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B cBA3M C yBe/MYeHVeM 0bLLero yncna ycTaHaBAMBaeMbIX MMMIAHTATOB, PACTET U NPOLLEHT UX YTPaT, BCIEACTBME BOCMANMUTE/bHBIX OC/IOKHEHWIA — Ne-
PUMMNNAHTUTA U NEPUUMNIAHTHOTO MYKO3WTA. 1A NOBbLILWEHUA NPOFHO3MPYEMOCTU IeYEHUA U aKTUBALIMKM BMONOrMYECKUX NPOLLECCOB, OTBETCTBEH-
HbIX 33 MHTErpaLMio MNaHTaTa, pa3pabaTbiBaloTCA AEHTa/bHbIE UMNIAHTATbl C MOAMULMPOBAHHBIMU NOBEPXHOCTAMU. OCHOBHbIE BEKTOPbI pas-
BUTWA UMMNNAHTONOMMM HaNpPaB/EHbl, C OAHOM CTOPOHbI, Ha CO34aHNe TEXHOOMMIA, 06eCneunBaloLLMX BbICOKOE XMMUYECKOe CPOACTBO bB1oNOrniecku
MHEPTHOTO TUTAHOBOTO MMIM/IAHTATa C OKPYXAOWMMU TKaHAMM (Hanpumep, co3aaHune ocoboro mukpopenbeda UM BHeapeHWe BUONOTUYECKM aK-
TUBHbIX CUTHA/IbHbIX MOIEKYN: aMUHOKUCAOT, NENTUAOB, HyKNeoTUaoB). C Apyroii CTOPOHbI, pa3pabaTbiBatoTCA NOKPLITHA, OCHOBHOM LIENbIO KOTOPbIX
CTaHOBMUTCA BOCMPENATCTBOBAHME KU3HEAEATENbHOCTU NAaTOreHHbIX MUKPOOPraHM3MOB W NpeaoTBpalleHne 06pasoBaHNA MUKPOOHbIX BUONNEHOK.
3To AOCTUraeTCs, B TOM YAC/E, 33 CYET BUOLMAHDBIX CBOWCTB HAHOPA3MEPHbIX YacTUL, META/IIOB U OPraHUYECKUX COEAMHEHWIA: XUTO3aHa U rpadeHa.
B HacTosLem 0630pe MTepaTypbl UCMO/Ib30BaHO 67 CTaTel Ha aHIIMIMCKOM A3biKe, ONy6AMKOBaHHbIX B nepuog ¢ 2018 no 2024 rog, pasmeLLéHHbIX Ha
nnatdopmax PubMed n Cochrane v nocBALEHHbIX BONPOCam co3aaHnA BUONOrMUYECKM aKTUBHBIX A€HTa/IbHbIX UMMNNAHTATOB. U3 HUX 7 NpeacTaBaaam
coboit 0630pbl IMTEPaTYPbl U MeTa-aHanu3bl, 60 — OPUrMHaNbHBIE KIMHWUKO-1ab0PaTOPHbIE UCCeA0BaAHMA.

KnioueBble cnoBa: 0eHmMasnbHAA UMMAAAHMAYUA, HOHOMeEXHOM02uu, BUOKepamMuKka, 2pagheH, KocmHble mopgozeHemuyveckue benKu, 2eHHaA
UHX(eHepus.
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The increase in the total number of dental implants installed has led to a rise in the percentage of losses due to inflammatory complications,
such as peri-implantitis and peri-implant mucositis. To enhance the predictability of treatment and stimulate the biological processes responsible
for implant integration, researchers are developing dental implants with modified surfaces. The primary focus of advancing implantology involves
creating technologies that ensure high biocompatibility between bioinert titanium implants and the surrounding tissues. This goal can be achieved,
for example, by designing a particular surface microrelief or by incorporating biologically active signaling molecules such as amino acids, peptides, and
nucleotides. Additionally, researchers are developing coatings that aim to inhibit the activity of pathogenic microorganisms and prevent the formation
of microbial biofilms. This aim is often accomplished through the biocidal properties of nanoparticles derived from metals and organic compounds,
including chitosan and graphene.

This literature review analyzed 67 English-language articles published between 2018 and 2024, sourced from the PubMed and Cochrane platforms.
Among these, 7 were literature reviews and meta-analyses, while 60 were original clinical laboratory studies.
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BBEAEHMUE

B nocneaHue rogpl Ans opToneanyYeckol peabunutaumm naum-
€HTOB C YaCTMYHOM M MONHOW MoTepei 3y6oB BCE Yalle MCMOb3YHOT
MCKYyCCTBEHHbIE OMopbl. epeyeHb abCOMOTHBIX U OTHOCUTE/bHbBIX
NPOTMBOMOKa3aHW A1 AEHTaNIbHOM MMMNAAHTALMKM CyXKaeTca, U K
3TOMY MeToay NeyeHns npuberatoT Bo BCE Bo/bLIEM YMCIE KNMHUYe-
CKMX cnyvaes. OnybankosaHHbIM B 2020 roay macwtabHbli cuctema-
TUYECKMI1 0630p PE3YNLTATOB MMMIAHTONOMMYECKOTO NeYeHms bonee
1000 naumeHToB, Noka3san, uto ot 4,7 no 13,7% ycTaHOBNEHHbIX AeH-
TaNbHbIX MMNNAHTATOB AE3UHTErPUPYHOTCA BCNEACTBUE UHDEKLIMOH-
HbIX OCNOXHEHUI B TeueHWe nepsbix 40 mecAueB nocne onepalum
[1, 2]. *Kanobbl Ha BocnanuTeNbHble ABNEHWA B CIN3UCTON 060/10UKE,
He COMpoBOXAAlOWMECA NoTeperd MMNIaHTaTa (NepuMMNNaHTHbIN
MYKO3WT), npeabasasioT 4o 38% naumeHToB [3]. B Tex caydasx, Kor-
[la UMNaHTaT YCTaHaB/IMBAETCA B 30HY, [e paHee pacnonarancs 3yo,
YAANEHHbIN NO NOBOAY XPOHMYECKOTO anuKalbHOrO NepUOAOHTUTa,
PUCK Ae3vHTerpaumm gocturaet 50,41% (B nepecyéte Ha obliee Ko-
NYECTBO MMMNAHTATOB, YCTAaHOB/IEHHbIX B MOAOGHbIX KAMHUYECKMX
cutyaumax) [4]. Mpn 04HOMOMEHTHOWM MMNAAHTaLUMM OH AOMNOAHM-
TeNbHO BO3pacTaeT [5, 6]. Takum 06pasom, yyylueHne LOATOCPOYHbIX
NPOrHO30B AEHTa/IbHON MMMNNAHTALMM NPELCTaBNAETCA CBOEBPEMEH-
HoM 3agayeit. OCHOBHbIMM HaMpPaBAEHUAMW UCCNEL0BAHUI B 3TOW
obnactv ABNAOTCA pa3paboTKa U BHepeHWe NPOTEKTOPHbIX aHTMOAK-
TepUabHbIX KOMMOHEHTOB, NPENATCTBYHOLLMX PA3BUTUHO MUKPOBHbIX
61ONNIEHOK Ha NOBEPXHOCTM MMMAAHTATa, @ TaKXKe CO3/aHMe OCTeo-
MHAYKTUBHbIX NOKPbITWI, cnocobcTaytowymx ero bonee adpdpeKTMBHOM
uHTerpaumu (tabn.).

