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PekoHCTpyKLUMst AepeKTOB KOCTHOI TKaHW — akTyanbHas npobnemMa coBpeMeH-
HOM XMpYprun. PEKOHCTPYKTMBHas MeavuuvHa obnagaet 60/blUuM noTeHuma-
JIOM ANs BOCCTAHOB/IEHUS WU 3aMeHbl TKaHeN 1 OpraHoB Npu UX TpaBMax M
3aboneBaHusIX. EXXerogHo oKOMo YeTbipex MUIIMOHOB OrepaLmii NPoBOANTCS
C NPYMEHEHNEM KOCTHbIX MMMNIAHTOB, UCMOMb3yeMbIX ANs 3aMelLeHns aedek-
TOB KOCTHOW TKaHW, BO3HMKLUMX B pe3ynbTaTe TpaBM, MHMeKLMiA, HoBooGpa-
30BaHuii 1 ap. CywectByeT 60MbLUO BbIGOP MaTepUanos, UCMOMb3yeMbiX Ans
PEKOHCTPYKLMW AeeKTOB KOCTHOW TKaHW.

Llenb — 06061MTb COBpeMEHHbIE AaHHblE U AaTb MpefcTaBleHne O HEKOTOo-
pbix BUOKepaMMyeckux MaTepuanax, WUCrosb3yeMbiX B HacTosillee BpeMms B
061acT! PEKOHCTPYKLMM KOCTHOW TKaHW, METofax U3roTOBIEHNS! UMMIAHTOB,
a TaKXKe 0 UX CBOWCTBAX M KIIMHUYECKOM NMPYMEHEHUW.

MaTepuanbl u metoabl. 0630p nuTepatypbl 6bi1 NpoBesdeH no 6ase
HayuHbIx cTaTen PubMed, elibrary, Cochraine Library 3a nepuop 2017-
2022 rr.

Pe3ynbTaTbl. Ha OCHOBaHWUMN NUTEPATYPHbIX AaHHbIX B 0630pe npescTaBneHbl
NepcrnekTUBHbIE HanpaBneHns No MoauUKaLMM KepaMUyeckux UMMNIaHToB
AN YNYYLIEHNST MEXaHUYEeCKnX, (PU3NYECKWUX XapaKTepUCTUK, CTUMYIMpOBa-
HUS NPOLIECCOB pereHepaLyu v UCMONb30BaHWS UX Ka4yecTBe CUCTEM OCTaBKN
NeKapCTBEHHbIX CPEACTB ANS NEeYeHUs! MH(MEKLIMOHHDBIX, OHKOIOTUYECKUX W
Apyrux 3abonesaHui.

3aksiroueHmne. He cyllecTByeT eAyHOro MHEHWUsI MO OMTUMANbHOW CTPYKTY-
pe, MeTofaM M3roToBMEHUs, MoAMDUKaLMM UMNIaHTa. [103TOMy HEO6XOANMBI
fanbHelLve UccienoBaHus Anst ONpeAeneHns «3010TOro CTaHAapTa» B U3ro-
TOBJIEHUM KEPAMUYECKUX UMMIAHTOB.
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Reconstruction of bone defects is one of actual problem of modern sur-
gery. Reconstructive medicine has great potential to repair or replace
tissues after trauma or disease. Every year, about four million opera-
tions are carried out using bone implants for replacing bone defects
after injuries, infections, tumors and other causes. There is a large se-
lection of materials used for the reconstruction of bone tissue defects.

Objective - to summarize current data and give an idea of some of the
bioceramic materials currently used in the field of bone tissue recon-
struction, implant manufacturing methods, as well as their properties
and clinical applications.

Materials and methods. The review was conducted on the bases of
scientific articles from PubMed, eLibrary and Cochraine Library (2017-
2022).

Results. Based on the literature data, the review presents promising
directions for modifying ceramic implants to improve mechanical and
physical characteristics, stimulate regeneration processes and use them
as drug delivery systems for the treatment of infectious, oncological and
other diseases.

Conclusion. There is no single opinion on the optimal structure, meth-
od of manufacture and modification of the implant. Therefore, further
research is needed to define the «gold standard» in the manufacture of
ceramic implants.
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pereHepauua KOCTHOM TKaHW.

BOCCTaHOBJIeHI/Ie «KPHUTHYECKOTO
nedexrta» KOCTHOH TKaHWM — aK-
TyasbHas npo6yieMa PEeKOHCTPYKTUB-
Holt xupypruu. lanublit Buj gedexta
BO3HUKAET M3-32 TPaBM, UHOEKIHIT,
HOBOOOpA30BaHMil, aHOMAINN pa3Bu-
THSI CKeJieTa, CHCTEMHBIX 3a00JieBa-
HUIl OTOPHO-/IBUTATEIbHON CHCTEMbI
U [IPU HAPYIIEHUU TPOIECCOB pereHe-
pau Koctu. [ledekt «KpuTmuecko-
ro pasmepa» (1-2 em mmm Gonee 50 %
oKpyskHOCTH) [52, 65] He BoCccTaHaB-
JINBAETCSI CaMOIPOU3BOJIBHO, HECMO-
TPsi HAa CIOCOGHOCTU OPraHu3Ma K pe-
remepanuu, u Tpebyer JajbHeuIero
XUPYPrUYECKOr0 BMEIIATeTbCTBA W3-
3a CKJIOHHOCTH K 00pa3oBaHuio py6-
I[OBOIl TKaHMU.

OnuH U3 BapUaHTOB JIEYEHUS 3a-
KJII0YaeTcsl B 3anojiHeHun edexrta.
Wpeanbublit MaTepuas sl 3aMelie-
HUST KOCTHOW TKaHWU JIOJIKEH ObITh
6UOCOBMECTUMBIM, OCTEOKOH/IYKTUB-
HbIM  (CTUMyJIMpPOBAaTh POCT  KJETOK
KOCTHO# TKaH#), OCTEOMH/YKTUBHBIM
(crumysmposarb  anddepeHnpoBKy
KJIETOK-TIPEIIECTBEHHUKOB),  GHO-
JIerpaiupyeMbIM 1 CIIOCOOCTBOBATH
3arosineHnio JedeKkra BHOBb cgop-
MHUPOBAHHOW KOCTHOH TKaHbIO, CO-
XPaHsisi IPU 9TOM CTPYKTYPY KOCTU 1
MEXaHUYECKYIO MPOYHOCTD, OCOGEHHO
B CErMEeHTax, HeCyIl[X OCEeBYIO Ha-
rpy3ky [73]. KocrHas Tkanb siBjsi-
eTcss BTOPOil Hambojiee 4YacTo mepe-
Ca’KMBAEMOl TKAHBIO BO BCEM MIIPE,
10 MEHbIIIeil Mepe, YeTbIpe MUJITHOHA
orepanuii  eXeroJHo TPOBOIATCS C
UCIIOJIb30BAHNEM KOCTHBIX WMMILJIAH-
toB [38, 52, 65, 73].

Ilean 310l crarbm — o6oOuieHe
COBPEMEHHBIX JaHHBIX O HEKOTOPBIX
6MOKepPAMUYECKUX Marepuasax, ¥Hc-
NOJb3YEMbIX B HAaCTOSIIee BpeMs B
06J1acTH  PEKOHCTPYKIIMU  KOCTHOI
TKaHM, MeTOJaX W3TOTOBJEHUS WM-
IJIAHTOB, a TaKyKe O UX CBOWCTBAX W
KJIMHUYECKOM MPUMEHEHUN.

MATEPUAJIBI 1 METO/IbI

O630p JuTeparypbl GBI MPOBEIEH
B (Qespane-utose 2022 roga mo 6ase
Hayunpix crareit PubMed, eLibrary,
Cochraine Library. Ilouck mposo-
JUAJICST TIO KJIIOYEBBIM CJIOBaM: GHOKe-
paMnka, GHOKepaMUYecKue HMILTaH-
ThI, CcKa(DDOII, AITUTHBHOE MPOU3-

ufacturing; 3D printing; bone tissue engineering; implant modification;

bone tissue regeneration.

BoacTBO, 3D-medarp, bioceramics,
bioceramic implants, scaffold, ad-
ditive manufacturing, 3D printing,
bone tissue engineering, implant
modification, bone tissue regenera-
tion.

W3 mnomydenHoit BBIGOPKN ObLIN
oro6paHbl craTbi, Hanbojee MOIXO0-
JIAIIIe TeMaTHKe WCCAeJOBaHus, CO-
JlepsKaliue aKTyaJbHble, 3HAUYNMbIE
ujien, MpeIIoYTeHne OT/aBaJoCh pa-
6oram 2017-2022 rr. BKJIIOYUTEIHHO.
Mpbr paccMaTpuBain myGIUKAITE He-
3aBUCHMO OT SI3bIKa, Ha KOTOPOM OHU
6Bl OTYOJIMKOBAHbBI, 0e3 orpanmye-
HUI 10 Au3aiiny uccae 0BaHuil.

Buojorust kocTHOil TKaHH

Cmpyxmypa

MakpoCKOU4eCK KOCTb  JIeJTHT-
¢4 Ha HAPYXHYIO KOPTHKATIHHYIO
(KOMIIAKTHYI0) U BHYTPEHHIOW Ty6-
qatyio (tpaGexynspuyio). Kopru-
KaJbHBI CJIOH KOCTU TIPEJCTABISET
co60il TIOTHYIO CTPYKTYPY C CHJION
cxatug 130-200 Mma [ 18, 46], ¢ mo-
pucroctbio 5-10 %, B TO BpeMs Kak
ry6uatasi KOCTb WMeEeT MOPUCTOCTD
50-90 %. KoprukambHas KOCTb MMe-
€T 3HAYUTETHHO OOJIBIIYIO ITPOYHOCTD
na cxkarue (100-230 Muna), uem ry6-
yartas (2-12 Muna) [15, 25, 48]. Mu-
KPOCKOTTMYECKON eIMHUIIel CTPOEeHMS
KocTH  siBasiercss  octeon  (cucrema
TaBepca), pasMep KOTOPOTO COCTaB-
aser 100 mxm [18, 42]. Ilo cBoemy
COCTaBy KOCTb MPEACTABJISET COOO0I
TeTePOTEHHBINT KOMIIO3UTHBIN MaTepu-
aJI, BKJIIOYAIOIUI B ceOst MUHEPAJT TU-
npoxcnanaruta (Ca, (PO,)6(OH),),
CMEIIAHHBI opranmdeckuii  (KoJsua-
red | Tuma, JUNUIBI, HEKOJLIATEHO-
Bble GEJNKN), HEOPraHWYecKue KOM-
moneHTnl, Boxy u ap. [73]. Kocruyio
TKaHb MOKHO PAaCCMaTPUBATh KaK Ke-
PaMUKO-OPTaHUYECKUiT OGMOHAHOKOM-
MO3UTHDI KOMILIEKC, OPraHmYecKue
KOMITIOHEHTBI KOTOPOTO 06eCIIeYnBaIOT
riuOKOCTb, B TO BpeMsi KaK HEOpPraHu-
YecKie — MPOYHOCTb U YIAPHYIO BsI3-
kxocrb [12] (ra6u. 1).

DaxmopwvL pocma

Perenepaiiisi KOCTU — 3TO CJIOXK-
HBIH MHOTrOCTaAMIHBIIN  OUOJIOrnYe-
ckuii miporecc. IIpu BoccraHoBIeHUN
Je(DeKTOB KOCTHOI TKaHW pereHepa-
TUBHBIN TIPOIIECC MOXKET ObITb MH/IY-
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HUPOBaH PAJAOM OUOAKTHBHBIX HM-
IJIAHTUPYEMBIX MaTE€PUAJIOB, KJETOK,
BHYTPUKJIECTOYHBIX M BHEKJETOYHBIX
MOJIEKYJIIPHBIX ~ CHTHAJIBHBIX Iy Teit
IS YCKOPEHUS IIPOIIECCOB  pereHe-
paru [44]. Pasnuunbie dakrtopbi,
KOTOpbIE CIIOCOOCTBYIOT POCTY TKa-
Heil, Obin OOGHApY’KEHbI B MecTe
NOBPEKACHUS CKEJIeTa, OHU UTPAIOT
BRJKHYIO POJib B (PU3NOJOTHYECKOM
U pernapaTMBHOM 3a5KMBJICHUH Tepe-
JIOMOB KocTeit [66]. dakTopbl pocra,
TaKue KaK TPOMOOIUTAPHBIN (aKTOp
pocra (PDGF), kocrubiii Mopdore-
Hetnueckuit 6esok (BMP), uncym-
Honoxo6ubli  dakrop pocra (IGF),
TpancdopmMupyomuit  hakTop pocra
(TGFs-§I) wu cocyaucrblii  sHgOTE-
Juanbhblii  pakrop pocra (VEGF),
IPEICTABAAIOT GOMBIION TTOTEHI[HA
NPUMEHEHUS B 3a5KUBJICHUE KOCTel 1
ocTeorenese Ui PeryJisaini 1oBe/e-
HUSL KJIETOK, BKJOYasd oGpasoBaHue,
MUTPALUIO, aAresuio, mpoandeparuio
u auddepentuposky (tabr. 2) [55].

MarepuaJbl, ucnoab3yeMbie B pe-
KOHCTPYKTHBHOH XUPYPIHH KOCTHO
TKAHU

[ onTMMHUBALMU  pereHepaluu
KOCTHOIT TKaHU NpH JedeKTax Tpeby-
10TCs MaTepuasbl ¢ (HOPMOI, CTPyK-
TYPOIi, pa3MepoM Iop, MOPUCTOCTHIO,
KOTOpble Hanbosiee TPUOINKEHBI K
CTPYKTYP€ KOCTHOH TKaHU U oOeciie-
YUBAIOT TOJXO/SINYIO CPeLy JUIs ee
Boccranosienns (raéa. 3, 4) [33].

Buoxepamuka

Kaaccugpurxayus u obuwue ceoti-
cmea

buokepamuka — 910  6OJBINON
KJacC CIenuaJbHO pa3paboTaHHOl
KepaMWKH, WUCIOIb3yeMoil I BoOC-
CTAHOBJIEHUS ¥ PEKOHCTPYKIUH TO-
BpEXAEHHBIX CTPYKTYp. Ilockombky
KepaMHUYyecKne Marepuaybl  06Jajia-
0T BBICOKOI  GHOCOBMECTUMOCTHIO
"W KpaiiHe pelKo TPUBOIAT K OTTOP-
JKEHUIO WMILIAHTA, a TaKKe WMEeIOT
CXOXKWIT OMOJIOTHYECKWIT COCTaB C
KOCTHOIl TKaHbIO, 006JagaoT Onoak-
TUBHOCTBIO, OCTEOKOHIYKTHBHOCTDHIO,
OCTEOWH/IYKIINEN W WMEIT XOpOoIne
MeXaHWYecKHne CBOMCTBA, 9TOT KJACC
BCe Yallle MCTOJb3YeTcsT B KadyecTBe
Matepuaia JUisd 3aMeleHus Jedex-
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Tabnuua 1

XuMmnueckuii coctas koctu [18, 42]

Table 1

The chemical composition of bone [18, 42]

Heopranunyeckas dasa OpraHuyeckas dasa
Inorganic phase Organic phase
mppokcnanatvt — 60 % Konnaren — 20 %
Hydroxyapatite — 60 % Collagen — 20 %

Monucaxapuabl, NMMNUAbI, LMTOKUHbI
Polysaccharides, lipids, cytokines
KNEeTKM KOCTHOW TKaHW: 0CTe061acTbl, OCTEOLIUTbI, OCTEOK/IACTbI
Bonecells: osteoblasts, osteocytes, osteoclasts

H20 -9 %

Na+ - 0,7 %

Mg2+ - 0,5 %

C--0,13 %
Opyrve: K+, F—, Zn2+, Fe2+, Cu2+, Sr2+, Pb2+
Others: K+, F—, Zn2+, Fe2+, Cu2+, Sr2+, Pb2+

