.1016/j.actbio.2017.12.021

Boniecki M, Sadowski T, Gotebiewski P, et al. Mechanical properties of lumina/zirconia composites. Ceramics
International. 2020;46(1):1033-1039. doi: 10.1016/j.ceramint.2019.09.068

AbbasMKG,Ramesh S,LeeKYS,etal.Effects of sinteringadditives on the densification and properties of alumina-toughened
zirconia ceramic composites. Ceramics International. 2020;46(17): 27539-27549. doi: 10.1016/j.ceramint.2020.07.246
Abbas MKG, Ramesh S, Tasfy SFH, Lee KYS. A state-of-the-art review on alumina toughened zirconia ceramic
composites. Materials Today Communications. 2023;37:106964. doi: 10.1016/j.mtcomm.2023.106964

Patil S, Patil DR, Jung IC, Ryu J. Effect of cooling rates on mechanical properties of alumina-toughened zirconia
composites. Ceramics International. 2022;48:21048-21053. doi: 10.1016/j.ceramint.2022.04.127

Sequeira S, Fernandes MH, Neves N, Almeida MM. Development and characterization of zirconia—alumina composites
for orthopedic implants. Ceramics International. 2017;43:693-703. doi: 10.1016/j.ceramint.2016.09.216

Plushev AL, Gavryushenko NS, Golev SN. Features of ceramic bearing in hip arthroplasty in patients with dysplastic
osteoarthritis. Moscow Surgical Journal. 2008;(2):47-55. (In Russ.)

Genij ortopedii. 2024;30(1) 122



Literature review

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

Aboushelib MN, Shawky R. Osteogenesis ability of CAD/CAM porous zirconia scaffolds enriched with nano-
hydroxyapatite particles. Int ] Implant Dent. 2017 Dec;3(1):21. doi: 10.1186/s40729-017-0082-6

PardunK, Treccani L, Volkmann E, et al. Mixed zirconia calcium phosphate coatings for dental implants: tailoring coating
stability and bioactivity potential. Mater Sci Eng C Mater Biol Appl. 2015;48:337-346. doi: 10.1016/j.msec.2014.12.031
Panteleenko FI, Okovityi VA, Kylak AI, Okovityi VV. The composite powder obtained based coprecipitation
of hydroxyapatite and hydrated zirconia for applying plasma coatings. Strengthening technologies and coatings.
2015;(6):38-40.

Yang],SultanaR,IchimP, et al. Micro-porous calcium phosphate coatings onload-bearing zirconia substrate: Processing,
property and application. Ceramics International. 2013;39(6):6533-6542. doi: 10.1016/j.ceramint.2013.01.086

Silva ADR, Pallone EMJA, Lobo AO. Modification of surfaces of alumina-zirconia porous ceramics with Sr** after SBF.
J Aust Ceram Soc. 2020;56:517-524. doi: 10.1007/s41779-019-00360-4

Kou W, Akasaka T, Watari F, Sjogren G. An in vitro evaluation of the biological effects of carbon nanotube-coated
dental zirconia. ISRN Dent. 2013;2013:296727. doi: 10.1155/2013/296727

Fabris D, Souza JCM, Silva FS, et al. The bending stress distribution in bilayered and graded zirconia-based dental
ceramics. Ceramics International. 2016;42(9):11025-11031. doi: 10.1016/j.ceramint.2016.03.245

LiH, Xie Y, Li K, L. et al Microstructure and wear behavior of graphene nanosheets-reinforced zirconia coating. Ceramics
International. 2014;40(8):12821-12829. doi: 10.1016/j.ceramint.2014.04.136

Brokesh AM, Gaharwar AK. Inorganic Biomaterials for Regenerative Medicine. ACS Appl Mater Interfaces.
2020;12(5):5319-5344. doi: 10.1021/acsami.9b17801

Zhao Y, Zhang Z, Pan Z, Liu Y. Advanced bioactive nanomaterials for biomedical applications. Exploration (Beijing).
2021;1(3):20210089. doi: 10.1002/EXP.20210089

Schiinemann FH, Galarraga-Vinueza ME, Magini R, et al. Zirconia surface modifications for implant dentistry. Mater Sci
Eng C Mater Biol Appl. 2019;98:1294-1305. doi: 10.1016/j.msec.2019.01.062

Yin L, Nakanishi Y, Alao AR, et al. A review of engineered zirconia surfaces in biomedical applications. Procedia CIRP.
2017;65:284-290. doi: 10.1016/j.procir.2017.04.057

Pardun K, Treccani L, Volkmann E, et al. Magnesium-containing mixed coatings on zirconia for dental implants:
mechanical characterization and invitro behavior.]Biomater Appl.2015;30(1):104-118.doi: 10.1177/0885328215572428
Mushahary D, Wen C, Kumar JM, et al. Collagen type-I leads to in vivo matrix mineralization and secondary stabilization
of Mg-Zr-Ca alloy implants. Colloids Surf B Biointerfaces. 2014;122:719-728. doi: 10.1016/j.colsurfb.2014.08.005
Izmodenova MYu, Gilev MV, Ananyev MV, et al. Bone tissue properties after lanthanum zirconate ceramics
implantation: experimental study. Traumatology and Orthopedics of Russia. 2020;26(3):130-14. doi: 10.21823/2311-
2905-2020-26-3-130-140

Tarasova N, Galisheva A, Belova K, et al. Ceramic materials based on lanthanum =zirconate for the bone
augmentation purposes: materials science approach. Chimica Techno Acta. 2022;9(2), No. 20229209. doi: 10.15826/
chimtech.2022.9.2.09.

Ulitko M, Antonets Y, Antropova I, et al. Ceramic materials based on lanthanum zirconate for the bone augmentation
purposes: cytocompatibility in a cell culture model. Chimica Techno Acta. 2023;10(4), No. 202310402. doi: 10.15826/
chimtech.2023.10.4.02

The article was submitted 23.10.2023; approved after reviewing 28.11.2023; accepted for publication 28.11.2023.

Information about the authors:

Elena A. Volokitina - Doctor of Medical Sciences, Professor, Leading Researcher, volokitina_elena@rambler.ru,
https://orcid.org/0000-0001-5994-8558;

Irina P. Antropova - Doctor of Biological Sciences, Leading Researcher, aip.nemolab@mail.ru,
https://orcid.org/0000-0002-9957-2505;

Kirill A. Timofeev - graduate student, kirilltimofeev64166 @gmail.com, https://orcid.org/0000-0003-2208-7154;
Roman A. Trufanenko - graduate student, rtrufanenko@gmail.com https://orcid.org/0000-0002-9978-4807.

Contribution of the authors:

Volokitina E.A. - idea and concept of the study, interpretation of the material, final editing of the manuscript text.

Antropova I.P. - search and analysis of publications on the topic of the review, interpretation of the data obtained, preparation
and writing of the text, editing of the text of the manuscript.

Timofeev K.A. - search and analysis of publications on the topic of the review, preparation and writing of the text.

Trufanenko R.A. - search and analysis of publications on the topic of the review.

123 Genij ortopedii. 2024;30(1)