OCTEOUHAYKTUBHBIE NOKPbITUA
AEHTANIbHbIX UMNNIAHTATOB

TexHonorum co3gaHua 6GnaronpuaTHOM

NOBEPXHOCTU UMNAHTATA

AKTMBHO Befétca pa3paboTka MMNIAHTATOB C TaKoM Tonorpa-
¢dwelt, KoTopas cnocobcTBoOBana bbl MHTErPaLMM MATKUX U TBEPAbIX
TKaHel. MccnefoBaHNUA NOKa3anM, YTo 0CcobeHHOCTU penbeda Um-
MJaHTaTa, TakMe KaK AMaMeTp Mop M MEXKMNOPOBOEe MPOCTPAHCTBO,
npeobpasytoTca KNETKOM B KOHKPETHble BUOXMMUYECKUE CUrHasbI,
BAVAIOLLME Ha CTEMEHb SKCMPECCUM OTAE/bHbIX TEHOB: B NEPBYIO Oue-
pefb, KOMNOHEHTOB aKTMHOBOrO LMTOCKENEeTa, WénoyHon docdata-
3bl, OCTEOKa/IbLIMHA U OCTEOMNOHTHHA [7, 8]. B 3aBUCMMOCTM OT cocTaBa
3/1IEKTPONIUTOB U YC/I0BUI PEAKLIMM — BEJIMYUHBI MPUIOKEHHOTO Ha-
NPAKEHWUA, MEKINEKTPOLHOMO PACCTOSHWA — METOAAMU 3NEKTPOXM-
MWYECKOro aHOAMPOBAHUSA MOKET BbITb AOCTUTHYTA pa3NnyHas reo-
METPUA NMOBEPXHOCTU UMNAHTATA. TaK, eCM NPOLLECC MPOXOAUT NpU

reomeTpum

Ta6nuqa OcHosHble 8eKmopeol c030aHuA buonoauyecku
AKMUBHbIX OEHMAsbHLIX UMNATHMAMO8

INTRODUCTION

In recent years, dental implants have increasingly been
used for the orthopedic rehabilitation of patients with partial or
complete tooth loss. The list of absolute and relative contraindi-
cations for dental implantation is narrowing, and this treatment
method is being employed in an increasing number of clinical cas-
es. A large-scale systematic review of implant treatment results
published in 2020, involving more than 1000 patients, indicated
that between 4.7% and 13.7% of installed dental implants disin-
tegrate due to infectious complications within the first 40 months
following surgery [1, 2]. Up to 38% of patients report inflammato-
ry phenomena in the mucous membrane without implant loss, a
condition known as peri-implant mucositis [3]. In cases where an
implant is placed in a tooth extraction site due to chronic apical
periodontitis, the risk of disintegration is 50.41%, based on the
total number of implants placed in similar clinical situations [4].
With single-stage implantation, this risk increases further [5, 6].
Therefore, enhancing the long-term prognosis of dental implan-
tation is a pressing task. Key research areas in this field focus on
developing and implementing protective antibacterial compo-
nents that prevent microbial biofilms from forming on the surface
of implants. Additionally, there is an emphasis on creating oste-
oinductive coatings that enhance the integration of the implants
(See the Table for details).

OSTEOINDUCTIVE COATINGS FOR DENTAL
IMPLANTS

Dental implant surface modification technologies

Currently, there is active development of implants designed
with topographical features that enhance the dental implant inte-
gration into the soft and hard tissues in the oral cavity. Research
has shown that the relief features of implants, such as pore diam-
eter and the space between pores, can be interpreted by cells as
specific biochemical signals. These signals influence the expres-
sion levels of individual genes, particularly those related to the
actin cytoskeleton, alkaline phosphatase, osteocalcin, and osteo-
pontin [7, 8]. Electrochemical anodizing can create various geom-
etries on implants by adjusting the electrolyte composition and
reaction conditions during the process. The conditions affecting
anodizing include the applied voltage and the distance between
the electrodes. For instance, when anodizing occurs at a volt-
age of 60 V with a low water content in the electrolytic solution,
pores with a diameter of 52 nm form on the smooth titanium sur-
face. In contrast, when the voltage is decreased to 30 V, and the
water content is high, a rough network of cells measuring 77x47

Table The primary methods for creating biologically
active dental implants

Buonormyeckn akTUBHbIE NOKPbITUA AEHTaNbHbIX UMN/IAHTATOB
Bioactive coatings for dental implants

OCTGOMHAVKTMBHbIe noKpbITUA
Osteoinductive coatings

MMNAaHTaTbl C NOBEPXHOCTHOM HaHOreoMeTpuei
Nanoscale surface modification of implants

MoKpbITUA, coaeprKalLme coeamHeHua Kanbuus, docdopa;
brocTEKNOKEPaMMUYECKME MOKPLITUA
Calcium phosphate/Bioglass composite coatings
MMNoKpbITUSA, cogeprKawme KocTHble 6enkn, PHK n AHK
Coatings containing bone proteins, RNA, and DNA
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AHTMGaKTepManbHble NOKPbITUA
Antibacterial coatings