Tabnuua 2
DakTopbl pocTa KOCTU 1 nx dyHkumm [3, 8, 24, 26-29, 32, 55, 56, 71, 75]
Table 2
Bone growth factors and their functions [3, 8, 24, 26-29, 32, 55, 56, 71, 75]
®dakTop OcHOBHbIE
pereHepauum chopMbI UcTouHunk DyHKUMMN
Regeneration | Main forms Source Functions
factor
BMP-2 Me3seHxnMarsibHble KNeTKu, CuHTe3, nponudepaumns n runepTpodus MaTpukca XOHAPOLIMTOB
0cTeobnact, XOHAPOLMT, Synthesis, proliferation and hypertrophy of chondrocyte matrix
BMP | BMP-4 3HAOTENNANbHbIE KETKN Poct n andpdeperHumposka MCK 1 ocreobnacros
Mesenchymalcells, osteoblast, Growth and differentiation of MSCs and osteoblasts
BMP-7 chondrocyte, endothelialcells YBenuyeHve cMHTe3a BHEK/IETOYHOMO MaTpuKca
OcTeoreHHble Increase in extracellular matrix synthesis
akTopel Me3eHXvMasbHble KNETKM,
Osteogenic ocTeobnact, XOHAPOUWT,
factors 3HAOTENNANbHbIE KNETKM, [OuddepeHumpoBKa XpsILLEBON U KOCTHOM TKaHM, aHIMOreHes,
TpoMboumnTbI, PrbpobnacTsbl, (dopMMpoBaHMe KOCTHOrO MO3ra
TGF-B MeAMaTopbl BOCManeHus Differentiation of cartilage and bone tissue, angiogenesis, bone
Mesenchymal cells, osteoblast, marrow formation
chondrocyte, endothelial cells,
platelets, fibroblasts, inflammatory
mediators
CnocobcreyeT nponvdepaumm, anbdepeHLMpoBKe U MUrpaLmum
3HAOTENNAbHbIX KNETOK, MPUBOAUT K 06pa3oBaHnio COCy0B
1 CrocobCTBYET perynsaumm n anonTo3y XOHAPOLMUTOB,
TpombouuTsl, ocTE0bnacTbl, PEMOAENMPOBAHUIO XPSLLA, OKOCTEHEHUIO PACTYLUMX MAACTUH
VEGF XOHAPOLUTbI BHYTPM XpALLa U MUrpaLum ocreobnacros
Platelets, osteoblasts, chondrocytes Promotes proliferation, differentiation and migration of
AHrvoreHHble endothelial cells, leads to the formation of vessels and promotes
dakTopsl the regulation and apoptosis of chondrocytes, cartilage
Angiogenic remodeling, ossification of growing plates within the cartilage
factors and osteoblast migration
TpombouwTbl, 0OCTE06NACTbI, MosbiwaeT skcnpeccuto VEGF, cnocobcTByeT co3peBaHmnio
KNIETKN N MEAVATOPbI BOCNANEHNS, COCyf0B, CTUMYNMPYET nponudepaumio octeobnacros,
3HAOTENMANbHbIE KNIETKU nHayumpyet xemotakenuc MCK ansg nopaepkaHus
PDGF Platelets, osteoblasts, inflammatory (hopMMpOBaHWsi COCYAUCTON CUCTEMBI
cells and mediators, endothelial Increases VEGF expression, promotes vascular maturation,
cells stimulates osteoblast proliferation, induces MSC chemotaxis to
support vascular formation
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Me3seHxnmarsbHble
KNeTKu, octeobnacrbl, AKTUBMPYET Nponudepaumio U MUrpaLmio
XOHAPOLMTBI, KIIETKU 1 3HAOTENMNABbHBIX KNETOK Yepe3 HECKObKO
MeanaTopbl BOCManeHus, CUrHasbHbIX MyTeW Ans COAEUCTBUSI aHTMOreHesy
FGF 3HAOTENMANbHbIE KIETKN Activates endothelial cell proliferation and migration
Mesenchymal cells, through multiple signaling pathways to promote
osteoblasts, chondrocytes, angiogenesis
inflammatory cells and
mediators, endothelial cells
MUTOreHHbIN GaKTop, BAMSIET HA POCT 3pesibIX
OcteobnacTbl, KNIETOK, NOAAEPXKMBAET POCT U AndhEPEHLIMPOBKY
XOHAPOLMTBI, FenaToumThl, 3M6PUOHANbHBIX KIETOK, CTUMYNMPYET
3HAOTENMANbHbIE KNIETKU nponudepaumio octeobnacTos, NPUBOANT K
IGF Osteoblasts, chondrocytes, YCUJIEHMIO OCTEOUHTErpaLmmn
hepatocytes, endothelial Mitogenic factor, affects the growth of mature cells,
cells supports the growth and differentiation of embryonic
cells, stimulates the proliferation of osteoblasts, leads
to increased osseointegration
YuacTvie B cUrHanbHOW cuctemMe octeo6/1acToB 1
OCTEOLMTOB, NOAAEPXKMBAET Pa3BUTHE KOCTHO-
pe30p6MpyHOLLIMX OCTEOK/IACTOB, AENCTBYS Ha paHHEN
VIHTepneiKkuHbl CTagum oCcTeob1acTHON IMHUM
Interleukins Participation in the signaling system of osteoblasts
T v B-numdouunTsl, and osteocytes, supports the development of bone-
[poBocnanuTesnbHble Makpodaru, Ty4YHble resorbing osteoclasts, acting at an early stage of the
akTopsbl KneTku, pubpobnacrsbl, osteoblastic lineage
Pro-inflammatory CTpOMasibHblE KJIETKM AkTuBMPYET AnddepeHLMpoBKY 0cTe0b61acToB K
factors MHTepdepoHb! T and B lymphocytes, WHIMBUpYeT CNnsiHWE OCTEOK/acToB
Interferons macrophages, mast cells, Activates osteoblast differentiation and inhibits
fibroblasts, stromal cells osteoclast fusion
HenocpeacrteeHHo ycunuaeT akcnpeccuto RANKL
OCTEOLMTOB M CrocobCTBYET 06pa3oBaHuIo
TNF-a OCTEOK/1acToB
It directly enhances osteocyte RANKL expression and
promotes osteoclast formation
CucteMHble hakTopsl | [NIOKOKOPTMKOCTEPOUABI Kopa HagnoyeyHuka MpensTcTBYIOT (POPMUPOBAHUIO KOCTHOW TKaHU,
Systemic factors Glucocorticosteroids Adrenalcortex CTUMYNMPYIOT pe3opbumto
Prevent bone formation, stimulate resorption

ta Koctu [36, 59, 80]. Ilomumo arto-
TO KepaMHKa Ha OCHOBE TPUPOIHBIX
KOMIIOHEHTOB 00JIaJlaeT MMMYHOJIO-
FUYECKON WHEPTHOCTHIO, OTCYTCTBU-
€M TOKCUYHOCTH ¥ KaHIEPOTECHHOCTH
[30, 42]. BbLaendior HECKOJIbKO BU-
J0B KepaMukn (Talm. 5).

Buoaerpaaupyemasi kepaMuka

T'udpoxcuanamum

T'mapoxcunanatut
(Ca, (PO)(OH), TA) sasrsercs
HIMPOKO HUCIOJIb3YEMbIM OHOAKTUB-
HBIM W GuopasiaraeMbiM ¢ochaToM
KaJbIlMsi, HA [OJIO KOTOPOTrO IIpuU-
XoauTCsi OGOJIBIIUHCTBO HEOPTraHuve-
CKUX KOMIIOHEHTOB KOCTHOW TKaHHU.
OH wuMeeT XOpOIIyI0 TEPMOJANHA-
MHUYECKYI0 CTAGMJIbHOCTD U CXOXK C
MUHEPAJIbHON CTPYKTYpPOIl KOCTHOM
tkanu [33]. [lo 50 % mo oGbemy u

70 % 10 Becy YENOBEUECKOW KOCTU
npeacrasisier  coboir  MoaubuInpo-
BanHyto ¢opmy T'A, yTo Graronpusr-
HO BJINSET Ha aJre3uio u npoJndepa-
o ocreobsacroB [34, 77]. Mexa-
HUYecKue u GHOJIOTHYECKHE CBOUCTBA
ummanToB U3 ['A 3aBucsart ot popmbl
WU3TOTOBJIEHNUS] — IMOPHUCTbIE KApKaChl
U3 TUAPOKCHANATHTA O06ECedYnBaoT
JIYUIYI0 CTPYKTYPY JJs1  aJre3um,
npomudepannn n auddepeHnupos-
KN KOCTHOHM TKAaHM 110 CPAaBHEHWIO C
MoHosuTHBIME Gsokamu. [lpu usro-
TOBJIEHUM TOpUCTOro ckaddosga n3
'A ero wucnoJsb3oBanue B KayecTBe
UMILJIAaHTA B CETMEHTE C BbICOKOII oce-
BOIl HArpy3Koil OrpaHuyeHO BBUY
HU3KOH MeXaHW4YeCKOW IPOYHOCTU
[0 CPaBHEHMIO C KOCTHOH TKaHbIO,
HO IPHU M3TOTOBJIEHUN MMILJIAHTA M3
I'A B BHUIE MOHOJUTHOTO GJIOKA MO-
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ayab FOHra Boiire, yeM y koctu [46].
[Tomumo storo I'A wumeer xoporiuit
NOTEHIINAJ JJIs JITe3UN U POCTa Me-
3EHXUMAJbHBIX CTBOJIOBBIX KJIETOK
(MCK) [51].

Tpukanvyuiichocpam (Ca(PO,),)

Tpukanbuuiipochar (TKD) sas-
JISIETCST  PACHPOCTPAHEHHBIM OHOAK-
TUBHBIM, GHOabcopObupyeMbiM, OHO-
JerpaiupyeMpiM, OUOCOBMECTUMbBIM
MaTepuajioM W 10 CBOEH CTPYKType
AHAJIOTUYEH HEOPraHW4YecKol Co-
CcTaBJIAIoONIel KOCTHOW TKaHU U UMe-
eT MUHUMAJbHDBIN PUCK OTTOPXKEHUS
[76]. Coornomtenue kambitust u Gpoc-
dopa B TKD cocrasaser 1,5, 4TO
6JIM3KO K COOTHOIIEHUIO KAJbI[US U
docdopa B ecTecTBEHHOI KOCTHOI
TKaHn — 1,66. OCHOBHBIM MeXaHU3-
MoM Guoaktusnoctu TK®D sBisiercs
JACTHYHOE PACTBOPEHUE M BBICBOGO-
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Tabnuua 3

OnNTUManbHbIE XapaKTEPUCTUKN U CBOMCTBA MMMIaHTa [73]

Table 3

Optimal characteristics and properties of the implant [73]

XapaKTepucTuku
Characteristics

XXenaTtenbHble CBOUCTBA
Desirable Properties

BrocosmecTuMoCTb

HeTokcnyHble npoayKTbl pacnaga
Non-toxic degradation products

Biocompatibility

Ha KOMNOHeHTbI kKapKkaca He BO3HMKAET peakuus BOCMaseHns U MIMMYHHOE OTTOPXKEHWe
There is no inflammation reaction and immune rejection on the scaffold components

KoHTponupyemas aerpagaums kapkaca, KoTopasi MOXET AOMOSHATHCS POCTOM TKaHe!
Controlled scaffold degradation that can be supplemented by tissue growth

Buopasnaraemoctb
Biodegradability

(depMeHTaTUBHBINM UKW 6MONOrYECKU MYTb PA3NIOXKEHNSI UMI/IAHTa
Enzymatic or biological pathway of implant degradation

CuHTE3 COBCTBEHHOIO BHEKIETOMHOMO MaTPMKCa KIIETKaMU, MHTErpUpYIoLIMECs B Kapkac
Synthesis of own extracellular matrix by cells integrating into the scaffold

B3avMogeiicTB/e Mexay KNeTKaMu OpraHu3Ma U MaTepuasioM UMMIaHTa
Interaction between bodycells and implant material

BroakTnBHOCTb

OCTEOKOHAYKLMS U OCTEOUHAYKLUMS
Osteoconduction and osteoinduction

Bioactivity

BO3MOXXHOCTb BKJ/IIOYEHUSI BUONOMMYECKMX CUrHANOB U (PaKTOPOB, CTUMYUPYIOLLMX POCT,
anddepeHUMpoBKy 1 Nponvdepaumio KNeTok
Possibility of initiation of biological signals and factors stimulating growth, differentiation and proliferation

of cells

B3aunmocssi3b nop, obecneumnBatowmx anddy3nio 1 MUrpaumio KNeTok
Relationship of pores providing diffusion and migration of cells

CTpyKkTypa Kapkaca

MUKpOMOpUCTOCTb, 0becneunBaioLlas 6oMbLUYIO NoLab NOBEPXHOCTM AJ1si B3aMMOLEWCTBYS KIETOK U1

KapKacoB

Microporosity providing a large surface area for cell and scaffold interaction

Frame structure

MaKponopuCToCTb, 06ecrneyrBatoLLas MUrpaLmio KIETOK U BpacTaHUe COCYAUCTON CeTU
Macroporosity enabling cell migration and ingrowth of the vasculature

[JlocTaTouHasi MOpUCTOCTb Ast O6MIeryeHnst BpacTaHus KNeTok 6e3 ociabneHust MexaHM4Yeckux CBOUCTB
Sufficient porosity to facilitate cell ingrowth without compromising mechanical properties

Pa3mepnop, aaanTUpoBaHHbIN K LIENEBOW TKaHW 1 KNeTKaM
Pore size adapted to target tissue and cells

MexaH14Yeckne CBOWNCTBa

MpOYHOCTL Ha CkaTue, ynpyrocTb U YCTanoCTb, CPaBHMMAs C TKaHbIO X0341HA, MNO3BONAOLAS
OCYLLECTBNATb MEXAHOPETYIALMIO KIIETOK N COXPaHSATb CTPYKTYPHYIO LIENOCTHOCTD in Vivo
Compressive strength, resilience and fatigue comparable to host tissue, allowing for cell

mechanoreregulation and structural integrity in vivo

Mechanical properties

MaTtepuan kapkaca, KOTOPbIM MOXHO JIEFrKO MaHWUMyNMpOBaTh B KIIMHUYECKMX YCIIOBUAX AN NTIeYEHUs
oTzenbHbIX AeheKTOB KOCTEN NauueHTa
Frame material that can be easily manipulated in the clinical setting to treat individual patient bone

defects

skaenne nonos Ca** u P in vitro
U in Vivo, KOTOpbI€ HCIIOJIb3YIOTCS
opraHu3MoM st (hOPMUPOBAHUS
HoBOI KocTHOU TKanu [58, 77]. Cy-
HIECTBYIOT [[BE CTPYKTYPbI C pas-
JIMYHBIM  PACIOJIOKEHNEM aTOMOB:
a-TKD u B-TKD.

o-TK®D moasepsker ObICTPO j1e-
rpajJialiiy, 4TO IPUBOIUT K HEydadaM
B 9KCIIEPUMEHTE TPHU HCIOJb30BAHIH
nmimanTa u3 o- TKD, moaromy He-
JTaBHIE MCCIeT0BAHUS ObLIH COCPEI0-
touenbl Ha B-TKD, a ne na o-TKD
[77]. WN3-3a cBOMX MeXaHUYECKUX
cBoiictB B-TK®D He noaxoauT /s uc-

MOJIb30BAHUST B CETMEHTAX C BBICOKOI
Harpy3koil. OfHaKo B COYETaHUM C
OUOMHEPTHBIMU TIOJIUMEPaMi OH 06~
pasyer KOMIIO3UT, KOTOPbIH 06.a1a-
€T ONTHUMAJIbHBIMI MEXaHUYECKUMHU
CBOWCTBAMHU U CHOCOOGHOCTBIO K OCTE-
omnrerpanuu [23]. DBuoaerpamarus
TK® npoucxoaut 6bicTpee, 4eM OHO-
nerpagarmst TA [42].

IF'A u B-TKD He gBadgioTcss B3au-
MOUCKJIIOYAIONMMI  MaTepuajaMu |
MOryT OBITb HCIIOJb30BAHDI [IJIsI CO3-
JnaHusg kommosuta. /IByxdasHble Ke-
paMHuYecKre KapKachl CIOCOGCTBYIOT
MOBBIIIEHHOI Tiposindepary u -
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(epeHIPOBKE KJIETOK MO CPABHEHUIO
C MOHOKOMIIOHEHTHBIMU KapKacaMu
n3 T'A win B-TKD [17].

Soon-Ho Kwon u coasropbl wuc-
cJIeIoBaJIi CKOPOCTh passokeHust I'A
n TK® kak oTjesbHO, Tak U B BU-
Jie KoMmIio3urta B coortHomeHun 1 : 1.
Pesyabrarpl  mnokasanu, yro TRKO
JIEMOHCTPUPOBAJI  CaMyI0  BBICOKYIO
CKOPOCTb PACTBOPEHUSI B PaCTBOPE
Punrepa, B oramume or T'A, koto-
pbIil MMeJT caMyio HU3KYIO CKOPOCTb.
[Byxdasupiii  ['A/TK® nokazan
CKODOCTb PACTBOPEHHS HIIKE, YeM
TK®, no Bbime, uem I'A [35].