MOKpbITMA, COAepKaLLMe HaHOHYaCTULI cepebpa, 30/10Ta U APYruX

mMeTannos

Coatings containing nanoparticles of silver, gold, and other metals

lMoKpbITUA Ha OCHOBe XMTO3aHa
Chitosan-based coating of implants

MoKpbITUA Ha OocHOBe rpadeHa
Graphene-based coating of implants
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HanpsaxeHnn 60 B 1 HU3KOM COAEPKAHWUM BOABI B SNIEKTPOIUTUYECKOM
YKMAKOCTM, Ha rafKoi NOBEPXHOCTM TUTaHa 0bpasytoTcsa nNopbl Ana-
MeTpoM 52 HMm, B TO BpemMA Kak npu HanpsaxeHun 30 B u BbicoKom
cofepaHun Boapl GopmupyeTca WepoxoBaTas CeTb C AMAMETPOM
AYenkn 77x47 HM, HaNOMMHAKOLLAA MUKPOCKOMMUYECKYIO CTPYKTYPY
TpabekrynapHoi Koctu [9]. Mpu npoBeAeHUM KOHPOKANBHOW MUKPO-
CKOMWM NONYYAEMBbIX in Vivo r’MCTONPEnapaToB MOXHO 3aMeTUTb, YTO
KNETKW, aAre3nsa KOTOPbIX NPOM3O0LAa Ha HAHOCTPYKTYPUPOBAHHYIO
NOBEPXHOCTb, OPUEHTUPOBAHbI Bonee ynopALOYEHHO, a KNETKM Ha
obpasuax TMTaHa C MOpPaMM Manoro AMaMeTpa, PacnoNoXKeHHbIMM
Janeko Apyr oT Apyra, AEeMOHCTPUPYIOT XaOTUYHOE PACMO/IOKEHVe
aKTMHOBbIX BOJIOKOH [10].

CoBpemeHHble TEXHO/MIOMMU MO3BOAAKOT PeryaMposatb W pe-
Nbed UMNNAHTATOB, CAENAHHbIX U3 AMOKCMARA LUmpKoHMA. Ewé B 2005
rogy, Ha 3ape pa3sutua CAD-CAM TexHONOrMiA, BbLI0 NOKa3aHo, YTo
KKPYTALWWMIA MOMEHT» Bonee rpy6o 06paboTaHHbIX LMPKOHMEBbIX M-
NAaHTaToB OblN 3HaUMTENbHO HonblUe, YeM y 06pasLOB, UMetoLLMX
rnapkuii penbed [11]. OgHako B 2017 rogy rpynna uccnegosarenei
Ha OCHOBAHWM M3y4YeHMUA TUCTONOTUYECKMX CPE30B, MOYYEHHbIX HA
CCD Kamepy 1 MpoaHanM3MPOBaHHbIX C MOMOLLbIO MPOrPaMMHOrO
obecneyenuns «Olympus Soft Imaging System» (Olympus Soft Imaging
System GmbH, Muenster, Germany), Nokasana, 4To yBenuyeHue nio-
AW KOHTAKTa MMMIAHTaTa C KOCTbHO, B C/1y4ae NpUaaHMA LepoxoBa-
TOCTU OMOKCUAY LMPKOHMA C MOMOLLbIO NECKOCTPYMHOW 0b6paboTky,
He 6b1710 CTAaTUCTMYECKM 3HAUMMbIM [12]. BO3MOXKHO, UMeeT 3HaYeHNne
METOA, C MOMOLLbIO KOTOPOro [JOCTUraeTcA CTPYKTYpUpoBaHMe Mo-
BEPXHOCTU U3AeNuA: B OTAE/bHbIX NyBAMKALMAX OTMEYatoTCA nosu-
TUBHble HabNoAEHMA 3a «NOBEAEHUEMY LMPKOHUEBLIX MMMNAHTATOB,
NOABEPTHYTbIX BO3AENCTBUIO BONOKOHHOTO flasepa [13].

M3BECTHbI TEXHONOTMM KUCNOTHOTO W LWENOYHOMO TPaBAEHUA
NOBEPXHOCTU LMPKOHUA, C MPUMEHEHUEM NIAaBUKOBOW KUCAOTbI U
TMAPOKCUAO0B Kanua u HaTpua [14, 15]. HekoTopble uccnenosatenu
CO06LWAIT 0 TOM, YTO NpeaBapuUTeNbHOE 06/Ty4eHNE LIUPKOHWUEBOO
nmnaaHTata YP-cBETOM TaK¥Ke NONOKUTENbHO BANAET HAa MPOLLECC ero
uHTerpaumu [16]. Mccneposatenbckan rpynna cosgana LMpKOHUeBble
MMNNAHTaTbl C MOMOLLbIO 3 AUTUBHOTO NPOM3BOACTBA — TPEXMEPHO
neyatu [17]. 3To NO3BONO CO3AaTb UMMIAHTATbI C 3apaHee «3anpo-
rPaMMMPOBAHHON» YHWKA/IbHOW reomeTpuelt noBepxHocTy. Mosepx-
HOCTHbIE MOPbI, KOTOPbIE B NPEAbIAYLLMX NTOKONEHUAX IKCNEPUMEHTOB
C NPUMEHEHWEM aHOAHOTO OKMCNEHUA U KUCIOTHOTO TPaBAEHUA He
UMenu onpeaenéHHol 1 npeackasyemoii HanpasaeHHocTv [18], 6na-
rofaps CTPyMHOM TEXHONIOMMM NeYaTn Npuobpenu cTporoe NPoCTpaH-
CTBEHHOE Pacno/oXeHue.

MoKpbITUA U3 COeAMHEHUIA Kanbuus,

6MOCTEeKNOKEPAMMKHM

[lna NporHo3Mpyemoii 0CTEOMHTErpaLLMK AEHTaIbHOTO UMM/IAH-
TaTa BakHO 671aronpuATHOE MOHHOE MMWKPOOKpPYKeHue. Hanbonee
M3y4eHbl Ha AaHHbIA MOMEHT NpenapaTbl M MaTepuabl, COAepKalLme
NpoW3BOAHbIE KanbLya U Gochopa — OCHOBHBIX HEOPraHUYECKMX KOM-
MOHEHTOB KOCTHOW TKaHW. TaK, N0 AaHHbIM MOJIEKYNSAPHO-TEHETUYE-
ckoro (MUP B peanbHom BpemeHu) U ummyHodepmeHTHOro (ELISA)
aHanM3a, NP KOHTaKTe NPeocTeo61acToB C MOHAMM Ka/lbLMA aKTUBM-
pYeTcs CUrHanbHas CUCTEMA MHTETPUHOB M KMHA3, CNOCOBCTBYIOLMX
KneTouHol agresum [19]. C uenbto yyyLleHns OCTEOMHTErPaLLMK no-
BEPXHOCTb MMMNIAHTAaTOB MOXKET ObITb MOAUPULMPOBAHA C MOMOLLLbIO
NOKpbITUIA M3 docdaTa KanbLms M HaHOrMAPOKcManaTuTa [20, 21].

MNocne TPExHEAENBHOTO Ky/IbTUBMPOBaHUA NPeocTeob1acToB Ha
nogo6HbIX 06pasLax Nosy4YeHHbIE KNeTKU GUKCMPOBAAUCH U OKpaLLIK-
Ba/IUCb a/M3apUHOBbLIM KPacHbIM — KpacuTenem, obpasylowmm xe-
NaTHble KOMMJIEKCbI C MOHAMM ABYXBANEHTHbIX METannos. Mpu sTom

dochopa wu

nm forms, resembling the microscopic structure of trabecular
bone [9]. Confocal microscopy of the obtained in vivo histologi-
cal preparations reveals that cells adhering to the nanostructured
surface are arranged in a more orderly fashion. In contrast, cells
on titanium samples with small-diameter pores positioned far
apart exhibit a chaotic arrangement of actin fibers [10].

Modern technologies have facilitated the transformation
of implant relief made from zirconium dioxide. As early as 2005,
during the initial development of CAD-CAM technology, it was
demonstrated that the fracture resistance of more coarsely pro-
cessed zirconium implants was significantly greater than that of
samples with a smooth surface [11]. In 2017, a research group
conducted a study using histological sections captured with a CCD
camera and analyzed with Olympus Soft Imaging System soft-
ware (Olympus Soft Imaging System GmbH, Muenster, Germa-
ny). The study found that the positive effect of surface roughness
on bone-to-implant contact (BIC) was not statistically significant
[12]. It may be that the method used to structure the product's
surface is critical, as some publications highlight the positive ef-
fect of fiber laser irradiation, which produces adequate surface
roughening of zirconia ceramics to support osseointegration [13].

Acid and alkaline etching techniques are well-established
methods for modifying the surface of zirconium. The use of hy-
drofluoric acid and solutions of potassium hydroxide and sodium
hydroxide is widely recognized [14, 15]. Some researchers sug-
gest that a preliminary surface treatment of zirconia using short-
wave UV light may have a positive effect on the osseointegration
of dental implants [16]. A research group has developed zirconia
dental implants using additive manufacturing, specifically 3D
printing [17]. This method allowed for the creation of implants
with unique, pre-programmed surface geometries. In previous
experiments using anodic oxidation and acid etching, the surface
pores lacked specific and predictable orientations [18]. However,
due to inkjet printing technology, they now exhibit a clearly de-
fined spatial arrangement.

Coatings made of calcium, phosphorus, and bioglass

ceramic compounds

A favorable ionic microenvironment is essential for the pre-
dictable osseointegration of dental implants. Currently, the most
extensively studied are calcium phosphate-based biomaterials,
which are the primary inorganic components of bone tissue. Mo-
lecular genetic analyses, including techniques such as real-time
PCR and ELISA, demonstrate that when preosteoblasts are ex-
posed to calcium ions, a signaling pathway involving integrins
and kinases is activated, which subsequently promotes cellular
adhesion [19]. To enhance osseointegration, coatings of calcium
phosphate and nanohydroxyapatite are used on implant surfaces
[20, 21].

After three weeks of culturing preosteoblasts on similar
samples, the cells were fixed and stained with alizarin red, a dye
that forms chelate complexes with divalent metal ions. In this
case, preosteoblasts that lacked extracellular calcium deposits
appeared pink and predominated in the control group. In con-
trast, the mineralized cells were bright orange and covered near-
ly the entire surface of the experimental implants. Research has
shown that the formerly common technique of thermally apply-
ing calcium phosphate results in unsatisfactory stability and weak
coating strength. Consequently, the sol-gel method and wet pow-
der spraying method are now preferred [22].

Another promising biomaterial is bioactive glass, also known
as ceramic polymer, which is a promising material composed of
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npeocTeo61acTbl 6€3 BHEKNETOUYHbIX OT/IOKEHMI KanbLus Obinn po3o-
BbIMM M Npeobaagany B KOHTPONLHOM rpynne, B TO BPEMA Kak MUHe-
pann30BaHHbIE KNETKU MMENU APKO-OPaHMKEBbIN LBET U MOKPbIBaAU
NPaKTUYECKN BCHO MOBEPXHOCTb 3KCMEPUMEHTANbHBIX UMMIAHTATOB.
MccnenoBaHua NoKasanu, YTo pacnpocTpaHéHHasA KOraa-To TeXHONO-
rMa TepPMUYECKoro HaHeceHus pocdaTta Kanbuma obecneymsaeT Hey-
[LOB/IETBOPUTE/NbHYIO CTabUIBHOCTL U CNabyto MPOYHOCTL MOKPbITHS,
NO3TOMY B HacTOALLEE BPEMSA UCMONb3YIOTCA 30/1b-TeNb-METOA, U Me-
TOZ, BNA¥HOTO NOPOLLUKOBOTO HanblaeHua [22].

ELLé 0aHMM NepcnekTUBHLIM MaTepraioM ABNAIOTCA Kepamuye-
CKMe NOIMMeEpbI, U3BECTHbIE Kak BMOAKTUBHOE CTEK/IO U COAepIKaLLme
oKcKAabl KpemHus, docdopa, marHusa, Kanbums. B ctomatonornm ero
YKe ceiyac aKTUBHO MCMO/b3YIOT B KaYecTBe MaTepuaos 41s pecTas-
paumu 3y60B, CO34aHMA NPONOHTUPOBAHHLIX PEMUHEPAIUZYIOLLMX
areHTOB, CU/IEPOB A1 NOCTOAHHOIO NNOMBMPOBAHMA KOPHEBbIX KaHa-
nos [23]. B ogHOM 13 nccnenoBaHuia in vitro Tonorpaduio nosepxHo-
CTU 1 BMONOTNYECKYH0 aKTUBHOCTb HOBbIX BMOAKTMBHbIX MMNNAHTATOB
CO «CTEK/NAHHBIM» MOKPbLITUEM aBTOPbI U3y4ann C NOMOLLBIO CKaHU-
PYHOLLLEN INEKTPOHHOMN 1 aTOMHO-CM/IOBON MUKPOCKOMNMNM, B T.4. aTOM-
HO-3MMUCCUOHHOW CMEKTPOCKOMMUM C MHAYKTUBHO CBA3AHHOM N1a3MOM.
Tonorpaduyecky Takoe NOKPbITUE MMENO NOPUCTYIO CTPYKTYPY M Npu-
BOZAMW/IO K NPOJIOHTMPOBAHHOMY BbICBOOOXKAEHWIO BO BHELLHIOW Cpe-
Zly aKTUBHBbIX YacTuL, Kanblma u docdopa [24].