Tabnuua 4
Buabl MaTepuanos, ncnosb3yemble A1 U3roTOBIEHMS UMIMIAHTOB U Cnocobbl nx npoussoacTea [12, 16, 53, 60, 62, 68-70, 73]

Table 4

Types of materials used for the manufacture of implants and methods for their manufacture [12, 16, 53, 60, 62, 68-70, 73]

Martepuan | Buabl matepmana Mpenmyuiecrea HepocraTtkmu Cnoco6bl npousBoAcTBa
Material Material types Advantages Disadvantages Production methods
[mcTocoBMecTMMocCTb /
Histocompatibility HecooTseTcTBue pasmepa Aedekra
MMyHHas nHepTHOCTbL | 1 uMnnaHTa / Discrepancy between
/ Immun einertia the size of the defect and the
AyTonnaHt OcrteoreHes / implant
Autoplant Osteogenesis [lononHutenbHoe onepaTMBHoe
OcteonHaykums / BMeLaTenscTeo / Additional surgery
Osteoinduction OrpaHuyenne obbema MaTepuana /
OcTeokoHayKums / Material volume limitation
Osteoconduction
'mcTocoBMecTMMOCTb / | PUCK MMMyHHOMO oTTOpXXeHus / Risk
Histocompatibility of immune rejection
OcteonHaykums / lMepenaya BUPYCHOM 1
Osteoinduction 6akTepuansHol uHdekumm /
OcTeokoHayKums / Transmission of viral and bacterial
Matepuans! AnnonnaHt Osteoconduction infection
KOCTHOW Alloplant HeT orpaHuueHuit [JlononHuTenbHbIV 3Tan 06paboTku Xupypruyeckuit
TKaHu no obbeMy 3abopa umnnaHTa / Additional stage of Surgical
Bone matepuana / No implant processing
materials restrictions on the HecooTBeTcTBMe pasmepa Aedekta
amount of material | n umnnanTa / Discrepancy between
taken the size of the defect and the
implant
Pnck nMMyHHOro ottopxxeHus / Risk
OcteonHaykums / of immune rejection
Osteoinduction lMepenaya BUPYCHOM 1
OcreokoHayKuus / 6akTepuansHol uHdekumm /
Osteoconduction Transmission of viral and bacterial
KceHonnaHT HeT orpaHuueHuit infection
Xenoplant no obbeMy 3abopa [JlononHuTenbHbIV 3Tan 06paboTku
matepuana / No umnnaHTa / Additional stage of
restrictions on the implant processing
amount of material HecooTBeTcTBMe pasmepa Aedekra
taken 1 uMnnanTa / Mismatch between the
size of the defect and the implant
SLA (crepuonutorpacdus /
steriolithography)
SLM (cenekTvBHOE NnasepHoe
BnocoBmecTumocTb / nnaeneHune / selective laser
Biocompatibility Hwu3kas cnocobHocTb k melting)
Cnnaebl MeTanoB Bblicokast 610N10rNYeckoMy pasfioXXeHuIo / SLS (cenexkTMBHOE NnasepHoe
(Xpom, kobanbT, MexaHuyeckue Low biodegradability crnekaHue / selective laser
MeTtann TUTaH 1 ap.) CBOWMCTBA U NMPOYHOCTb | BTOpMYHOE BbICBOGOXKAEHVE NOHOB sintering)
Metal Metal alloys / High mechanical meTannos / Secondary release of EBM (aneKkTpoHHOe nyyesBoe

(Chromium, cobalt,
titanium, etc.)

properties and
strength
[JoctynHocTb /
Availability

metal ions.
Huskas ycTonumnBoCTb K
LIMK/IMYECKMM Harpy3kam / Low
resistance to cyclic loads

nnaBneHune / electron beam

melting)

Powder metallurgy (nopoLukosas

MeTannyprus)

Vacuum foaming (BakyymHoe

BCMEHNBAHWE)

Directional solidification
(HanpaBneHHas KpucTannmsaums)
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Monumepsb!
Polymers

CuHTETMYECKNE

Buoperpaavpyembie
(PLA, PGA,PLGA,PCL,
PEG, PAAs)
Biodegradable (PLA,
PGA, PLGA, PCL, PEG,
PAAs)

Synthetic

Hebuoperpaavpyemblie
(nonuaTtuneH,
nonuypetaH, PAA 1 ap.)
Non-biodegradable
(polyethylene,
polyurethane, PAA, etc.)

Benkosble (konnareH,
GubpuH, xenaTuH,
unbpuHoreH n ap.

Protein (collagen, fibrin,
gelatin, fibrinogen, etc.)

HaTypanbHble
Natural

Monucaxapuapl
(anrmHatel, XMTO3aHsbI
v op.)
Polysaccharides
(alginates, chitosan,
etc.)

BrocoBmMecTMMoCTb 1
HM3Kas TOKCMYHOCTb
/ Biocompatibility and
low toxicity
YnyylLeHHbIN
KOHTPOSb Hafj
bursmyeckumm
CBOWCTBaMM /
Improved control over
physical properties

Huskune mexaHuyeckme
cBoiicTBa / Low
mechanical properties
Hanuune npupoaHbIx
npumeceii / The
presence of natural
impurities
'mppodobHocTb /
Hydrophobicity

CTpyliHas neyatb /
Inkjet printing
®oTonutorpacus /
Photolithography
SMmynbcudmkaums /
Emulsification
DNEKTPOCMNHUHT /
Electrospinning
SLA
SLS/SLM
EBM
FDM (TexHonorus
MOC/ONHOrO
Hannasnenus / fused
deposition modeling)
Pazpenenve a3 /
Phase separation
CybnnmaumoHHas
cywka / Freeze drying
BcneHnBaHve rasom /
Foaming with gas
Inverse opal
hydrogenation
(MHBEpCMOHHasA
rMaporeHn3aums)
Self-assembly
(camocbopka)

Buokepamuka
Bioceramics

BrounHepTHas
Bioinert

LIpKoHWiA, okeug,
aNIoOMUHNA 1 ap.
Zirconium, aluminum
oxide, etc.

Bbuopaerpaavpyemas
Biodegradable

A, TK®, 6buoctekno
n ap.
HA, TCP, bioglass, etc.

BuonHepTHOCTD /
Bioinertness
BuocosmecTtumocTb /
Biocompatibility
BrokoHAYKTMBHOCTb /
Bioconductivity
BronHaykTMBHOCTH /
Bioinductance
CxoxecTb no
COCTaBy C KOCTHOM
TKaHblo / Similarity
in composition with
bone tissue

Xpynkuii npu
MOHOKOMMOHEHTHOM
cocraee / Brittle with

monocomponent
composition
CnoXXHOCTb
ynpaBeHWsi CKOPOCTbIO
pe3opbuum, 4To
NPUBOAUT K CHUXEHWIO

MEXaHWUYeCKow
npoyHocTu / Difficulty
in controlling the rate
of resorption, which
leads to a decrease in
mechanical strength

CTpyliHas neyatb /
Inkjet printing
Metog akcTpy3um /
Extrusion method
SLA
SLS
Laseraid gelling
(reneobpazoBaHue ¢
NMOMOLLbIO N1a3epa)
FDM
Salt leaching
(BbienayvBaxne
coneit)
Dual-phase
leaching (aBoiiHOE
BblLLE/IayYvBaHNeE)
Gel casting (renesoe
JINTbE)

Mpumeyanue: PLA — nonunaktug, PGA — nonurnvkonua,
PLGA — cononvMMep MOIOYHOW U FIVKONMBOW KUC/IOTHI,

PCL — nonukanponakTtoH, PEG — nonMaTuneHrnnkons,

PAAs — nonvamMmHokucnoTbl, PAA — noivakpuiosasl KUCNOTa,
I'A — T'mapokcuanatut, TK® — Tpukanbumiidocdar,
SLA — crepuonutorpacus, SLM — cenekTMBHOe Na3epHoe MiaB/eHne,
SLS — cenekTnBHOE na3epHoe crnekaHune, EBM — anekTpoHHoe nyyeBoe nnaBneHve,
FDM — TeXHO/I0r1s MOC/I0MHOMO HamnIaBeHNS.
Note: PLA — polylactide, PGA — polyglycolide, PLGA — copolymer of lactic and glycolic acid,
PCL — polycaprolactone, PEG — polyethylene glycol, PAAs — polyamino acids,

PAA — polyacrylic acid, HA — Hydroxyapatite, TCP — tricalcium phosphate,

SLA — stereolithography, SLM — selective laser melting, SLS — selective laser sintering,
EBM — electron beam melting, FDM — fused deposition melting.




Tabnuua 5

Knaccudukaums 6uokepamukm [23]
Table 5

Classification of bioceramics [23]

OpraHuyeckuit kpeMHuid / Organic silicon

HaTtypanbHas PakoBmHa monntocka / Clam shell
Natural OpraHuyeckuii xxemyyr / Organic pearl
o npoucxoxaeHuo 3y6ebl / Teeth
Origin Koctn / Bones
MaTtepuanbl Ha ocHoBe ocdaTta kanbums / Materials based on calcium
CuHTeTMYeckas phosphate
Synthetic 'mppokcnanatut / Hydroxyapatite
Buoctekno / Bioglass
MaTtepuanbl Ha ocHoBe ocdaTta kanbums / Materials based on calcium
Mo TMny TKaHeBOM buoperpaanpyemas phosphate
peakuum Biodegradable M'mppokcnanatut / Hydroxyapatite
By type of tissue Buocteksio / Bioglass
reaction BrounHepTHas AntoMyHni / Aluminum
Bioinert Creknoyrnepog / Glassy carbon
LipkoHwii / Zirconium
Ha ocHose anioMuHuA OKevAa antoMUHNS, CUNTMKAT antloMUHUS
Aluminum based Aluminium, aluminum silicate
Ha ocHoBe LnpKoHus LIMPKOHWMIA, AMOKCMA, LIMPKOHUS Ky6ruueckoi Moandmkaumm, AMoKena
Basedonzirconium LIMPKOHWSI TETParoHanbHoM MoauduKaLmm
Zirconium, cubic zirconia, tetragonal zirconia
Ha ocHose yrnepoaa 'pacut / Graphite
Mo cocTasy Carbonbased Creknorpacut / Glass graphite

By composition

Ha ocHose ¢ocdata kanbums
Based on calcium phosphate

AmopdHbIN hocdaT kanbums / Amorphous calcium phosphate
B-Tpukanbuumndocdat / B-tricalcium phosphate
[Byxda3zHbiii hocdat kanbums / Biphasic calcium phosphate
M'mppokcnanatut / Hydroxyapatite
®topanatut / Fluorapatite

Ha ocHoBe cunivMKkoHa
Silicone based

Cunukat kanbumsa / Calcium silicate

Kpucrannunyeckas Cunukat antoMuHma / Aluminum silicate
Crystallic 'mppokcnanatut / Hydroxyapatite
lNo cTpykType ®1opanatut / Fluorapatite
By structure LIMpkoHWii / Zirconium
AmopdHas AmopdHbIN ocdaT kanbums / Amorphous calcium phosphate
Amorphic Buoctekso / Bioglass

Kom6unanus ayx wmwin Gosee GHO-
KEpaMUUYECKUX MaTepUaloB MOKET
KOMIIEHCHPOBATh HEKOTOpbIe HeJ0-
CTATKM MHOTOKOMIIOHEHTHBIX Mare-
PHAJIOB: YMEHBIIUTh CKOPOCTh PE30P-
Ol ¥ YBEJUYUTH MEXAHUIECKYIO
mpouHocTs [17].

Buounepmnas xepamuxa

Oxcud amomunus (Al,0,)

Oxcuy amomunust (OA) o6majgaer
BBICOKOII TBEPAOCTbIO U aOPa3UBHO-
CTbIO, TUAPOGUIBHOCTDIO, HM3HOCO-
CTOWKOCTBIO W CTOUKOCTBIO K KOPPO-
3WM, XOPOIIEH TerJIOmPOBOINMOCTDIO
W HU3KUM Koa(dUIMmenToM TpenHus,
HO UMEEeT HU3KYI0 IPOYHOCTb HA W3-
ru6. [ToBepxHOCTD TAKOrO Marepuasa

MO3KET GbITb XOPOIIO OTIIOJHPOBAHA.
MakporopucTble KapKacbl U3 OKCU-
Jla QJIOMUHMsSI IIPOSIBJSIOT BBICOKUE
MeXaHUYeCKHe CBOUCTBA, YTO JleaeT
UX BO3MOKHBIME [IJIS1 HCIIOJIb30BAHMS
B BUle KOCTHbIX uMILianToB (mpore-
308). OA B omimuue Or MeTaia u
HOJIMATUJICHA HE TIOJBEPraeTcsl OKUC-
JIEHUIO U KOPPO3UH B OKDYIKalolleii
cpese. Ha ceropnsiuiuuii ieHb akTuB-
HO UCIOJIb3YETCs KaK KOMIIOHEHT HH-
qorporesa [23, 77].

Oxcud yupxonusa (ZrO,)

[lupkoHueBass KepaMUKa —TakxKe,
xak n OA, mMeeT BBLICOKYIO MeXa-
HUYECKYIO IPOYHOCTb U U3HOCOCTOM-
KOCTb, OJIHAKO OHa 06JIalaeT HU3KOIL
TEILIONPOBOJAUMOCTDIO,  MOXKET  Obl-
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CTPO Ppa3pymiatbcs TOJ BO3JEHCTBU-
eM BbIcOKux temieparyp. O6paborka
MOBEPXHOCTH  JUOKCHIA ITUPKOHUS
MOJKeT MOBJUATh HA ero (husandeckue
CBOIiCTBAa: HampuMep, mpu HLIHO-
BaHWM TOBEPXHOCTU CHUKAETCS €ro
MIPOYHOCTD, & JJINTEJbHOE HaXOXK[e-
HUE BO BJQKHOH cpelie MOXKeT OT-
pUIATEIbHO CKAa3aTbCsl HA €ro CBOM-
crBax. OcHOBHasi 06JacTh MpUMEHe-
HuA — cromarogorus [23, 77].
MoaunduimpoBanne KapKacoB Ha
OCHOBE I[MPKOHUSI HAXOAUT Bce GOJIb-
1ee NMpUMeHEeHNe B HUCCJEOBAHUSIX.
OnucpbIBaeTCst NCNOJb30BaHME ITMPKO-
HUEBOI KepaMUKU ¢ GHOAKTHBHBIM M0~
kpbitueM ['A. [[ng MuHuMu3anum xXu-
MU4ecKoi peakiu Mexkay I'A u nup-
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KOHWEM B KadecTBE MPOMEKYTOUHOTO
¢J08 ObLT MCTOJb30BaH (PTOpANaTUT
(MDA). PesynbraThl 9KCIIEPUMEHTOB
in vitro moxasaJjm, 4TO KOMIIO3UT, CO-
CTOSIINN U3 MUPKOHUS, MTOBEPXHOCTD
KoTOpOoro Oblma MoKpbiTa 'A, TOKa-
3aJ1 GBICTPBIN POCT U TTPoJnQepaIio
KJIETOK OCTeOOJACTOB MO CPABHEHUIO
¢ Heo6paGOTaHHBIM  ITMPKOHUEBBIM
kapkacoMm [63]. IIpouHocTh KapKacos
MOKHO WM3MEHSITh, PETYyJUPYs COOT-
Houlenue nUpKonud u I'A B cTpyKTy-
pe umitanTa. TakuMm o6pa3oM Sang-
Hyun An u coaBTOpbl yBeJNYUIN

MPOYHOCTh KapKaca Ha cxaTue 6oJiee
yeM B 1aTh pas (¢ 2,5 go 13,8 MIla)
[2]. Moaudukarms kapkaca IHPKO-
HUST TUPOKCHAIIATUTOM CIIOCOOCTBY-
eT JIydileit ajare3un u mposandeparum
MCK 110 cpaBHEHUIO C KapKacoM, M3-
TOTOBJIEHHBIM U3 OKCHA ITMPKOHUSI,
MIOMUMO 9TOTO MOJAM(DUITMPOBAHHDBII
KapKac yJIyd4lliaeT pereHeparuio Kocr-
HOI TKaHH.

B uHXeHepuu KOCTHOI TKaHU Ke-
paMuyecKne MaTepHasbl  SIBJSIOTCS
CUJIbHBIMU KOHKYPEHTaMU MeTaJLH-
yecKuM wuMIaHTtaraMm. bmaarogaps

CBOEIl CTPYKType U OHOJOTHYECKUM
cBoiicTBaM OHMOKepaMUKa yCHJINBA-
€T OCTEOMHTErpalfio, CIHOCO6CTBYET
¢ opMHUpPOBaAHNIO, POCTY COEMHUTED-
HOI TKaHW B OpraHuaMe YeaoBeKa.
buonerpamaius kak cBOWCTBO HEKO-
TOPBIX BUJOB OHOKEPAMUKH JAET Tpe-
UMYIIECTBO /IJISI UCIIOJIb30BAHMS €r0 B
KavecTBe Marepuasa s 3aMelleHust
nedexra KoctHOU TKaHu [46].