Mpuémbl reHHOW U 6enkoBOM UHXKeHepuu: PHK, AHK n

KOCTHble NPOTEUHbI

He nocnegHee MecTo B nepeyHe WHTEPECOB KOMMAHWM, 3a-
HUMalOLWMXCA Pa3paboTKOM AEHTaNbHbIX MMMAAHTATOB, 3aHUMAlOT
NPUEMbI HENOCPEACTBEHHOM PEryNALMmM PaboTbl Pas/IMUHbIX 3BEHbEB
6enoKcuHTE3MpYtoLWMX cucTem. NMogobHble UCCenoBaHUA MOKA He-
MHOFOYMCNEHHBI, T.K. HAXOAATCA Ha GPOHTUPE MEAULMHCKOW HayKu.
OfHMM M3 3HAKOBbIX 3KCMEPUMEHTOB B 3TOM HamnpaBiAeHUM CTana
paboTta rpynnbl uccnefoBaTeneid, rae 6bi10 U3YHEHO KAMHUYECKOE
npumeHeHve manbix nHtepdepupytowmx PHK (MMPHK) — HebonbLumx
HYKNeoTUAHbIX MOCNefoBaTeNbHOCTEN, obecneunBatoWmx TpaHc-
KPUNUMOHHDBIN CalNeHCUHT onpeaenéHHbIX reHoB. ABTOPbI CUMTAIOT,
4TO MYTEM MOAAB/IEHWUA CMHTE3Q JIM30COMA/IbHBIX NPOTENHA3 OCTeOo-
KN1AaCTOB MOMXHO [0OUTLCSA NO3UTUBHOMN PEAKLM CO CTOPOHbI KOCTHOW
TKaHu [25].

B akcnepumerTe 2020 roga TMonmposaHHble MMPHK 6blan Ha-
HeceHbl Ha NMOBEPXHOCTb TUTAHOBOTO MMMJIAHTaTa B COCTaBe MHO-
rOC/IOMHOrO MOKPbITUA HAa OCHOBE XUTO3aHa W KenaTuHa. Metozom
MLUP B peanbHom BpemeHM ObINO YCTaHOBAEHO, YTO BbiGpoc MMPHK
B 6ydepHbIit pacTBOP MMen NPONOHIMPOBaHHbIN XapaKTep u obecne-
UMBAN 3HAUUTEIbHOE WMHIMOWMPOBAHWE TPAHCAALMM TEHOB KaTencu-
Ha. MccneposaHue in vitro Ha acnupaTte KpbICMHOTO KOCTHOMO MO3ra
NOKa3ano, YTo MO3ULMOHWUPOBaHME GYHKLMOHANN3UPOBAHHOTO UM-
niaHTaTa cnocobcTBOBaNO KCMNPeccUmn Kak GpakTopos ocTeoreHesa —
OCTEOKa/bLyMHa, WENoYHOM dpocdaTasbl, hakTopa AuddepeHUMpPoBKU
ocTeob1acToB — Tak M $paKTOPOB aHrMoreHe3a — GaKTopa pocTa sHA0-
Tenua, TpomboumMTapHoro dakTopa pocTa M 3HAOTENMANbHBIX Kie-
TOK-NpeaLecTBeHHuL, [26].

Ecnu PHK BbINONHAET pErynsaTopHyto U TPAHCMOPTHYHO GYHKLMK,
TO OCHOBHbIM «3¢deKTOpHbIM» 3BeHOM HenKoBOro MeTabonnsma As-
NAETCA Apyras KUcnoTa — aesokcupuboHyknenHosas (OHK). C ogHon
CTOPOHbI, monekyna [IHK MOXeT cnyKuTb KapKacom, HanpasAAoLWMM
KOCTHbIW POCT, NMOCKO/IbKY COLEPKUT MHOroYMcaeHHble GocdaTHble
rpynnbl, KOTOpble MOryT CBA3bIBaTb Ka/blLMiicofepalime coeap-
HeHuA. [loKa3aTenbCTBOM 3TON KOHLENLMU MOXKET CAYXKMTb 3KCne-
PUMEHT, NpoBeaéHHbIM B YHuBepcuteTe Llypymu (finonums). Mocne
npeaBapuTenbHOM 06pPaboTKM MOBEPXHOCTU TWUTaHa TPE3UNXI0PU-
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silicon, phosphorus, magnesium, and calcium oxides. In dentist-
ry, this material is actively used for dental restorations, the de-
velopment of long-lasting mineralizing agents, and as sealers for
the permanent filling of root canals [23]. The surface topography
and in vitro bioactivity of the new bioactive glass-coated implants
were studied using scanning electron microscopy and energy-dis-
persive X-ray spectroscopy. The surface nanohardness and coat-
ing degradation were evaluated using atomic force microscopy
and inductively coupled plasma atomic emission spectroscopy,
respectively. The coating displayed a porous structure, which en-
hanced the prolonged release of active calcium phosphate parti-
cles into the surrounding environment [24].

Genetic and protein engineering techniques: RNA,

DNA, and bone proteins

A significant area of interest for companies developing den-
tal implants is the direct regulation of various components in-
volved in protein synthesis. Research in this field is still limited, as
it is at the forefront of medical science. A landmark study focused
on the clinical application of small interfering RNA (siRNA), which
are short sequences of nucleotides that induce the silencing of
specific genes. The authors propose that inhibiting the produc-
tion of lysosomal proteinases in osteoclasts could lead to a favor-
able response from bone tissue [25].

In a 2020 experiment, researchers investigated the use of
thiol-modified siRNA incorporated into a multilayer coating on
titanium implants. The coating consisted of chitosan and gela-
tin, applied using a layer-by-layer technique. Real-time PCR re-
sults indicated that the release of siRNA into the buffer solution
was prolonged, leading to a significant inhibition of cathepsin
gene translation. In vitro studies using rat bone marrow aspirate
demonstrated that positioning the functionalized implant en-
hanced the expression of osteogenesis factors — such as osteo-
calcin, alkaline phosphatase, and osteoblast differentiation factor
— along with angiogenesis factors, including endothelial growth
factor, platelet-derived growth factor, and endothelial progenitor
cells [26].