MeToabl U3rOTOBJIECHHUS
HPI/I CO3/laHNN UMIIJIAHTOB W13 610-

KepaMHYeCKUX MaTepuajJioB MCIIOJIb-

Tabnuua 6

MeToabl npon3BoacTBa brokepammnyeckmx umnnadTos [11, 17, 46, 47, 53, 73, 78, 80]

Table 6

Methods for the production of bioceramic implants [11, 17, 46, 47, 53, 73, 78, 80]

MeTtoabl
Methods

NMpenmyuiecrea
Advantages

Hepocratkm
Disadvantages

Metog nuTbsa (NMNTbE)
Solvent casting

OTHOCUTENBHO MPOCTasi TEXHONOr S,
NO3BOJIAIOLLAA CO3AaBaTb KapKachl
C perynsipHo/ MOpUCTOCTbIO,
KOHTPOJIMPYEMbIM COCTaBOM M Pa3MepoM
nop / Relatively simple technology that
allows creating scaffolds with regular
porosity, controlled composition and pore

size

/icnonb3oBaHWe OpraHMYecKkux pacTBopuTEnen
UCKJTIOYAET BKJTIOYEHME KIETOK M Bromonekyn
HenocpeacTBeHHO B CTPYKTYpY kapkaca / The use of
organic solvents excludes the inclusion of cells and
biomolecules directly into the framework structure
TpyaHo KOHTponupyemas dhopma 1
B3anmopacrnonoxenue nop / Difficult to control the

OrpaHunyeHne MexaHM4yeckomn npoyHoctv / Mechanical

shape and position of the pores

Strength Limitation

BcneHvBaHue rasom
Gas Foaming

VicknioYaeT ncnosnb30BaHNe XMMUYECKUX
pactBopuTenein / Eliminates the use of

chemical solvents

BbiCOkoe AaBneHve NCKIYAET BKIIKOYEHNE KNETOK U
61oMoneKyn HeMoCPeACTBEHHO B CTPYKTYPY Kapkaca
/ High pressure excludes the inclusion of cells and
biomolecules directly into the scaffold structure
TepmocTolikue MaTepuasbl MOryT 6biTb
[leHaTypVpoBaHbl Ha 3Tane npeccoeaHuns / Heat
resistant materials can be denatured during the pressing

TpyaHo KOHTponupyemas dhopma 1
B3anmMopacnonoxenue nop / Difficult to control the

step

shape and position of the pores

CybnnmaumoHHas CyLika
Freeze-Drying

He TpebyeT ncnonb3oBaHus TBEPAOro
noporeHa / Does not require the use of

solid threshold

[nutensHoe Bpemsi 06paboTku / Long processing time
ManeHbkuid pasmep nop 1 nopuctocts / Small pore size

and porosity

TpaanumoHHoe npoussoacTeo / Traditional production

Paspenenve a3
Phase Separation

YCTpaHseT CTaamio BbllenaymBanus /
Eliminates the leaching step
MoXeT N1erko coyerartbes C Apyrumu
TexHukamu / Can be easily combined with

other techniques

/icnonb3oBaHWe OpraHuYeckux pacTBopuTEnen
UCKJTIOYAET BKJTIOYEHME KIIETOK M Bromonekyn
HenocpeacTBEHHO B CTPYKTYpy kapkaca / The use of
organic solvents excludes the inclusion of cells and
biomolecules directly into the framework structure
ManeHbKkuid pasmep nop 1 nopuctocts / Small pore size

and porosity

Co3paaeT kapkac ¢ 60/bLIOoN Nowaabio

MoryT noTpe6oBaThCst OpraHUYECKME PAacTBOPUTENH,

MOBEPXHOCTU ANSi KPenieHns syeek /
Creates a scaffold with a large surface
area for attaching cells
MpocTas n Hegoporas TexHonorus /
Simple and inexpensive technology

DNEeKTPOCINHHUHT
Electrospinning

KOTOpble MOryT 6bITb BPeAHb! AN KNeTok / May require
organic solvents that can be harmful to cells
OrpaHunyeHne MexaHM4eckomn npoyHoctv / Mechanical
Strength Limitation
TpyAHOCTU CO3AaHUsl TOYHOW MUKPOApPXUTEKTYPbI /
Difficulties in creating an accurate microarchitecture




ALANTUBHbIE TEXHOOMMK

TepmoneyaTb
Thermal printing

CTpy/iHas neyatb

Hu3kas CToMMOCTb, LUMPOKast AOCTYMHOCTb,

3acopeHvie (POpCyHOK, pUCK TEMI0BOro 1
MEXaHWYecKoro BO3AENCTBYS Ha MaTepuar,
HEOAHOPOAHbIN pa3Mep Kamnesb, Bbicokast
NCXOAHAs MOPUCTOCTb — CUJTbHAs yCaaKa,

Binder jetting/inkjet | AxycTuyeckass | BbiCOKasi CKOPOCTb M pa3pelleHne neyatn/ |HM3Kas CTeneHb NporHo3a no aecopmaumm
printing neyatb Low cost, wide availability, high speed and | npwu cnekanum / Clogged nozzles, risk of
Acoustic printing print resolution thermal and mechanical effects on the
material, non-uniform droplet size, high
initial porosity - strong shrinkage, poor
prediction of deformation during sintering
Hwv3kas ckopocTb NPOM3BOACTBA, BbICOKNE
Bbicokasi TOYHOCTb, BbICOKas UCXOAHasi | 3aTpaTbl HAa MPOU3BOACTBO, BO3AENCTBMUE
NIOTHOCTb MaTepuasna, XopoLuas BbICOKVX TeMnepaTyp, UHTEHCUBHOCTb
NPOrHO3VPYEMOCTb YCaAKM NPU CNeKaHuK, [nasepa MOXET MHAYLIMPOBaTb NOSIMMEPHYIO
BO3MOXHOCTb MPOV3BOACTBA MENKMX [erpajaumio MaTepuana, nioxou
06BEKTOB M CTPYKTYP, B 3aBUCUMOCTM  |KOHTPOJIb Haz Tonorpadveii NoBEPXHOCTH,
OT peanusauuv MeToaa CTOMMOCTb HeobXoAMMOCTb yaaneHus CBA3YyoLero
BapbUPYETCsl OT HU3KOW [10 CPEAHEN, — OrpaHWYeHns Ha TO/LWKMHY obbekTa (o
MCMoMb30BaHVE LMPOKOro AMana3oHa | MM), CIOXHOCTb NOArOTOBKM MaTepuanos
pa3MepoB MOPOLLUKOB — HAHO M MUKPO, |1 NOCTO6PaboTKM MOTyYEHHBIX 3aroTOBOK,
SLA CO3[aHue reTeporeHHbIX MaTepurasnos / BO3MOXHbI AedopmMaumn n ycaaku / Low
High accuracy, high initial density of the | production speed, high production costs,
material, good predictability of shrinkage exposure to high temperatures, laser
during sintering, the possibility of producing| intensity can induce polymer degradation
small objects and structures, depending of the material, poor control over the
on the implementation of the method, the topography of the surface, the need
cost varies from low to medium, the use to remove the binder - restrictions on
of a wide range of powder sizes - nano the thickness of the object (5 mm), the
and micro, the creation of heterogeneous |complexity of preparing materials and post-
materials processing of the resulting workpieces,
deformation and shrinkage are possible |
BbicoKast TOYHOCTb, BbICOKasi MCXOAHas
NIOTHOCTb MaTepuasna, XopoLuas
NPOrHO3VPYEMOCTb YCaZKMN MPU CrieKaHuu,
BO3MOXHOCTb MPOV3BOACTBA MENKMX
06BEKTOB U CTPYKTYP, B 3aBUCMMOCTM
OT peanusauuv MeToaa CTOMMOCTb Hwv3kas ckopocTb NPOM3BOACTBA, BbICOKNE
BapbUPYETCs OT HU3KOW 10 CPEAHEN, 3aTpaTbl Ha MPOU3BOACTBO, BO3AEUCTBUE
MCMNosb30BaHVE LIMPOKOro Anana3oHa BbICOKVX TeMMnepaTyp, UHTEHCUBHOCTb
pa3MepoB MOPOLLUKOB — HAHO M MUKPO,  |na3epa MOXET MHAYLIMPOBaTb NOSIMMEPHYIO
CO3[aHue reTeporeHHbIX MaTepuanoB.  |aerpajaumio MaTepuarna, nioxon KOHTPOJb,
O6paboTka HECKOMbKMX MaTepUasoB Hap Tororpacuen NoBepxHoCTH /
SLS O0AHOMOMEHTHO. MocTtobpaboTka He Low production speed, high production

Tpebyetcs / High accuracy, high initial
density of the material, good predictability
of shrinkage during sintering, the possibility
of producing small objects and structures;
depending on the implementation of
the method, the cost varies from low
to medium, the use of a wide range of
powder sizes - nano and micro, the creation
of heterogeneous materials. Processing
multiple materials at the same time. Post-
processing is not required

costs, exposure to high temperatures, laser
intensity can induce polymer degradation
of the material, poor control over surface
topography

MNpsMoe ocaxxaeHne aHeprum
Direct Energy Deposition

Bbicokas ckopoCTb neyaTu, BO3MOXHOCTb
CO3AaHNS reTeporeHHbIX MaTepuanos,
6bICTpas neyaTb KpynHbix 06bekToB / High
print speed, ability to create heterogeneous
materials, fast printing of large objects

BbiCOkas CTOMMOCTb, C/IOXHOCTb NpoLecca,
pacTpecKMBaHWe KepamMnM4ecKoro
MaTtepuana, bonblmne noTepy NOPOLLKa
/ High cost, process complexity, ceramic
material cracking, large powder loss
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Bbicokue MexaHu4eckme CBOWCTBa, Bo3pgeiicTBMe BbICOKOW TeMnepaTyphl,
pactBopuTenb He Tpebyetcs / High HU3KOE paspeLleHne nevatu
mechanical properties, solvent is not (HEBO3MOXHOCTb HarnevyaTaTb
required MefKWe CTPYKTYpbl: KaHasbl,
MpocToi npouecc / Simple process nopel). icnonb3oBaHne B kKayecTse
FDM He Tpebyetca nnatdopma nnm Martepuana Tonbko HUTK / Exposure to
nogaepxka / No platform or support | high temperature, low print resolution
required (impossibility to print fine structures:
Bbicokast npov3BoanTENbHOCTb, HU3Kas |channels, pores). Using only thread as
crommocTb / High performance, low cost a material
DKCTpy3us
Martepuana Bbicokne mMexaHuyeckue
Material CBOWCTBA, pacTBOpUTESb HE
extrusion Tpebyetca. High mechanical

DIW
required.

process

properties, solvent is not
MpocToi npouecc / Simple

He Tpebyetcs nnatdopma nnm
nogaepxka / No platform or
support required
Bbicokasi Npon3BOAMTENBHOCTb,
610MKETHBIV, HET BO3AENCTBUS
BbICOKVX Temnepatyp / High
performance, budget, no
exposure to high temperatures

TpebyeTcs pacTBOpUTENb, NErKO
nedopMypyeTcs BO BpeMS nevaTw,
HU3KOE paspeLLeHvie nevaTtu
(HEBO3MOXXHOCTb HarneyaTaTb Meskue
CTPYKTYpbI: KaHanbl, nopsbl) / Solvent
required, easily deformed during printing,
low print resolution (impossibility to print
fine structures: channels, pores)

Laser aidedgelling LAG

Obpa3oBaHue rensi ¢ MOMOLLbIO 1la3epa

BbiCOkas TOYHOCTb, BbICOKast MCXOAHAs
N/I0THOCTb MaTepuasna, BO3MOXHOCTb
NPON3BOACTBA MESIKUX 0OBEKTOB 1
CTPYKTYp, CO3[aHue reTeporeHHbIX
MaTepuanoB. ObpaboTka HECKObKUX
MaTepuanoB 0AHOMOMEHTHO / High
precision, high initial density of the
material, the ability to produce small
objects and structures, the creation of
heterogeneous materials. Processing
multiple materials at the same time

Hwv3kas ckopocTb NPpoOM3BOACTBA,
BbICOKVE 3aTpaTbl Ha NPOM3BOACTBO,
BO3AENCTBUE BbICOKUX TEMMNepaTyp,

WHTEHCUBHOCTb N1a3epa MOXeT
WHAYLMPOBATL MOIMMEPHYIO
fJerpagaumio matepvana / Low
production speed, high production
costs, exposure to high temperatures,
laser intensity can induce polymer
degradation of the material

MpumeyaHve: SLA — ctepuonutorpacdusi, SLS — cenekTuBHoe nasepHoe criekaHve, FDM — TeXHOMOrusi MOC/IOMHOrO Har1aBneHus,

DIW — po60KaCTuHr.

Note: SLA — stereolithography, SLS — selective laser sintering, FDM — fused deposition modeling, DIW — direct ink writing.

3YIOT TPAJAUIMOHHBIE W aJ|[ATHBHbIE
Meto/bl nsrorosyaenus (ta6a. 6) [11,
17, 30, 46, 47, 53, 73, 78, 80]. Tpa-
JUIMOHHBIE METOJbl M3TOTOBJICHUS
GUOKEpAMUKU HE MOTYT O00ECIeYnTh
ONITUMANBHYIO CTPYKTYPY U (hopMmy
UMILIAHTA, pasMep IOop, UX COOTHO-
HIeHHe, HOPUCTOCTh UMILIAHTA, a TaK-
Ke DU3NYECKy10, XUMIUYECKYIO U GHO-
JIOTUYECKYIO XapaKTEePUCTHKY, YTO B
KOHEYHOM CYeTe MO’KeT IPHUBECTH K
HAPYIIEHUIO PereHeparnuu  KOCTHOI
TKaHMU.

Jlisg Toro 4roObl NPEOAOJIETh STU
HEJI0CTATKH,
MK AUTUBHOIO IIPOM3BOJACTBA WJIH
3D-neyary [11]. C nomoibio Mero-

NCHOJIb3YIOT TEXHOJO-

JIOB  aBTOMATH3UPOBAHHOTO  MPOEK-
TUPOBAHMS ¥ MPOU3BOJICTBA MOKHO
U3TOTABIMBATD KAapKAaCcbl C KOHTPO-
JIUPYeMOil  CTPYKTYpOil ~MMILJIAHTa:
pasMepaMu U reoMeTpHei 1op, mopu-
CTOCTBIO, IIEPOXOBATOCTBIO. Bce 310
[O3BOJISIET ~ YIPABJSITH I[IPOIECCAME
pocra, aud@epeHIpoBKI 1 IIPO-
sudepaiun KocTHOI TKauu [38, 73,
74].

TonoJiornueckast OIITUMHU3aIUA
CTPYKTYPbl K€paMHY€CKHUX HMILJIaH-
TOB

MOJLYJIb YIPYTOCTH U T. 1.), (Pu3su-
KO-
(azresust, Murpanus KJIETOK, BAaCKy-
JIAPUBAIUA U T. JI.) CBOHCTB, KOTOPBIE
6yayT Ccroco6CTBOBATH GHOCOBMECTH-
MOCTH, OCTEOMHTErpPAIli, OCTEOKOH-
IYyKTHUBHOCTH, 6uojerpajaryn [53].

Jlns
XapaKTePUCTUK UMILIAHTBI
JINBAIOTCS TIOPUCTBIMEU ¥ MMEIOIIMU
CJIOKHYIO  TOIOJIOTHYECKYIO
typy [1, 22, 57]. Cxaddonn npen-
crasisger co6oit Tpexmepnbiii (3D)
MMOPUCTDIN, MPOHUIIAEMbII KapKac ¢

XUMUYECKHX ¥ OHOJOTHYECKUX

TIoJIyueHus HeOéXOLII/IMbIX

CTPYK-

HpI/I IIPOM3BOACTBE HMILJIAaHTa He- MHUHUMAJIBHON  TOKCUYHOCTBIO npu
06XO,/II/IMO yY4dATbIBaTb  pAJ  MeXa- OHOJIOTMYECKOM PaA3JIOKEHNN. He]lb
HUYECKUX ()KeCTKOCTb, IIPOYHOCTD, CO31aHUA TaKOro CKSCb(bOJI,I[a — MU~
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THPOBATh OHOJOTUYECKYIO (HYHKIINIO
U CTPYKTYPY BHEKJETOYHOTO MATPUK-
ca KOCTHOII TKaHW, KOTOpbIe o6eciie-
YMBAIOT ONTUMAJIBHYIO CPEAy JJIst
agcop6uun, mposudepar U aud-
(depenrposku kiaetok [60]. TTomumo
9TOTO €er0 MOKHO MOAn(UIINPOBATH
JUIST IOCTABKH JIEKAPCTBEHHDIX IMpera-
paroB, ¢akTopoB pocrta, MoaudUIN-
pOBaHHBIX 6eJKOB 1 T.1. [53].

Jluszaiin  KapkacoB KOCTHOH TKa-
HU — CJIOKHAs 3ajada, Tpelyioras
MEKIUCIUILIMHAPDHOTO W MHOrOMac-
mrtaGHOTO MO/IX0/1a, TaK KaK CTPYKTY-
pa u reoMeTpusi KapKaca HaIpsMyio
BJINSIET HA KJIETOYHBIN OTBET U 06pa-
3oBaHue HOBOI koctu [6]. Mexanu-
YecKHe CBOHCTBA OUOKEPAMUYECKUX
ckaddonI0B HIKE, YeM y WMILIAH-
TOB, W3TOTOBJIEHHBIX B BH/E CILJIOII-
Horo Mono60ka (raba. 7).