While RNA plays crucial roles in regulatory and transport
functions within the cell, it's DNA that acts as the primary tem-
plate for directing protein synthesis. The DNA molecule can serve
as a scaffold to promote bone growth due to its numerous phos-
phate groups that have the ability to bind with calcium-contain-
ing compounds. An experiment conducted at Tsurumi University
in Japan illustrates this concept. The researchers treated a titani-
um surface with cresyl chloride and protamine sulfate, following
the method proposed by Sakurai T et al. (2016) [28]. The surface
was then immersed in an anionic aqueous solution of either sin-
gle- or double-stranded DNA. After this exposure, the surface was
placed in a simulated body fluid (SBF) solution, a tris buffer with
pH and ionic concentration similar to the plasma of the blood.
Apatite formation on either coating surface after immersion in
SBF was evaluated using the quartz crystal microbalance. The re-
sults showed that the samples with a double-stranded DNA coat-
ing contributed to significantly earlier apatite formation [27].

Active DNA molecules on implant surfaces promote better
integration by fostering biological interactions rather than purely
chemical ones, potentially allowing for the expression of thera-
peutic proteins at the site. Methods like liposomes and non-viral
vectors are being explored to enhance the stability of these DNA-
based systems. Special attention is being given to combinations
that incorporate lyoprotectors [29]. Advancements in bone tissue
engineering are crucial for the clinical application of gene tech-
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[OM U NpoTamuHcynbdaTom (no meToay, npeanoxkeHHomy Sakurai T
et al [28]) ux norpy:anu B aHUOHHbIE BOAHbIE PACTBOPbI OAHO- WUAM
AsyxuenodeyHoit JHK. Mocne akcnosunuum obpasuos B SBF-pacTeope,
6/1M3KOM MO MOHHOMY COCTaBY K M/a3Me KPOBM YeNOBEKa, Ha KBap-
LieBbIX MMKPOBECAX OLEHWMBANN KOMMYECTBO Ka/bLMINCOAEPKALLMX
KOMMNEKCOB, OCEBLUMX Ha Mccaedyemble NOBepXHOCTU. OKasanoch,
YTO MMEHHO B TpynMne ¢ «ABYLEenoYe4HbIM» MOKPbITUEM Habopanca
60/1e€e aKTMBHbIM pocT anatuTos [27].

C Apyroi CTOPOHBI, MPUCYTCTBME HA NOBEPXHOCTM UMM/IAHTaTa
aKTUBHbIX Monekyn [HK MOXKeT yay4LlaTb ero MHTErpaLmIo He KXMMMU-
YECKMMY, 3@ «BMONOTMYECKMM» NYTEM: 32 CYET SKCNPECccUU Tepanes-
TUYECKM 3HaUYMMbIX BENKOB B MecTe MMNAaHTaummK. s noBbileHun
CTabWNbHOCTM TaKMX CUCTEM (Hanpumep, NMMOCOM M HEBUPYCHbIX
BEKTOPOB) NPeA/1aratoTcs pPas/iMyHble METOAbI 1, B NEPBYI0 04Yepesb,
KOMBWHaLma ¢ imonpoTekTopamu [29]. PaspaboTku B 3ToM 0bnacTn —
K/IH0Y K ByayLLemy NPUMEHEHMIO FeHHbIX TEXHOOTMUIM B MPAKTUYECKOM
3/1paBOOXPAHEHMMN.

MHTepec BbI3bIBAET U KAMHWUYECKOE MPUMEHEHWME ayTOreHHbIX
N CUHTETUYECKUX BENKOB KOCTHOM TKaHU — 0OCOBEHHO B ayrMeHTaLu-
OHHBbIX MPOTOKO/AX, YacTO COMPOBOXAAOWMX ONEPALMIO AeHTasb-
HOM MMNNaHTauMK. Tak, KOoCTHble mopdoreHeTuyeckue 6enku (BMP),
npuHag/exaline K cynepcemeincrtsy MopdoreHeTUYECKUX CUrHab-
HbIX GENKOB-LMTOKMHOB, ABAAIOTCA 6MONOrMYECKMMU daKTOpamu,
KOTOpble MUrpatoT BaXKHEMLYHO POAb B MPOLecce ocTeoreHesa NyTém
perynaummn anddepeHLMpPOBKM KOCTHBIX ME3EHXMMAJIbHbIX CTBOJIO-
BbIX KNEeToK. BMP LIMPOKO MCNO/b3YHOTCA B KaYecTBe AOMNOSHEHUA K
KOCTHbIM a/i10- U KCeHOTpaHcnaHTaTam [30]. SKcnepuMmeHTbl NOKa-
3a/1, YTO M3 BCero pasHoobpasua BMP BapuaHTbl «BMP-2» u «BMP-
7» OKasanucb Hanbonee NepcrneKkTUBHLIMU A1 UHAYKLMM KOCTHOTO
mopodoreHesa.

B 0AHOM M3 UCCNe0BaHMIA B NMUIOTHBIN 0O6paseL, CUHTETUYECKO-
ro OCTEOMN/IACTUYECKOTO MaTepKana Ha ocHose pocdata KanbLysa Obin
BK/IIOYEH MMeHHO BMP-2. MHTepecHO, YTo npoLecc cuHTesa rpadra
OblN HEOAMHAKOB B PasHbIX SKCMEPUMEHTANbHBIX FPynnax: B NepBom
rpynne 6enKku agcopbrpoBanvcb HENOCPEACTBEHHO HA MOBEPXHOCTb
rpaHy”, BO BTOPOM — Yepe3 NPOMENKYTOUHbII CON TMAPOKCMaNaTuTa,
B TPETbel — BBOAM/INCH B UX COCTAB B XOAE XMMUUYECKOM peakLmn Kpu-
CTann3aummn. B KoHe4YHOM UTOre, UMEHHO 06pa3Libl C «OBBEMHBIMY
MHKopnopupoBaHuem BMP-2 npoaeMoHCTPMPOBaNyU HauayyLWni ru-
cTonornyeckuit pesynbrart [31].

Paspabotumku aganTuBHbIX 3D-TEXHONOMMIA TaKKe He OCTakoTCA
paBHOAYLWHbI K NoA06HbIM cBoiicTBam. B 2022 rogy 6bina npeanpu-
HATA MOMbITKA MOAUPUUMPOBATL PEKOMOMHAHTHBIM 6enkom BMP-2
HaneyaTaHHbI Ha 3D-npuHTEPE MOAMKANPONAKTOHOBbLIN KOMMNO3WT-
HblIV KOCTHbIM KapKac, a TakKe cobCTBEHHO NOBEPXHOCTb MMM/IAHTaTa.
TMCTOMETPUYECKMIA U AEHCUTOMETPUYECKMI aHanu3 bbin NpoBeaéH
yepes 8 Hefenb NOC/e YCTAHOBKM MMMNIAHTATOB U HAMALHO npoge-
MOHCTPMPOBAN NPEeUMyLLECTBA IKCMEPUMEHTANbHBIX MaTepuanos
ANA ayrmeHTaumm [32].