Apxumexmypa Kapkaca JOJKHA
ObITb paspaboTaHa TakuM o06pasoM,
4TOObI OH CO3/[aBAT MEXaHUYECKYIO
MOJIZIEPIKKY U 06ECreunBal KIETKAM
JIOCTYI K TIUTATEJIbHBIM BEIeCTBaM,
kucaopoay [64]. Dtu xapakrepuctu-
KI MOTYT OBITb IOCTUTHYTBI 6J1aroa-
Ps HAJIMYUIO TIOP B CTPYKTypeE CKad-
donna. Pazmep nop BaxeH: Tak Kak
€CJIN TIOPBI CJUIIKOM MaJibl, KJETKH
HE MOTYT MUTPHUPOBATh B HallpaBJe-
HUM TIEHTPA KOHCTPYKIIMHU, YTO Mpe-
HSATCTBYeT 0OPA30BAHUIO ONTUMAJID-
HOUl cocynucroii cetu. U nHao6opor,
€CJI  TIOPBI CJIUIIKOM BEJUKHU, TO
YMEHbINAeTCs JOCTYIHAs y/elbHas
NJIOTIA/b MOBEPXHOCTH, OIPAHNYNBA-
I0Iast IpUKperieHne Kaetok [73].

Onmumanvroe npoyenmuoe Cco-
OMHOWeHUe NOPUCMOCU 10 PSLy
UCCJICIOBAHUN HAXOJWUTCS B IIpejie-
jgax or 40-90 %. C ojHOil CTOPOHDI,
BBICOKAasi MOPUCTOCTb Marepuasa CIo-
co6CTBYET MUTPAIMN OCTEONHIYKTUB-
HBIX KJETOK, C [PYroil — CHMXKaeT
MPOYHOCTh WMILIAHTA. BbICOKas 1o-
PHUCTOCTDH YBEJMYUBAET IJIOMAb MO-
BEPXHOCTH KapKaca, 4TO CIOCOOCTBY-
€T aJ[re3uy KJETOK U, KaK CJe/ICTBUE,
ocreonnTerpaiuu [46].

CymiectByer BepXHUIT U HIK-
HUIT (OYHKINOHATBHBII TIpefes pas-
Mepa TOp W MOPUCTOCTH MaTepua-
ga [21]. Ing npopacranust Gpuépos-
HOH TKaHU JOCTATOYHDLIN pazMmep IMop
cocrasiger >-14 MKM, 171g octeobia-
ctoB — 50 Mrm [1]. Diao u ap. mo-
Kasaju, 4To cpeau Kapkacos B-TKD
¢ Tpema pasmepamu mop (100, 250,
400 mxM) nanGosnee adppekTuBHas pe-

Tabnuua 7

CpaBHUTeNbHas XapaKTepuCTVKa MPOYHOCTU MaTepuanos MMa [46]

Table 7

Comparative characteristics of the strength of materials in MPa [46]

Martepuan MOHONUTHBII 6510k Crxacdonp
Material Monolithic block Scaffold
S S 300-900 3.44-5.98
Hydroxyapatite
MMapoKcManaTuT + Tpukanbumii doccaT 18.35
Hydroxyapatite + tricalcium phosphate '
AJ'IIOM.VIHVIVI 4500 }
Aluminum
B-T|-DVIKa.J'IbLl,VIVI(b0C¢)aT 292 21.32
B-tricalcium phosphate
b
HOCTEICTO 500 1.7-140
Bioglass
r
ybuaTasi KoCcTb 0.1-16 _
Spongybone
KopTE/maanaﬂ 30Ha KoCTu 130-200 }
Cortical area of the bone
reHepaius B Tedenne 12 Hemenb Obl- Hlepoxosamocmv MOy JTUPYET

Jla B TPYTINe UMILJIAHTOB C pa3MepaMu
mop 100 mxm [14]. MwuHUMaIbHBIIT
pasMep TOp /i WHTETPAIUU KOCT-
Hoil Tkaum cocrtasasger 100 MM (4ro
COOTBETCTBYET Pa3Mepy OCTEOHa), HO
JUIST ONITUMAJBHOTO OCTEOTeHe3a Pas-
Mep TOp J0JUKeH ObITh B [Hana3oHe
300-500 MM [64]. Menbimmii pazmep
TMOp MPUBOJUT K THIIOKCUU TKaHel ¢
MOCTIEAYIONM 06Pa30BAHUEM XPSIIIA.

Hegocrarounbrii oOMeH IUTATE/Ib-
HBIMHU BEMIECTBAMU U OTPAaHUYEHHOE
KPOBOCHAGKEHIE B IMOPUCTOM Kap-
Kace dYacTo MPesSITCTBYIOT (opMu-
POBAHWIO KOCTH, [a’ke HECMOTpS Ha
TO, YTO TIOPUCTBIN KapKac HaTpy:KeH
KJIeTKaMu min ¢akTopamu pocta [19,
36, 42]. Kapracbl, WMHUTHUPYIOIIIE
cTpykTypy laBepca, IeMOHCTPUPYIOT
OOJIBLION TOTEHIMAT JJIST JOCTABKU
KJIETOK, WHIYIHUPYIOMUX OCTEOTeH-
HYI0, AHTHOTEHHYI0 U HEHPOTEHHYIO
muddepennupoBky in vitro u ycko-
psisi BpacraHue KPOBEHOCHBIX COCY-
JI0B 1 06pa3oBaHWe HOBOIM KOCTH in
vivo [81, 82].

Ente ogamM paxTopoM, BAUSIONIM
Ha CKOPOCTb 0Opa3oBaHMs KOCTHOIT
TKAHU, SIBJISIETCSI 2eoMempusi nop
Kapkaca. Pazinanas reoMeTpus mop,
MOPUCTOCTh, KPUBU3HA TTOBEPXHOCTHI
BJIMSIET HA KJETOYHYIO AKTUBHOCTD,
pereHeparuio KOCTH ¥ HPUBOIAUT K
usMeneHusiMm  Mopdosorun, yBeiu-
YEHUI0O MEeXaHWYeCKOH MPOYHOCTU
UMILJIAHTA ¥ CKOPOCTH pPOCTa TKaHeit

[1, 37, 42].
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6UOJIOTHYECKYIO PEaKIi0 TKaHel,
KOHTAKTUPYIONMX C WMILIAHTOM, U
croco6CTBYET AJre3ndl U WHTErpaiun
KJaeToKk B umiuiant. IllepoxoBaTocTb
UMILTAHTa OKa3bIBAET MPSIMOE BJIVS-
HUe Kak in vitro, tTak u in vivo Ha
KJaerounyio Mopdosoruio, mpoJinde-
pario u auddepeniposky [9].

Adze3uss pas3iMYHBIX MaTepUasioB
OTpe/IeNIsIeTCsT He TOJIbKO IIepPOX0-
BaTOCTHIO, HO U THAPOPHUIBHOCTDHIO
uMILIaHTa. bBoJjiee BbICOKast M OJHO-
pojHasi ruApodUIbHOCTh HA KapKa-
cax obecrieunBaer GJIarONPHUATHYIO
cpeny ans auddysun nuTareabHbIX
BemiectB [46]. Kapkachl co cI0KHOI
MUKPOCTPYKTYPOIi JIydlile TIOTJIOIa-
10T BO/y M TNEPEMEIIA0T ee B COCce/l-
Hue sgueiikn [42].

Kimnuyeckne M skcnepuMeHTANb-
HbBIE /IaHHbIE

buokepamuka coBmectHo ¢ 3D-me-
YaTbl0 B WHKEHEPHM KOCTHBIX TKa-
Hell MPUMEHsIeTCs /IS BOCCTaHOBJIE-
HUs jepeToB, JiedyeHUs WHQEKIil
1 omyxoseidl koctHoil Tkanu (raGu.
8). Ilopucrble MaTepuasbl HMEIOT
peliamoliee 3HAUYEHHE IIPH CO3/IaHUU
MHOTOYHKIIMOHAIBHBIX  6HoKepa-
MHUYECKNX KapKacoB, OHU CIOCOGHBI
OJTHOBPEMEHHO TI0//IeP’KUBATh BOC-
CTAHOBJIEHHE KOCTH U OO6ECIIeYnTh
JIOKQJIBHYIO JIOCTaBKY JIEKapcTB 1/
na GMOJIOTHYECKN AaKTUBHBIX MOHOB
C TOJJEep’KaHNeM TepareBTHYeCKOil
J103bI B 30HEe MMILTaHTaIuu [4].

MOJINTPABMA/POLYTRAUMA  N¢ 1 [mapT] 2023
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Tabnuua 8

Pe3ynbTaThbl anpobaumm KepaMMyeckux UMMNIaHTOB B MEXAYHAPOAHOM NpaKTuke

Table 8

Results of Approbation of Ceramic Implants in International Practice

®opma Kon-so Cpoku
Matepuvan Hozonorus UMNNaHTa UCMbITYEMbIX | HabnoaeHus OTganeHHble pesynbTathl McTouHuk
Material Nosology Implant form Number of Terms of Long term results Source
tested follow-up
Bce nauueHTbl BEpHYINCb AOMOM
K CBOeWi 06bIYHOW AeATENbHOCTY.
HWKTO 13 HUX He xanosancs Ha 6onb
nnu amckoMdopT Npy AblXaHUK.
KomnbtoTepHasi Tomorpadus (KT)
MOKa3arna TECHbIN KOHTAKT Mexay
Kepamuka pebpoM 1 NpoTe30M Yepes 4 Mecsua.
Ha ocHoBe Onyxonb B cpegHem | Mpu peHTreHonornyeckoM HabnogeHun
okcnaa rPYAVHBI, mMnnaHT 20 MecsiueB | M306paXkeHMe NpoTesa ucHesaeT vepes
anoMUHKA MeAnacTeHUT rPyAvHbI 6 nauuneHToB (3-37) 1 mecau, faxe ecnn KepaMmuka He [5]
Aluminum Tumor of Sternum 6 patients 20 months paccacblBaeTcs
oxide the sternum, implant on average All patients returned home to their
ceramic mediastinitis (3-37) normal activities. None of them
complained of pain or discomfort when
breathing. Computed tomography (CT)
showed close contact between the rib
and the prosthesis at 4 months. On x-ray
observation, the image of the prosthesis
disappears after 1 month, even if the
ceramic is not resorbed

Moudukanusi umMmIanTa

Moaudukarsi MOBEepXHOCTH — —
OJIH 3 BA’KHBIX CIHOCOO0OB CO3/AHUS
YCIIEMHbIX GHOCOBMECTUMBIX MATEPH-
al0B B HMIKEHEPUH KOCTHOW TKaHU
(ra6m. 9) [30, 53].

Veenuuenue mexanuueckou npou-
HOCMU

Ycrpanutp HU3KYIO IIPOYHOCTD U
BBICOKYIO  XPYNKOCTb  OHOKepaMu-
YECKOTO WMILIAHTa BO3MOJKHO IIPH
UCIIOJIb30BAHUN JIBYX win Gojiee wc-
XOJHBIX MATEPUAJOB WM U3MEHEHIH
MPOCTPAHCTBEHHON CTPYKTYPBI M-
IJIAHTA, KOTOPAsl YBEJIUYUT MEXaHU-
YECKYI0 TIPOYHOCTb M CO3/ACT yCJIO-
BUs 7151 A(P@EKTUBHOTO 3aMelieHust
nedeKTa OCTeOMHAYKTUBHBIMU KJI€T-
KaM# Ha CBOel moBepxHOCTH [46].

VMnanT, CHPOEKTUPOBAHHDBINA ¢
noGaBieHneM BHENTHEH <«KOPTHKAJIb-
HOU 0060J0uKU», uMeer GoJjiee BbI-
COKYI0 MEXaHUYECKYI0 IPOYHOCTD
(kectrocTh yBEIMUMIACH ¢ 447,6 10
653,9 Mma, nanpspkenne — ¢ 4,8 10
23,0 Mna) 1o cpaBHEHHUIO ¢ KapKaca-
Mu Ge3 BHemrHeil o6osouxu [10].

Cosdanue cucmemvl docmasku Jie-
Kapcmeennvlx cpedcms

Crioco6HOCTD KapKaca JOCTaBJSATD
JIEKAPCTBA OMPE/EJISIeTCS] BO3MOXKHO-
CTbIO KOHTPOJISI CKOPOCTH BBICBOGO-
JKICHUS TIPEIapaToB B OIPEeJIcH-
HBIX YCJI0BUSX [53, 54].

I'mo6GanbHbIil pocT YMCIa YCTOHUYM-
BBIX K aHTHOMOTHKAM IITaMMOB OaK-
Tepuil 06ycJIaBJIMBaEeT MOUCK HOBBIX
MeTOZI0B 6OpBObI ¢ GaKTepuaJbHbIMK
MHOEKIISAMHA.

Baarogapss ocobGennoctssM  Guoke-
PaMHKH, KOTOPasi W3rOTaBJINBACTCS
B BuJe ckaddosa, MOSIBIIACH BO3-
MOXHOCTb ~ WCIIOJIb30BATh ~ KOHTPO-
JupyeMoe  BBICBOOOXK/IEHNE HOHOB
cepebpa, HUCHOIb30BaHUE (HAroBoii
Teparnumu, ¢ MOMOIIBIO KOTOPBIX MOXK-
HO JIOCTHYb  aHTHOAKTEPHAIBHOTO
acdexra 6€3 IMTOTOKCHYHOCTH JIJIS
37I0pOBBIX TKawuei [7, 79].

[ToMuMo  aHTHGAKTEPUATBHON  aK-
THBHOCTH BO3MOKHO HCIIOJb30BAHIE
O6rokepaMniyeckux CckapdOoI0B IS
MOCJIEONEPAIIMOHHOTO  3A)KUBJIEHUST
TKaHel, JiedeHus: J1e)eKTOB KOCTH U

JIOCTaBKU XUMHUOTEPATIEBTUYECKUX
areHTOB, WCIIOJb3YEMBIX IS TPOTH-
BoomyxoJieBoii Teparmmn [72]. IIpose-
JleHHbIe 9KCIIEPUMEHTBI 10 MOAu(U-
KaI[u1 TIOBEPXHOCTH MMILJIAHTA YKa3a-
HbI B Tabsmie 9.

Vcunenue pezenepamusnvix
ceolcms

ITporecc 3a’kWBIEHNS KOCTH MO-
JKeT ObITh WHAYIIUPOBAH PSIOM KJle-
TOYHBIX (PAKTOPOB POCTA, KOTOPBIE
MOTYT OBITb BKJIOUEHBI B CTPYKTYPY
nmitanra (ta6m. 2) [44].

OBCYKAEHUE

3amosHeHne  KOCTHOTO
6MOCOBMECTUMBIM, OCTEOKOHIYKTHB-
HBIM, OCTEOMHJIYKTHBHBIM, OmOje-
TPaIpPyeMbIM MaTepPHAJOM CII0CO6-
CTByeT pereHepanuyu KOCTHOH TKaHWU,
coXpaHseT CTPYKTYPY U JI0CTaTOUHYIO
MeXaHMYeCcKyl0 IIPOYHOCTb  KOCTHU.
[l onTUMM3ALUU [IPOLIECCOB pere-
Hepaluy HCIOJIb3YIOTCS MaTepHadibl,
Han6osiee TPUOJIIKEHHDBIE K CTPYKTY-
pe xocTHOI Tkaum. Kepammka B Ha-
cTOsIIIee BpeMs pacCMaTpUBaeTcs Kak

nedexra
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Bbicoko-
OUULLEHHBIN
TK®
Highly purified
B-TCP

AcenTnyeckui
HEKPO3 roJI0BKM
6enpa IIA-IIIC
Aseptic necrosis of
the femoral head
IIA-IIIC

Kepamuueckuii
aHruo-
KOZYKTVBHbIN
CTEPXXEHb
Ceramic
angiocoductive
rod

62 nauuneHTa

62 patients

B cpegHem

26.8 MecsiLeB

(14-67)

26.8 months

on average
(14-67)

PEHTreHONornyeckuii KOHTpOsib
Yyepes 6 MecsLEeB Nocse onepaumm
rokasan 4acTM4yHoe BpacTaHue
KOCTHOW TKaHW B CTEPXEHb,
KOTOpasi Yepe3 buokepammyeckme
rpaHysbl MHTErpypoBanach B
OKpY>KatoLLyto KOCTb. BONbLWNHCTBO
VMMIaHTUPOBaHHbIX MaTepUanoB
6bI1I1 3aMEHeHbl HOBOM KOCTbIO,
a penapaums y4acTKoB HeKpo3a
npoun3oLLIa Yepes ABa roga
X-ray control 6 months after the
operation showed partial ingrowth
of bone tissue into the rod, which
integrated into the surrounding
bone through bioceramic granules.
Most of the implanted materials
were replaced with new bone, and
repair of necrosis occurred after
two years

[40]

TK®+ cunukar
Kanbumsa
TCP + calcium
silicate

MckyccTBeHHO-BOC
co3aaBaeMbligede
KTNPOKCUMMAsbHOIo
MeTaduzabonblue
6epuoBoiikocTn (D
5 mm)
Artificially
reconstructed
defect of
the proximal
metaphysis of the
tibia (@ 5 mm)

MmnnaHT
OKpYTJIoN
dopmbl (@ 5 Mm)
Roundimplant (@
5 mm)

16 kponukos
16 rabbits

1,3,5,7

MecsaLeB

1,3,5,7
months

Yepes Tpu 1 NaTb MecsLeB
KOHTPOJIbHbIE AedeKTbl
MOJTHOCTbIO 3aro/IHANINCD
HOBOW TpabeKyNsipHOW KOCTHOM
TKaHbO HOpMasibHOro BuAa. Ha
rnocnegHeM sTane nccnegoBaHus
KOHTPOJIbHbIE AedeKTbl NOMHOCTbIO
3aMeLLanncb CTPYKTYpPHO
XOPOLLUO OpraHWM30BaHHOM 3pernon
KOMTMAKTHON KOCTHOW TKaHbHO.
PeHTreHoBckme nccnenoBaHus,
MWKPOKOMMbIOTEPHAsA TOMOrpadus
1 rucromopdomeTpusi
roKasanu, YTo 3Ta NopucTas
KepaMvika 0611afjaeT BbICOKOM
6MOCOBMECTVMOCTbBIO U OT/IMYHOM
OCTEOMHTerpauwvei. Matepuan
nocreneHHo peabcopbrposasncs Ha
NpPOTSAXEHUN BCEro nccnenoBaHus,
U He 6b110 06HAPYXKEHO MECTHOW
WM CUCTEMHOMN BOCMANUTEIbHOM
peakuum
After three and five months, the
control defects were completely
filled with new normal-looking
trabecular bone tissue. At the last
stage of the study, control defects

were completely replaced by
structurally well-organized mature
compact bone tissue. X-ray studies,
microcomputed tomography and
histomorphometry showed that
this porous ceramic has high
biocompatibility and excellent
osseointegration. The material was
gradually reabsorbed throughout
the study and no local or systemic
inflammatory response was found

[67]
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OC/0XHEHWIA B MOc/eonepaLyioHHOM
nepvoae He Habnoaanock.
Kepamuka Mocnepytollee HabnogeHve
Ha OCHOBe MnnaHT MOKa3blBasio XOpoLLee 3aXuBeHve 6e3
oKkcuaa rpyAvHbI 1 nauueHT > 12 AncKoM@OopTa, HapyLUEHUS SKCKYPCUn
aIlOMUHKSA Sternum 1 patient MecsiLeB | rpyAHOMN KNETKU U NpaBWIIbHOE pa3BuUTUe [20]
Aluminum implant > 12 months Complications in the postoperative
oxide period were not observed. Follow-up
ceramic showed good healing without discomfort,
abnormal chest expansion, and normal
development
lMpy pagroNornYecKon oLeHke
Habnoganack 3HaunTenbHas
CTAaTUCTUYECKN 3HaYMMasd pa3HuLa B
obbeme KOCTU Yepes 8 Heaenb Mexay
TpeMs rpynnamMu oT HambonbLuero Ao
VlCKyCCTBeHHO- HanMeHbLlero OTHOCUTENNbHOIo o6u.|ero
BOCCO3/aBaeMblii KonunyecTsa koctu 6binm 3D, MK u OK.
Komnosut nedekt 3D 'mcTomopdomMeTpuyeckne nccnenoBaHns
Ha ocHoBe | (7 X 3 X 5 MM) | HaneyaTaHHbIV MoKasasn BpacTaHWe HOBOW KOCTU OT
FA+TK® | HKHEN YentocTu ckapcona 12 cobak 8 Hepenb HUXKHEN CTOPOHbI K LIEHTPY Yepes 8
Composite Artificially (7 x 3 x 5 Mm) 12 dogs 8 weeks Hefenb ¥ BacKynspv3aumio B rpynne 3D [31]
based on reconstructed 3D printed On radiological assessment, there was
HA + TCP defect scaffold a significant statistically significant
(7 x 3 x5mm) |(7 x 3 x 5mm) difference in bone volume at 8 weeks
of the lower jaw between the three groups from the
largest to the smallest relative total
bone amount were 3D, PC and OC.
Histomorphometric studies showed
ingrowth of new bone from the lower
side to the center after 8 weeks and
vascularization in the 3D group

HanboJjiee TEePCIEKTUBHBIN MaTepra
JUISL M3TOTOBJIEHUS] HMILIAHTOB, IIO-
CKOJIbKY KepaMUYeCKUe MaTepPHaJIbl
006J1a1a10T BBICOKON OMOCOBMECTUMO-
CTBIO W KpaiifHe PeaKo TPHUBOIAT K
OTTOPIKEHNIO MMILJIAHTA.
Buonerpaaupyemast kepamuka (ru-
JIPOKCUATIATUT WK TPUKAIbIUIDOC-
(ar) no MuHEpATLHOMY COCTaBY TIPH-
OJIKeHa K KOCTHOI TKanu. MexaHu-
yeckre U OHOJIOTMYECKHE CBOICTBA
nmintantoB u3 A u TK®D 3aBucsr
ot dopmbl usrorosaenusi. [lopucrbie
KapKachl U3 GHO/IerpajiupyeMoii Kepa-
MHUKH 0GeCIeYnBaIOT JYUIIyI0 CTPYK-
TYpY /sl ajare3uu, mposmdepaum
n  aud@epeHImpoBKI  OCTEOTeHHBIX
KJIETOK TI0 CPABHEHUIO ¢ MOHOJUTHbI-

Mu Giaokamu. KoMIO3uTHBIE KepaMu-
YecK1e KapKachl CIIOCOOCTBYIOT TOBbI-
1meHHoi 1posmdepalii 1 yCKOPEeH-
HOiT JddepeHInpoBKe KJIETOK.
BuouneprHast kepamuka (1upko-
HUN M OKCHU AJIOMUHUS) 06JaJaeTr
BBICOKOII TBEpPAOCTbIO U aGPasuBHO-
CTbio, TUAPODUILHOCTDIO, H3HOCO-
CTOMKOCTBIO U CTOWKOCTBHIO K KOPPO-
3UM, HU3KUM KOd(DPUIIMEHTOM Tpe-
HUSI, HO ¥MeeT HU3KYI0 IPOYHOCTD
Ha wu3run6. DBuomHeprHble KapKaChI
MPOSIBJISIIOT BBICOKHE MeXaHUYeCKue
CBOIICTBA, YTO JIa€T BO3MOXKHOCTb UX
UCIIOJIb30BAHUS B KayecTBe MMILTAH-
TOB B CETMEHTAaX C OCEBOIl HArPY3KOl.
Kepamuueckite MaTepuasibl sSIBJISIOT-
€SI CUJIbHBIMU KOHKYDPEHTaMHU CIIJIABOB
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METaJIoB B O06JIACTH PEKOHCTPYKIIH
KOCTHOW TKaHU. BBuay cBoeil cTpyk-
TYpPBI 1 GUOJIOTUYECKUX CBOICTB 610-
KepaMHKa YCHUJIMBAET OCTEOMHTErpa-
1o, croco6cTByeT (GOPMUPOBAHMIO,
pPOCTY COEJMHUTEJbHOH U KOCTHOI
TKaHW B OpraHu3Me uesjoBeKa. buo-
Jlerpajiainsl Kak CBONCTBO HEKOTO-
PBIX BUJIOB OMOKEPAMUKHU JAeT MpPeu-
MYIIECTBO [Tl MCHOJb30BaHMS €r0 B
KavyecTBe Marepuasa JJjis 3aMelleHust
nedeKTa KOCTHON TKaHM.

ITpu cospanum UMITAHTOB U3 OHO-
KepaMUYECKUX MaTepUayioB WCIIOJIb-
3YIOT TPaJNIOHHBIE W A INTHBHbIC
MeTO/Ibl U3roToBJeHus. /[lnsg usro-
TOBJIEHUS  TEePCOHM(UITMPOBAHHBIX
UMILTAHTOB CO CJIOXKHOI BHYTpeHHeil



Tabnuua 9

SKCnepuMeHTbl Mo Moandukaumm 3D nevaTHbIX Kapkacos

Table 9

Experiments to Modify 3D printed frames

MaTepuan kapkaca Moaundukaums MeToa BbinonHeHns PesynbTat ABTOpbI
Frame material Modification Execution method Result Authors
KonnareH I Tvna n Mpouecc MoanduKaunm ynyyLna KNeToUHY0 aaresviio
MOpOoreHeTUYEeCKniA 1 anddepeHUMpPoBKY, 6e3 CHUKEHNS NPOYHOCTM
A/ HA 6enok (BMP-2) In vitro Kapkaca [39]
Type I collagen and The modification process improved cell adhesion and
morphogenetic protein differentiation without compromising scaffold strength
(BMP-2)
Cepebpo AeMOHCTpUpYeT aHTUbaKTEpUanbHyo
HaHocepebpo AKTUBHOCTb W MOBBILIAET MEXaHUYECKYIO NPOYHOCTb
TK® / TCP Nanosilver In vitro Kapkaca [79]
Silver demonstrates antibacterial activity and increases
the mechanical strength of the framework
BaHkoMWLUWH © Kapkac 3HaunTenbHO CHWXan 6aktepuanbHyto
®ocdat kanbums prdaMnmumH In vivo (Ha Mbiwwax) Harpysky [45]
Calcium phosphate Vancomycin and In vivo (mice) The frame significantly reduced the bacterial load
Rifampicin
Jnsuc nonynsiumm aByx BuaoB Gaktepun. Yepes
TPU AHs pocTa 6akTepuit He Haboaanock,
Makpodaru (Lambda YTO CBMAETENLCTBYET 06 YHUUTOXEHNN BCEX
®ocdat kanbums 1 Remus) 6aKTepUanbHbIX KOMIOHWIA U OTCYTCTBUIO
Calcium phosphate | Macrophages (Lambda In vitro PE3UCTEHTHOCTY K haram [7]
and Remus) Lysis of a population of two bacterial species. After
three days, no bacterial growth was observed,
indicating the destruction of all bacterial colonies and
the absence of resistance to phages.
Onyxonesble KNeTkn NposiBnsaamn ¢hnbpos ¢
pacTBOPeHUEM siAep, YTO 6bino CBS3aHO C
KOMOUHMPOBAHHBIMM (HOTOTEPMUYECKUMU U
AKTUBHBIMX (POPMaMmn KUC/IOPOAa MeXaHW3MaMu,
Cunukat Kanbums Fe+ NIR u3nyuyeHue In vitro 3arnycKaeMblMU KOMMO3UTaMK1, HE NOBpeXaas [41]
Calcium silicate Fe+ NIR radiation 3[0POBbIE KJIETKM
Tumor cells exhibited fibrosis with nuclear dissolution,
which was due to the combined photothermal and
reactive oxygen species mechanisms triggered by the
composites without damaging healthy cells
Cmecun O6paboTka harom cpasy nocne 6akTepuasbHOM
6akTepuodaros, MHOKYNALUMW Noaasnisna pocT S. aureus bonee yem Ha
MopuCTbIv TUTaH cneunduyHbIX K S. 98 % B BOCbMMYACOBbIX KybTypax
Porous titanium aureus In vitro Phage treatment immediately after bacterial [49]
Mixtures of inoculation inhibited S. aureus growth by more than
bacteriophages 98 % in eight-hour cultures
specific to S. aureus
O6naganu xopoluel kocTeobpasytoLei CnocobHOCTbIO
N5 BOCCTAHOBJIEHNS KOCTHBIX AedeKToB nocne
HaHokpuctannsl KpaTKOBpPeMeHHOW hoToTepMuyeckon 06paboTku B
CuFeSe,+ NIR KayecTBe KapkacoB HMOCTekna, YTO yKasblBaeT Ha To,
Buocrekno n3slyyeHune In vivo (Ha YTO BKJIIOYEHME HAHOKPUCTAJI/IOB B/IUSIET Ha XOPOLLYHO
Bioglass Nanocrystals KPOJIMKaXx) KOCTe0bpasyHoLLyt0 CocobHOCTb [13]

CuFeSe2+ NIR
radiation

In vivo (rabbits)

They possessed good bone-forming ability for
restoration of bone defects after short-term
photothermal treatment as bioglass frameworks,
which indicates that the inclusion of nanocrystals,
influence on good bone-forming ability
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PCL

Me3eHxmmarnbHble
knetkn+ ZnO+ A
Mesenchymal cells +
ZnO + HA

In vivo (Ha Mbiwwax)
In vivo (mice)

HaneuyaTaHHble Kapkacbl Oka3aancb
OCTEOKOHAYKTUBHBIMM, U NMOALEPXKMBAs
ocTeoanddepeHUMpoBKY ME3EHXMMAbHbIX CTBOMOBbIX
KNeToK. BcTpoeHHast Yyactuua ZnO nHrmbmnpoBana poct
6aKTepuii Ha NOBEPXHOCTM MaTPUKCOB, YTO BAXHO MpU
JIEYEHUN TPaBMATUYECKWX MOBPEXAEHUN
The printed scaffolds were found to be
osteoconductive, it supported the osteodifferentiation
of mesenchymal stem cells. The embedded ZnO
particle inhibited the growth of bacteria on the surface
of the matrices. It is important in the treatment of
traumatic injuries

[50]

FA/TK®
HA/TCP

AyTo-, anno- un
KceHoreHHble MCK
Auto-, allo- and
xenogenic MSCs

In vivo (Ha
KPOJIMKaXx)
In vivo (rabbits)

CaMble paHHWe npu3Haku (hopMMpoBaHUs HOBOM
KOCTW 1 COMPSKEHUS Ha rpaHuLEe cpes KOCTU-
WMMMIAHTOM C @yTOUMIIAHTOM, 3@ KOTOPbIMU CNeayroT
annouMnnaHTbl. O6e KCeHoreHHble KOHCTPyKumMn MCK-
IA/TK® Takoke YCKOpUIN 3aXXnBeHne fedekta KoCTy.
B rpynne KCeHOreHHbIMM KOMMO3WUTHBIMU KapKacamu
He 6blJ10 MPU3HAKOB KakoW-11M60 BOCManUTENbHOM
peakumm
The earliest signs of new bone formation and mating
at the medial interface between bone-implant
and auto-implant, followed by allo-implants. Both
xenogenic constructs MSC-HA/TCP also accelerated
the healing of the bone defect. There were no signs
of any inflammatory response in the group with
xenogenic composite scaffolds

[43]

PLA-PCL/CaP

MokcundnokcauuHa
rMapoxnopva
Moxifloxacin
hydrochloride

In vivo (Ha
KPOJIMKaXx)
In vivo (rabbits)

KoMMosuTHbIN kapkac ycunuean nponudepaumio 1

AnddepeHUMpoBKY 0cTe0bnacTonoAobHbIX KNETOK

MG-63. KonuyecTso S. aureus 6b1/10 3HaUNTENBHO

CHWXXEHO Mocse MHKybauum Ha kapkace ¢
MOKCU(IOKCALMHOM

The composite scaffold enhanced the proliferation
and differentiation of osteoblast-like MG-63 cells. The

number of S. aureus was significantly reduced after

incubation on the scaffold with moxifloxacin

[61]

MpumeyaHve: A — rugpokcvanatut, TK® — tpukansuumiicdocdat, PCL — nonmkanponakToH, PAAS — MONIMAMUHOKUCIIOTHI,

PLA — nonunakTug, BMP-2 — KocTHbIV MopdoreHeTnueckmii 6enok 2 tuna, MCK — MeseHx1MasbHble CTBOJIOBbIe kneTku, NIR — 6nvkHee
MHbpakpacHoe nsny4veHne, RHBMP-7 — pekoM6MHAHTHBIN MopdoreHeTuUekmii 6enok yenoseka, CaP — cdocdaTt kanbuus.

Note: HA — hydroxyapatite, TCP — tricalcium phosphate, PCL — polycaprolactone, PAAs — polyaminoacids, PLA — polylactide,

BMP-2 — type 2 bone morphogenetic protein, MSC — mesenchymal stem cells, NIR — near infrared radiation, RHBMP-7 — recombinant
morphogenetic human protein, CaP — calcium phosphate.

crpykrypoit  (ckaddonmos), moaxo-
JAIMX VIS 33]a4  PEreHepaTuBHON
(pyHKIMOHAMM3ANK,  ONTUMAJIBHOM
TEXHOJIOTHEN  SIBJSIETCS  a[/IATHBHOE
NPOU3BOJACTBO Myn Tpexmepras (3D)
nevyaTb KepPaMHYECKHX MaTepHasoB.
OpHolt U3 raaBHBIX 3a1a4 B 00JacTH
coBpeMeHHO# 3D-6uonevaru sBsieT-
€S TIOMCK MaTePUasioB, KOTOPBIE HE
TOIBKO COBMECTHMBI ¢ GHOJIOTHYe-
CKMMHM MarepuajaMu " [POIeccoM
3D-neyaru, HO TakKe CIOCOOHBI 0Oe-
CIIEYNTH JKeJaeMble MEeXaHUYeCKne W
(DyHKIMOHAMBHBIE  XapaKTePUCTUKH
JUIST TKAHEBBIX KOHCTPYKIMIA.
MoauduuupoBaHue KapKacoB Mo-
JKET CyIIECTBEHHO M3MEHNTh CBOMCTBA

UMIIaHTOB  (YBEJMYUTH TIPOYHOCTD,
YCKOPHUTb TIposdepannio KJIeTOK u
Ip.), TO3BOJHUT HCIOJIb30BATh Kap-
Kacbl He TOJbKO JJIsT PEKOHCTPYKITHH
TKaHell, HO U B Ka4eCTBe CUCTEMbI J[O-
CTaBKM JIEKAPCTBEHHBIX CPEJICTB JIJIsT
JledeHnss MH(MEKIMOHHDIX, OHKOJOTHU-
YEeCKUX U JPYTUX 3a60JI€BaHMII.