AHTUMMUKPOBHbIE NOKPbITUA AEHTA/IbHbIX
UMMNAHTATOB

HecmoTps Ha BaXKHOCTb «aAEKBaTHbIX B3aUMOOTHOLLEHMWIA»
MENAY MMMNNAHTaTOM U OKPYKAOLLEl KOCTHOW TKaHblo, KAYEBOM
MPUYMHON BOCMANUTENBHBIX OC/IOMHEHWIM, CONPOBOXKAAOLWMXCA Je-
3UHTErpaLmei, ABASETCA NaToreHHas MUKPOoOHas 6uononnéHka, no
BWAOBOMY COCTaBY CXOas C TaKOBOW npw napogoHtute [33]. Mo-
ANOVKaLMA NOBEPXHOCTM MMMAAHTATOB aKTMBHBIMM YacTULAMK U
MONEKyNaMK, 061aAatoWyMK BUOLMAHBIMM CBOMCTBaMM, — MEPCTEK-
TUBHbIW NYTb YAYYLIEHMA UX UHTErPATUBHbIX CBOWCTB U NPOPUNAKTL-

nologies in healthcare, especially in dental implantation and bone
regeneration. The use of autogenous and synthetic bone tissue
proteins, particularly in augmentation procedures, is a significant
aspect of this field. Bone morphogenetic proteins (BMPs) are part
of a superfamily of signaling proteins and cytokines that are es-
sential for bone formation. They regulate the differentiation of
bone mesenchymal stem cells, which is crucial for the process of
osteogenesis. BMPs are commonly used as supplementary agents
in bone allografts and xenografts [30]. Research indicates that
among the various BMPs, BMP-2 and BMP-7 are the most effec-
tive for promoting bone formation.

In one study, BMP-2 was incorporated into a synthetic os-
teoplastic material made from calcium phosphate. The process
of graft synthesis varied across different experimental groups: in
the first group, proteins were directly adsorbed onto the surface
of the granules; in the second group, proteins were introduced
through a hydroxyapatite intermediate layer; and in the third
group, they were incorporated during a chemical crystallization
reaction. Ultimately, the samples with "bulk" incorporation of
BMP-2 showed the most favorable histological outcomes [31].

In 2022, researchers focused on improving 3D-printed poly-
caprolactone bone frameworks by incorporating the recombi-
nant BMP-2 protein into the implant's structure and surface. This
composite material, along with its implant surface, demonstrated
positive results in histometric and densitometric analyses con-
ducted eight weeks post-implantation, suggesting enhanced tis-
sue augmentation capabilities [32].

ANTIMICROBIAL COATINGS FOR DENTAL
IMPLANTS

While the "fit" between an implant and the surrounding
bone is essential, the main driver of inflammation (peri-implanti-
tis) and implant disintegration is the presence of a pathogenic mi-
crobial biofilm, with a bacterial composition similar to that seen
in periodontitis, according to multiple sources [33]. Enhancing
dental implant surfaces with biocidal particles and molecules can
significantly improve integration and reduce the risk of peri-im-
plantitis and mucositis [34-36]. Techniques like electrolytic plas-
ma oxidation, magnetron sputtering, laser ablation, or scalable
pyrolysis can be used to create micro- and nanostructured sur-
faces that incorporate these particles, including silver, tantalum,
copper, and their oxides [37-40].

Antimicrobial coatings based on silver nanoparticles

One of the most accessible methods for creating an antimi-
crobial coating using silver nanoparticles is the classical chemical
method. This process involves reducing silver nitrate in the pres-
ence of detergents. Additionally, new, environmentally friendly,
and cost-effective methods for biological synthesis are being ac-
tively developed. For instance, one approach utilizes a technique
for synthesizing silver nanoparticles using the fungus Fusarium
semitectum. This fungus is known to produce enzymes capable
of reducing metal cations, including those found in silver nitrate
solutions, to form silver nanoparticles [41].

Laboratory studies have confirmed the antimicrobial effec-
tiveness of these materials. When modified titanium disks are
placed in a nutrient medium, they release up to 3.27+0.152 pg/I
of silver ions over time, resulting in a significant biocidal effect
against S. aureus [42]. Experimental titanium implants developed
using this technology, when implanted in the jaws of Labrador
dogs, showed increased bone formation, high bone mineral den-
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KM NePUUMNIAHTUTA U MyKo3uTa [34-36]. MyTEM aNEKTPONUTUYECKOTO
NN3a3MEHHOTO OKWCAEHWUA, MArHUTPOHHOTO HamnblNeHUs, NasepHoi
abnauum uam macwTabypyemoro NMpoan3a MUKPO- U HaHOCTPYKTY-
PUPOBaHHbIE MOBEPXHOCTM MOTYT BbITb UMNPErHUPOBAHbI Pa3NYHbI-
MM BMAAMM YacTuL: cepebpa, TaHTana, meamn u eé okengos [37-40].

MpPOTMBOMMKPOGHDbIE NOKPbLITUA HAa OCHOBE HAHOYACTHUL,

cepebpa

OaHUM U3 Hanbonee JOCTYMHbLIX CNOCOOOB CO34aHMA aHTUMM-
KPOBHOro MOKPbITMA M3 HaHOYACTUL, cepebpa OCTAETCA «Knaccuye-
CKUM» XMMWYECKMI MeTof, MNoApasymeBaloLmii BOCCTAHOBNEHME
HWUTpaTa cepebpa B NPUCYTCTBMU AeTepreHToB. AKTMBHO Pa3BMBAtOTCA
W HOBble METOAbl BMONOIMYECKOro CMHTE3a — Bonee 3KONOrMYecKu
6e30nacHble 1 gelwésble — Hanpumep, cnocob NonyYeHMs YyactTuy, ce-
pebpa ¢ nomoLbto 3HAOPUTHBIX rPpnboB Fusarium semitectum, ume-
OLLMX PEPMEHTHbBIE CUCTEMBI, BOCCTAHAB/IMBAIOLLME KAaTUOHbI MeTa-
NOB, B TOM YXCNE M B BOAHOM PacTBOpe HUTpaTa cepebpa [41].