SAKJIIOUEHUE

Cpeay  MHOTOYMCJIEHHBIX — HCCJIe-
JIOBAaHWIl Y aBTOPOB HET €JIMHOTO
MHEHHS 110 OINTUMAJIbHOMY COCTaBy,
CTPYKTYPE KepaMUYeCKOro NMILJIAHTa,
€ro MaKpo-, MUKPO- OPUCTOCTH, Pa3-
Mepy u (opMme 1op, He u3ydyeHbl Bce
BO3MOKHOCTH U 1060YHbIE 3(DPEKTDI
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MouduKanum 6HOKePAMUYECKUX M-
mwranToB. HeobxoanMbl JanbHele
NCCJIEIOBAHUS [T OTIPE/IeIEHUsT Ol-
TUMAJBHBIX TMapaMeTPOB WMILIAHTA,
KOTOpbIE MOTYT IOBJIUATbH HAa MeXa-
HUUYECKIE CBOICTBA U CIIOCOGCTBOBATD
pereHepayi KOCTHONW TKaHU.

Nudopmanus o punancuposannu
1 KOH(INKTE HHTEPECOB
PaGora BbinosHeHa 1Ipu 1O/UIEPIKKE I'paHTa Hpil].ﬂl]'eﬂlr
CTBa PeClly(’)ﬂMKM BZU.L[K()PT()CT&IH pimie F(]Cy}l&lpCTEEHHOﬁ noj-
JACPIKKN Hay4HbIX MCCJ]C,'_l()B'AHHﬁ, IPOBOJAUMBIX IIOJL PYKO-
BO/JCTBOM BeJyHUX yYE€HDIX, B paMKaX IIPOrpaMMbl EBD"IBHﬁ’
CKOTO HOH U 11pH 1I0/UIEPIKKe Hp()FPHMMbl CTpaTern4eckoro
AKa/IeMUY€eCKOro Jin/iepcrBa BaLLlKHpCK()F() ToCy/1apCTBEHHO-

ro Meauunckoro yuusepeutera (IIPMOPUTET-2030).



JINTEPATYPA / REFERENCES:
Abbasi N, Hamlet SM, Love, RM, Nguyen, N. Porous scaffolds for
bone regeneration. Journal of Science: Advanced Materials and
Devices. 2020; (5): 1-9.
An SH, Matsumoto T, Miyajima H, Nakahira A, Kim KH, Imazato S.
Porous zirconia/hydroxyapatite scaffolds for bone reconstruction.
Dent Mater. 2012; 28(12): 1221-31. doi: 10.1016/j.dental.2012.09.001
Bai Y, Bai L, Zhou J, Chen H, Zhang L. Sequential delivery of VEGF,
FGF-2 and PDGF from the polymeric system enhance HUVECs
angiogenesis in vitro and CAM angiogenesis. Cell Immunol. 2018;
323:19-32. doi: 10.1016/j.cellimm.2017.10.008
Baino F, Fiume E. 3D printing of hierarchical scaffolds Based
on mesoporous bioactive glasses (MBGs)-fundamentals and
applications. Materials (Basel). 2020; 13(7): 1688. doi: 10.3390/
ma13071688
Bertin F, Piccardo A, Denes E, Delepine G, Tricard J. Porous alumina
ceramic sternum: a reliable option for sternal replacement. Ann
Thorac Med. 2018; 13(4): 226-229. doi: 10.4103/atm.ATM_80_18
Boccaccio A, Fiorentino M, Uva AE, Laghetti LN, Monno G. Rhom-
bicuboctahedron unit cell based scaffolds for bone regeneration:
geometry optimization with a mechanobiology - driven algorithm.
Mater Sci Eng C Mater Biol Appl. 2018; 83: 51-66. doi: 10.1016/j.
msec.2017.09.004
Bouchart F, Vidal O, Lacroix JM, Spriet C, Chamary S, Brutel A, et al.
3D printed bioceramic for phage therapy against bone nosocomial
infections. Mater Sci Eng C Mater Biol Appl. 2020; 111: 110840. doi:
10.1016/j.msec.2020.110840
Burr DB, Allen MR. Basic and applied bone biology. Second-ed. Else-
vier, 2019. 460 c.
Chang HI, Wang Y. Part 5 Cell - Biomaterial Interaction. Chapter 27.
Cell responses to surface and architecture of tissue Engineering
Scaffolds. In: Regenerative Medicine and Tissue Engineering - Cells
and Biomaterials. Edited by Daniel Eberli. 2011. P. 569-589.

. Charbonnier B, Manassero M, Bourguignon M, Decambron A, El-Haf-

ci H, Morin C, et al. Custom-made macroporous bioceramic im-
plants based on triply-periodic minimal surfaces for bone defects in
load-bearing sites. Acta Biomater. 2020; 109: 254-266. doi: 10.1016/j.
actbio.2020.03.016

. Chen Z Li Z LiJ, Liu C, Lao C, Fu Y, et al. 3D printing of ceramics: a

review. Journal of the European Ceramic Society.2019; 39(4): 661-687.
doi: 10.1016/J.JEURCERAMSOC.2018.11.013

. Chocholata P, Kulda V, Babuska V. Fabrication of scaffolds for

bone-tissue regeneration. Materials (Basel). 2019; 12(4): 568. doi:
10.3390/ma12040568

. Dang W, Li T, Li B, Ma H, Zhai D, Wang X, et al. A bifunctional scaf-

fold with CuFeSe, nanocrystals for tumor therapy and bone recon-
struction. Biomaterials. 2018; 160: 92-106. doi: 10.1016/j.biomateri-
als.2017.11.020

. Diao J, OuYang J, Deng T, Liu X, Feng Y, Zhao N, et al. 3D-plotted

beta-tricalcium phosphate scaffolds with smaller pore sizes improve
in vivo bone regeneration and biomechanical properties in a criti-
cal-sized calvarial defect rat model. Adv Healthc Mater. 2018; 7(17):
e1800441. doi: 10.1002/adhm.201800441

. Donnaloja F, Jacchetti E, Soncini M, Raimondi MT. Natural and syn-

thetic polymers for bone scaffolds optimization. Polymers (Basel).
2020; 12(4): 905. doi: 10.3390/polym 12040905

. Dremina NN, Trukhan IS, Shurygina IA. Cellular technologies in trau-

matology: from cells to tissue engineering. Acta biomedica scientifica.
2021; 6(2): 166-175. Russian (OpemuHa H.H., Tpyxan U.C., LLypbirnHa

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

W.A. KneTouHble TEXHONOTrMW B pereHepaLmnm CyxXoXuamnn: oT KNeTKn
[0 TKaHeBoW nH>XeHepum //Acta biomedica scientifica. 2021. T. 6, N2
2.C.165-175.) doi: 10.29413/ABS.2021-6.2.19

Du X, Fu S, ZhuY. 3D printing of ceramic-based scaffolds for bone tis-
sue engineering: an overview. Journal of Materials Chemistry B. 2018;
6(27): 4397-4412.

Eliaz N, Metoki N. Calcium phosphate bioceramics: a review of their
history, structure, properties, coating technologies and biomedical
applications. Materials. 2017; 10(4): 334. doi: 10.3390/ma10040334
Feng C, Zhang W, Deng C, Li G, Chang J, Zhang Z, et al. 3D printing
of lotus root-like biomimetic materials for cell delivery and tissue
regeneration. Adv Sci (Weinh). 2017; 4(12): 1700401. doi: 10.1002/
advs.201700401

Fouilloux V, Bertin F, Peltier E, Jouve JL. First sternal cleft repair using
a porous alumina ceramic prosthesis in a 9-Year-Old child. European
J Pediatr Surg Rep. 2019; 7(1): €20-e23. doi: 10.1055/5-0039-1688775
Gerhardt LC, Boccaccini AR. Bioactive glass and glass-ceramic scaf-
folds for bone tissue engineering. Materials. 2010; (3): 3867-3910.
Ghassemi T, Shahroodi A, Ebrahimzadeh MH, Mousavian A,
Movaffagh J, Moradi A. Current concepts in scaffolding for bone tis-
sue engineering. Arch Bone Jt Surg. 2018; 6(2): 90-99.

Gul H, Khan M, Khan AS. 3-Bioceramics: types and clinical applica-
tions. Editor(s): Abdul Samad Khan, Aqif Anwar Chaudhry. In: Wood-
head Publishing Series in Biomaterials, Handbook of lonic Substituted
Hydroxyapatites. Woodhead Publishing, 2020. P. 53-83. https://doi.
org/10.1016/B978-0-08-102834-6.00003-3

Hadji P, Colli E, Regidor PA. Bone health in estrogen-free contracep-
tion. Osteoporosis International. 2019; 12(30): 2391-2400.

Hart NH, Nimphius S, Rantalainen T, Ireland A, Siafarikas A, Newton
RU. Mechanical basis of bone strength: influence of bone material,
bone structure and muscle action. J Musculoskelet Neuronal Interact.
2017;17(3): 114-139.

Hart NH, Newton RU, Tan J, Rantalainen T, Chivers P, Siafarikas A, et
al. Biological basis of bone strength: anatomy, physiology and mea-
surement. J Musculoskelet Neuronal Interact. 2020; 20(3): 347-371.
Hollinger JO, Alvarez-Urena P, Ducheyne P, Srinivasan A, Baskin J,
Waters H, et al. 6.2 Bone Tissue Engineering: Growth Factors and
Cytokines. Editor(s): Paul Ducheyne, Comprehensive Biomaterials II.
Elsevier, 2017. P. 20-53. https://doi.org/10.1016/B978-0-12-803581-
8.10205-X

Hyc A, Moskalewski S, Osiecka-lwan A. Growth factors in the initial
stage of bone formation, analysis of their expression in chondro-
cytes from epiphyseal cartilage of rat costochondral junction. Folia
Histochemica et Cytobiologica. 2021. 59(3): 178-186. doi: 10.5603/
FHC.a2021.0017

JiL, Song Z, Zeng F, Hu M, Chen S, Qin Z, et al. Research progress on
controlled release of various growth factors in bone regeneration.
Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 2019; 33(6): 750-755. Chi-
nese. doi: 10.7507/1002-1892.201901116

Khalaf AT, Wei Y, Wan J, Zhu J, Peng Y, Abdul Kadir SY, et al. Bone
tissue engineering through 3D bioprinting of bioceramic scaffolds:
a review and update. Life (Basel). 2022; 12(6): 903. doi: 10.3390/
life12060903

Kim JW, Yang BE, Hong SJ, Choi HG, Byeon SJ, Lim HK, et al. Bone
regeneration capability of 3D printed ceramic scaffolds. Int J Mol Sci.
2020; 21(14): 4837. doi: 10.3390/ijms21144837

Kitaura H, Marahleh A, Ohori F, Noguchi T, Shen WR, Qi J, et al. Osteo-
cyte-related cytokines regulate osteoclast formation and bone re-
sorption. IntJ Mol Sci. 2020; 21(14): 5169. doi: 10.3390/ijms21145169



0630psI

80 - 109

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Kulbakin DE, Choynzonov EL, Buyakova SP, Kulkov SN, Mukhame-
dov MR, Chernov VI, et al. Selection of reconstructive material for
the restoration of the maxillofacial region bone defects in oncolog-
ical practice. Head and neck. Russian Journal. 2018; 6(4): 64-69. Rus-
sian (Kynb6akuH [.E., YoiiH3oHoB EJ1., BysikoBa C.I., Kynbkos C.H.,
Myxa-mezoB M.P, YepHoB B.W. n gp. Bblbop peKoHCTPYKTUBHOIO
MaTepuana B BOCCTaHOB/IEHUM KOCTHbIX AePEKTOB YeloCTHO-NNLie-
BOV 06/1acTV B OHKONOrMYeckon npakTuke //[onosa v wesA = Head
and neck. Russian Journal. 2018. N2 6(4). C. 64-69.) doi: 10.25792/
HN.2018.6.4.64-69

Kumar A, Kargozar S, Baino F, Han SS. Additive Manufacturing
Methods for Producing Hydroxyapatite and Hydroxyapatite-Based
Composite Scaffolds: A Review. Frontiers in Materials. 2019; 6. 313.
doi: 10.3389/fmats.2019.00313

Kwon SH, Jun 'Y, Hong SH, Lee IS, Kim HJ, Won Y. Calcium phosphate
bioceramics with various porosities and dissolution rates. Journal
of the American Ceramic Society. 2004; 85. 3129-3131. doi: 10.1111/
j.1151-2916.2002.tb00599.x

Li T, Chang J, Zhu Y, Wu C. 3D Printing of bioinspired biomaterials for
tissue regeneration. Adv Healthc Mater. 2020 Apr 27; €2000208. doi:
10.1002/adhm.202000208

Lim HK, Hong SJ, Byeon SJ, Chung SM, On SW, Yang BE, et al.
3D-printed ceramic bone scaffolds with variable pore architectures.
Int J Mol Sci. 2020; 21(18): 6942. doi: 10.3390/ijms21186942

Lin K, Sheikh R, Romanazzo S, Roohani I. 3D printing of bioceramic
scaffolds-barriers to the clinical translation: from promise to reality,
and future perspectives. Materials (Basel). 2019; 12(17): 2660. doi:
10.3390/ma12172660

Linh NTB, Abueva CDG, Jang DW, Lee BT. Collagen and bone
morphogenetic protein-2 functionalized hydroxyapatite scaffolds
induce osteogenic differentiation in human adipose-derived stem
cells. J Biomed Mater Res B Appl Biomater. 2020; 108(4): 1363-1371.
doi: 10.1002/jbm.b.34485

LuY,LuX,LiM,ChenX, LiuY,Feng X, etal. Minimally invasive treatment
for osteonecrosis of the femoral head with angioconductive
bioceramic rod. Int Orthop. 2018; 42(7): 1567-1573. doi: 10.1007/
500264-018-3919-6

Ma H, Li T, Huan Z, Zhang M, Yang Z, Wang J, et al. 3D printing
of high-strength bioscaffolds for the synergistic treatment of
bone cancer. NPG Asia Materials. 2018; 10. 1-14. doi: 10.1038/
s41427-018-0015-8

Ma H, Feng C, Chang J, 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

Maiti SK, Shivakumar MU, Mohan D, Kumar N, Singh KP. Mesenchymal
stem cells of different origin-seeded bioceramic construct in
regeneration of bone defect in rabbit. Tissue Eng Regen Med. 2018;
15(4): 477-492. doi: 10.1007/s13770-018-0129-7

Majidinia M, Sadeghpour A, Yousefi B.The roles of signaling pathways
in bone repair and regeneration. Journal of Cellular Physiology. 2018;
233(4): 2937-2948.

Marcello E, Magbool M, Nigmatullin R, Cresswell M, Jackson PR,
Basnett P, et al. Antibacterial composite materials based on the
combination of polyhydroxyalkanoates with selenium and strontium
co-substituted hydroxyapatite for bone regeneration. Front Bioeng
Biotechnol. 2021; 9: 647007. doi: 10.3389/fbioe.2021.647007
Marques A, Miranda G, Silva F, Pinto P, Carvalho O. Review on current
limits and potentialities of technologies for biomedical ceramic

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

scaffolds production. J Biomed Mater Res B Appl Biomater. 2021;
109(3): 377-393. doi: 10.1002/jbm.b.34706

Moreno Madrid AP, Vrech SM, Sanchez MA, Rodriguez AP. Advances
in additive manufacturing for bone tissue engineering scaffolds.
Mater Sci Eng C Mater Biol Appl. 2019; 100: 631-644. doi: 10.1016/j.
msec.2019.03.037

Morgan EF, Unnikrisnan GU, Hussein Al. Bone mechanical properties
in healthy and diseased states. Annual Review of Biomedical
Engineering. 2018; 20: 119-143.

Morris J, Kelly N, Elliott L, Grant A, Wilkinson M, Hazratwala K, et
al. Evaluation of bacteriophage anti-biofilm activity for potential
control of orthopedic implant-related infections caused by
staphylococcus aureus. Surg Infect (Larchmt). 2019; 20(1): 16-24. doi:
10.1089/sur.2018.135

Mostafavi A, Abdullah T, Russell CS, Mostafavi E, Williams TJ,
Salah N, et al. In situ printing of scaffolds for reconstruction of
bone defects. Acta Biomater. 2021; 127: 313-326. doi: 10.1016/j.
actbio.2021.03.009

Miller M, Fisch P, Molnar M, Eggert S, Binelli M, Maniura-Weber K, et
al. Development and thorough characterization of the processing
steps of an ink for 3D printing for bone tissue engineering. Mater
Sci Eng C Mater Biol Appl. 2020; 108: 110510. doi: 10.1016/j.
msec.2019.110510

Nauth A, Schemitsch E, Norris B, Nollin Z, Watson JT. Critical-size
bone defects: is there a consensus for diagnosis and treatment?
J Orthop Trauma. 2018; 32 Suppl 1: S7-S11. doi: 10.1097/
BOT.0000000000001115

Nikolova MP, Chavali MS. Recent advances in biomaterials for 3D
scaffolds: a review. Bioactive Materials. 2019; (4): 271-292.

Ogay V, Mun EA, Kudaibergen G, Baidarbekov M, Kassymbek K,
Zharkinbekov Z, et al. Progress and prospects of polymer-based
drug delivery systems for bone tissue regeneration. Polymers (Basel).
2020; 12(12): 2881. doi: 10.3390/polym 12122881

Oliveira ER, Nie L, Podstawczyk D, Allahbakhsh A, Ratnayake
J, Brasil DL, et al. Advances in growth factor delivery for bone
tissue engineering. Int J Mol Sci. 2021; 22(2): 903. doi: 10.3390/
ijms22020903

Peng Y, Wu S, Li Y, Crane JL. Type H blood vessels in bone modeling
and remodeling. Theranostics. 2020; 10(1): 426-436. doi: 10.7150/
thno.34126.

Pereira HF, Cengiz IF, Silva FS, Reis RL, Oliveira JM. Scaffolds and
coatings for bone regeneration. J Mater Sci Mater Med. 2020; 31(3):
27.doi: 10.1007/510856-020-06364-y

Pina S, Rebelo R, Correlo VM, Oliveira JM, Reis RL. Bioceramics for
osteochondral tissue engineering and regeneration. Adv Exp Med
Biol.2018; 1058: 53-75. doi: 10.1007/978-3-319-76711-6_3

Putlyaev VI, Yevdokimov PV, Klimashina ES, Rodin IA, Safronova
TV, Garshev AV, et al. Stereolithography 3D-printing of bioceram-
ic scaffolds of a given shape and architecture for bone tissue re-
generation. Inorganic Materials: Applied Research. 2019; (5): 28-40.
Russian (MyTtnaes B./., EBgokumos [1.B., MamoHoB C.A., 30puH
B.H., KnumawwHa E.C., PoguH U.A. n gp. Crepeonutorpaduryeckas
3D-neyaTb 6MOKepaMmNUYECKNX MaTPUKCOB 3afjaHHON pOPMbI 1 ap-
XWUTEKTYpbl AN1A pereHepauun KOCTHOWN TKaHu //lepcnekTuBHble
MaTepuanbl. 2019. N2 5. C. 28-40.) doi: 10.30791/1028-978X-2019-
5-28-40

Qu H. Additive manufacturing for bone tissue engineering scaffolds.
Materials Today Communications. 2020; (24): 101024.



https://www.elibrary.ru/contents.asp?id=41111516
https://istina.cemi-ras.ru/workers/162145968/
https://istina.cemi-ras.ru/workers/162145968/
https://istina.cemi-ras.ru/workers/550088/
https://istina.cemi-ras.ru/workers/558977/

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Radwan NH, Nasr M, Ishak RAH, Awad GAS. Moxifloxacin-loaded
in situ synthesized Bioceramic/Poly(L-lactide-co-e-caprolactone)
composite scaffolds for treatment of osteomyelitis and orthope-
dic regeneration. Int J Pharm. 2021; 602: 120662. doi: 10.1016/j.ij-
pharm.2021.120662

Reshetov IV, Gaponov ME, Svyatoslavov DS, Bogoslovsky SG. Cre-
ation of implants by additive technologies for the reconstruction
of head and neck tissues. Head and neck. Russian Journal. 2018; 4:
48-57. Russian (Pewetos W.B., lanoHos M.E., Ceatocnasoe [.C,,
borocnosckuin C.I. Co3gaHne MMMNIAHTAaTOB METOAOM aAAUTMBHbIX
TEXHONOIMN N1 PEKOHCTPYKLMMN TKaHewl ronosbl 1 wewn //fonosa
n wesa = Head and neck. Russian Journal. 2018. N2 4. C. 48-57.) doi:
10.25792/HN.2018.6.4.48-57

Sakthiabirami K, Soundharrajan V, Kang JH, Yang YP, Park SW.
Three-dimensional zirconia-based scaffolds for load-bearing
bone-regeneration applications: prospects and challenges. Materi-
als (Basel). 2021; 14(12): 3207. doi: 10.3390/ma14123207

Salah M, Tayebi L, Moharamzadeh K, Naini FB. Three-dimensional
bio-printing and bone tissue engineering: technical innovations
and potential applications in maxillofacial reconstructive sur-
gery. Maxillofac Plast Reconstr Surg. 2020; 42(1): 18. doi: 10.1186/
540902-020-00263-6

Schemitsch EH. Size matters: defining critical in bone defect size.
Journal of Orthopaedic Trauma. 2017; (31): S20-S22.

Seims KB, Hunt NK, Chow LW. Strategies to control or mimic growth
factor activity for bone, cartilage, and osteochondral tissue engi-
neering. Bioconjugate Chemistry. 2021; 5(32): 861-878.

Niguez Sevilla B, Rabadan-Ros R, Alcaraz-Bafios M, Martinez Diaz F,
Mate Sénchez de Val JE, Lépez-Gdnzalez |, et al. Nurse>s A-phase-
silicocarnotite ceramic-bone tissue interaction in a rabbit tibia
defect model.J Clin Med.2019; 8(10): 1714. doi: 10.3390/jcm8101714
Shastov AL, Kononovich NA, Gorbach EN. Management of posttrau-
matic long bone defects in the national orthopedic practice (litera-
ture review). Orthopaedic Genius. 2018; 2(24): 252-257.

Steffi C, Shi Z, Kong CH, Wang W. Modulation of osteoclast interac-
tions with orthopaedic biomaterials. J Funct Biomater. 2018; 9(1): 18.
doi: 10.3390/jfb9010018

Tamay DG, Dursun Usal T, Alagoz AS, Yucel D, Hasirci N, Hasirci V. 3D
and 4D printing of polymers for tissue engineering applications.
Front Bioeng Biotechnol. 2019; 7: 164. doi: 10.3389/fbioe.2019.00164
Toosi S, Behravan J. Osteogenesis and bone remodeling: A focus
on growth factors and bioactive peptides. Bio Factors. 2020; 3(46):
326-340.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Truong LB, Medina CD, Mostafavi E, O'Connell CP, Webster TJ.
in  3D-printed
structures and their potential for bone tumor therapy. Materials
(Basel). 2021; 14(14): 3844. doi: 10.3390/ma14143844

Turnbull G, Clarke J, Picard F, Riches P, Jia L, Han F, et al. 3D bioactive
composite scaffolds for bone tissue engineering. Bioact Mater. 2017;
3(3): 278-314. doi: 10.1016/j.bioactmat.2017.10.001

Wang C, Huang W, Zhou Y, He L, He Z, Chen Z, et al. 3D printing of
bone tissue engineering scaffolds. Bioactive materials. 2020; 5(1):
82-91. doi: 10.1016/j.bioactmat.2020.01.004

Wang J, Guo F, Chen G, Sun J, Tang Q, Chen L. Spatial-temporal pat-

Advances surface-modified Ca-Si bioceramic

terns and inflammatory factors of bone matrix remodeling. Stem
Cells Int. 2021; 2021: 4307961. doi: 10.1155/2021/4307961

Wei S, Ma JX, Xu L, Gu XS, Ma XL. Biodegradable materials for
bone defect repair. Mil Med Res. 2020; 7(1): 54. doi: 10.1186/
s40779-020-00280-6

Wen'Y, Xun S, Haoye M, Baichuan S, Peng C, Xuejian L, et al. 3D print-
ed porous ceramic scaffolds for bone tissue engineering: a review.
Biomater Sci. 2017; 5(9): 1690-1698. doi: 10.1039/c7bm00315¢
Yarikov AV, Gorbatov RO, Denisov AA, Smirnov Il, Fraerman AP,
Sosnin AG, et al. Application of additive 3D printing technologies
in neurosurgery, vertebrology and traumatology and orthopedics.
Journal of Clinical Practice. 2021; 12(1): 90-104. Russian (ApukoB A.B.,
lop6atoB PO., feHncos A.A., CmupHoB U.WN., Opaepman Al., Co-
cHUH AT, n gp. MprmMeHeHne apANTUBHBIX TexHonorui 3D-neyatn B
Helipoxunpypruw, Beprebponorum, TpaBMaTosioriu 1 optoneauu //
KnuHunueckas npaktuka. 2021. T. 12, Ne1. C. 90-104.) doi: 10.17816/
clinpract64944

Yuan J, Wang B, Han C, Huang X, Xiao H, Lu X, et al. Nanosized-Ag-
doped porous B-tricalcium phosphate for biological applications.
Mater Sci Eng C Mater Biol Appl. 2020; 114: 111037. doi: 10.1016/j.
msec.2020.111037

Zafar MJ, Zhu D, Zhang Z. 3D Printing of bioceramics for bone tis-
sue engineering. Materials (Basel). 2019; 12(20): 3361. doi: 10.3390/
ma12203361

Zhang B, Zhang M, Sun, Li M, Han F, Wu C. Haversian bone-mimick-
ing bioceramic scaffolds enhancing MSC-macrophage osteo-imu-
nomodulation. Progress in Natural Science: Materials International.
2021;31: 883-890.

Zhang M, Lin R, Wang X, Xue J, Deng C, Feng C, et al. 3D printing
of Haversian bone-mimicking scaffolds for multicellular delivery
in bone regeneration. Sci Adv. 2020; 6(12): eaaz6725. doi: 10.1126/
sciadv.aaz6725

CBepeHus 06 aBTopax:

Bunanos A.P., K.M.H., AOLEHT Kadeapbl TPaBMaToNoOrMm 1 oprone-
anm ¢ kypcom UAMNO, HavanbHuk YUT, ®rB0Y BO BI'MY Mun3apasa Poc-
cuu, 1. Yda, Poceus.

MunacoB B.Lll., 1.M.H., npoceccop, 3aBeaytowmin kadeapoii Tpas-
MaTonorun u optoneamn ¢ kypcom UAMO; Bpay TpaBMaTonor-oprones,
Knuhukm BIrMY, ®r'bOY BO BI'MY MuH3gpasa Poccun, r. Yda, Poccus.

Sfikynos P.P., A.M.H., npodeccop kadeapbl TpaBMaTonornm u opTo-
negun ¢ kypcom WAMO; Bpay TpaBmatonor-optones KnuHuku BrMY,
®reQy BO BIrMy Munspgpasa Poccum, 1. Yda, Poccus.

of traumatology and orthopedics with course of Institute of Addition-
al Professional Education, head of information technology department,
Bashkir State Medical University, Ufa, Russia.

tology and orthopedics with course of Institute of Additional Profession-
al Education; traumatologist-orthopedist of clinic, Bashkir State Medical
University, Ufa, Russia.

and orthopedics with course of Institute of Additional Professional Edu-
cation; traumatologist-orthopedist of clinic, Bashkir State Medical Univer-
sity, Ufa, Russia. H

Information about authors:
Bilyalov A.R., candidate of medical sciences, docent of department

Minasov B.Sh., MD, PhD, professor, chief of department of trauma-

Yakupov R.R., MD, PhD, professor of department of traumatology



https://doi.org/10.17816/clinpract64944
https://doi.org/10.17816/clinpract64944

0630psI

80 - 109

Akb6awes B.H., mnagwuin HayyHbli cOTpyaHuK, «Jlabopatopus
ARAWTUBHBIX TexHoMornn» WHCTUTYTa dyHAaMeHTanbHOW MeauLMHbI,
®re0y BO BIMY MwuH3apasa Poccum, r. Yda, Poceus.

PacdmkoBa I.A., Mnagwwii HayuHblli COTPyAHUK, «JlabopaTopus
ALAVTUBHBIX TEXHOMOrMi» WHCTUTYTa yHAAMEHTaNbHOM MeAMLMHBI;
MNaALWmniA HaYYHBbIN COTPYAHMK, «JlabopaTopusi UMMyHONOrUU» UHCTUTY-
Ta Yposiorum 1 KIMHUYECKol oHkonoruu, ®r60Y BO BIMY MwuHazapaBa
Poccuy, r. Yda, Poccusi.

BukmeeB A.T., K.(h.-M.H., AOUEHT, 3aBedylowui nabopaTtopuet,
«JlabopaTopusi MaTemMaTMyeckoro MoAenupoBaHus» WUHctutyTa dyHaa-
MEHTanbHON MeanumHbl, ®FE0Y BO BrMY MwuHzgpasa Poccuu, r. Yda,
Poccus.

YyryHoB C.C., K.b.-M.H., CTapluMi Hay4Hbli COTpyAHUK, «Jlabopa-
TOpWSI aAAVTVBHOTO MPOW3BOACTBA, LEHTP TEXHONOTWI MaTepuasnos»,
ABTOHOMHasi HekOMMepyeckasi 06pa3oBaTesibHasi OpraHW3aLms BbICLLIErO
06pa3oBaHust «CKOIKOBCKUI UHCTUTYT HayKv U TEXHOMOTWIA», . MOCKBa,
Poccus.

Kupees B.H., K.cb.-M.H., CTapLu1it HAay4HbI1 COTPYAHMK, «JlabopaTo-
pUsi MaTeMaTU4eCKoro MOAENMpOBaHUs» WUHCTUTYTa (yHAAMEHTanbHOM
MeauunHel ®FBOY BO BIMY MwuH3gpaBa Poccuu; aupekTop LleHTpa
MUKPO- ¥ HaHOMACWITabHOM AMHAMMKX AUCMEPCHbIX cucteM, GIBEOY BO
«YUMCKMI YHUBEPCUTET HAyKW U TEXHOOTWIA», . Ydba, Poccusi.

MaBnoB B.H., A.M.H., npodeccop, akagemuk PAH, npeacesatenb
YYEHOro CoBETa — PeKTop YHWBEpCUTETa; 3aBeaytolmii kacdenpoi ypo-
norun ¢ kypcom MAMO, ®rbOY BO BrMY MwuH3agpaea Poccuu, r. Yoa,
Poccus.

KoxbiwkoBcka H0.T., 4.6.H., npodeccop, 3aBeaytowwas nabopatopu-
el TPAHCNSAUVMOHHOM KNIETOYHOM M MONEKYNSpHOM BruoMeanLmHbI, Hauyo-
Ha/bHbI MCCNEeaoBaTeNbCKUI TOMCKMIA rOCyAapCTBEHHBIN YHUBEPCUTET;
3aBeaytollas nabopatopueii reotexHonoruii, ®r60Y BO CnérMy MuHs-
apasa Poccum, r. ToMmck, Poccus; 3aBeayiowiast OTAENOM BPOXAEHHOMO
UMMyHUTETa YHMBepcuTeTa elinensbepra, FepManus.

Anpec ans nepenuckm:

AxbalueB Bnagucnas Hukonaeswy, yn. JlenuHa, a. 3, r. Yda, Poccus,
450008

E-mail: Vlad-akb@mail.ru

Cratbs nocrynuna B peaakumio: 04.02.2023
PeueH3npoBaHue npoiiaeHo: 16.02.2023
NMoanucaHo B neuatb: 01.03.2023

Akbashev V.N., junior researcher, Laboratory of Additive Technolo-
gies of Institute of Fundamental Medicine, Bashkir State Medical Univer-
sity, Ufa, Russia.

Rafikova G.A., junior researcher, Laboratory of Additive Technolo-
gies of Institute of Fundamental Medicine; junior researcher, Immunology
Laboratory of Institute of Urology and Clinical Oncology, Bashkir State
Medical University, Ufa, Russia.

Bikmeev A.T., candidate of physical and mathematic sciences, do-
cent, chief of laboratory, Laboratory of Mathematical Modeling of Insti-
tute of Fundamental Medicine, Bashkir State Medical University, Ufa,
Russia.

Chugunov S.S., candidate of physical and mathematic sciences, se-
nior researcher, Laboratory of Additive Manufacturing, Center of Tech-
nologies and Materials, Skolkovo Institute of Science and Technology,
Moscow, Russia.

Kireev V.N., candidate of physical and mathematic sciences, senior
researcher, Laboratory of Mathematical Modeling of Institute of Funda-
mental Medicine, Bashkir State Medical University; director of Center for
Micro- and Nanoscale Dynamics of Disperse Systems, Ufa University of
Science and Technology, Ufa, Russia.

Pavlov V.N., MD, PhD, professor, academician of RAS, chairman of
academic council — rector of university; head of department of urology
with course of Institute of Additional Professional Education, Bashkir
State Medical University, Ufa, Russia.

Kzhyshkovska Yu.G., PhD in biology, professor, head of laboratory
of translational cellular and molecular biomedicine, National Research
Tomsk State University; chief of laboratory of geotechnologies, Siberian
State Medical University, Tomsk, Russia; head of department of innate
immunity, Heidelberg University, Germany.

Address for correspondence:
Akbashev Vladislav Nikolaevich, Lenina St., 3, Ufa, Russia, 450008
E-mail: Vlad-akb@mail.ru

Received: 04.02.2023
Review completed: 16.02.2023
Passed for printing: 01.03.2023



mailto:Vlad-akb@mail.ru
mailto:Vlad-akb%40mail.ru?subject=