AHTMMKPO6HAA 3PPeKTMBHOCTL NOZOBHBIX MaTepuanos noa-
TBEPKAAETCA B 1a6OPATOPHbIX UCCNEL0BAHMAX. TaK, MO3MLMOHMPOBA-
HWe Ha NUTaTeNIbHOM cpeae MoaNdULMPOBAHHBIX TUTAHOBbIX AMCKOB,
NPONOHTMPOBAHO BbIAENAIOWMX BO BHELHIOW cpeay Ao 3,27+0,152
MKr/n noHoB cepebpa, obecneunno BbipaxkeHHoe buounaHoe aeil-
ctBue npotus S. aureus [42]. Co3gaHHble NO AaHHOW TEXHOMOMMM 3KC-
NepuMeHTaIbHble TUTAHOBbIE MMMNAAHTATbI, YCTAHOB/IEHHbIE B Yesto-
CTAX C06aK-1abpaopos, in vivo NpoAEMOHCTPUPOBA/IM NOBbLILEHHOE
06pa3oBaHMe KOCTHOM TKaHW, BbICOKYIO MMHEPA/IbHYIO MIOTHOCTb
KOCTU 1 YETKMI TpabeKynapHbIi pucyHok [43]. B apyrom uccnenosa-
HMM aHANIOTMYHOE MOKPbITUE AEeNanoch B WAxTe MMMAaHTaTa. Mocne
NOrpy»KeHUA COBbPaHHbIX CUCTEM KMMMNAHTAHT-abaTMeHT» B OTBap
ZekcTposbl Cabypo, MHKybaumm 1 nocneaytoLei pasbopku 6b110 Bbl-
AIBJIEHO CTaTUCTUYECKM 3HAUMMOE MHTMBUPOBaHMe pocTa muuenms C.
albicans B akcnepumeHTanbHoM rpynne [44].

MopobHble NO3WUTUBHbIE COOBLIEHWUS CTOWUT BOCMPUHUMATL He
TONBKO C 3HTY3MA3MOM, HO M C OCTOPOXKHOCTbIO. B nnTepatype nme-
lOTCA AaHHble O TOM, YTO BbICOKME KOHLEHTpaLMM MOHOB cepebpa
MOTYT NPOABAATb TOKCUYECKUI 3ODEKT MO OTHOLLEHMIO K OKPY*Kato-
MM TKaHAM, UHAYLMPYSA OKUCAUTENbHBIN cTpecc [45, 46]. Haiith 6a-
NaHC MEXAY aHTUOaKTepPUasbHbIMKM CBOWCTBaMM M BUoNOrMyecKkoin
COBMECTUMOCTbIO BO3MOMXKHO MPU UCMO/b30BaHWUM TMBPUAHBIX MHO-
rOC/IOMHbIX NOKpbITUIA [47, 48]. HaHouacTMLbl cepebpa BKOYatoTCA
B MOAMMEPHbIE NNEHKM HA OCHOBE f0daMMHA — ero KaTexon- U aMu-
HOrpynmbl MOTyT 06Pa30BbIBaTb XeNaTHbIE KOMM/IEKChI C MeTallamMu
[49-51] — v B cepaLEeBUHBI KOMOUHMPOBAHHbBIX ME30OMOPUCTLIX HAHO-
yacTuy, KpemHua [52]. AHanorom A0GpaMMHOBLIX NAEHOK ABAAIOTCA
ZBYMEPHbIE NJIEHKM U3 M30uyMa [53] M NOKPLITUA M3 KaTexon-QpyHK-
LIMOHANIM3MPOBAHHOIO XMTO3aHa, MOAYYaeMOrO B XO4€E pPeaKkLuu sTe-
pUdMKaLMM faHHOrO aMUHOcaxapa [54]. B noaMMepHyto CTPYKTypy
XUTO3aHa BKKOYAOTCA M ApYTUe MOHbI — TaK, LMHKCOAepM Kallme Ya-
CTULLbI B 3KCMIEPUMEHTE NPUAANM TUTAHOBOMY UMIN/IAHTATY He TO/IbKO
YCTOMYMBOCTb K aZireanum rpamoTpmLaTe/IbHbIX MUKPOOPraHU3MOB, HO
N KOPPO3MOHHYH CTOMKOCTb [55].

MpPOTMBOMUKPOGHbIE NOKPbITUA Ha OCHOBE XMTO3aHa

XWTO3aH fBNAETCA aMUHOMOAMCAXapuUAOM, MOyYaemMbiM U3
XUTUHOBbLIX NaHUMPEN YNEHUCTOHOMMX M obnagatowmm buounaHon
aKTMBHOCTbIO LUIMPOKOro criekTpa [56]. Ocobblit MHTepec K ero npw-
MEHEHUIO B MPAKTUYECKOM 3/PaBOOXPaHEHUM MOABMACA Mocne ny-
6/MKaLumMK, B KOTOPOM MCCNe0BaTeNbCKan rpynna Npeaiokuna mc-
Mo/b30BaTb XMTO3aHOBOE MOKPLITUE A1 MOAUPUKALLMM NOAMMEPHbIX
BEHO3HbIX KAaTETEPOB, C Lie/Ibio NPOGUAAKTUKM TPMBKOBOIM MHbEKLMK,
nposouunpyemoit Candida albicans, n ycnewHo obocHoBana CBOE
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sity, and a distinct trabecular pattern in vivo [43]. In a separate
study, a similar coating was applied to the shaft of the implant.
After immersing the assembled implant-abutment units in a
Candida albicans suspension and allowing them to incubate, re-
searchers observed a statistically significant inhibition of C. albi-
cans mycelial growth in the experimental group [44].

Positive reports should be viewed with both enthusiasm
and caution. Literature indicates that high concentrations of silver
ions can have toxic effects on surrounding tissues, inducing oxi-
dative stress [45, 46]. Achieving a balance between antibacterial
properties and biocompatibility is feasible with hybrid multilayer
coatings [47, 48]. Silver nanoparticles can be incorporated into
polymer films made from dopamine, a molecule containing cat-
echol and amine groups because these groups can form chelate
complexes with metal ions [49-51]. Additionally, they are inte-
grated within the cores of mesoporous silica nanoparticles [52].
Analogous to dopamine films are two-dimensional films made
from lysozyme [53]. It also includes coatings made from cate-
chol-functionalized chitosan (CatChit), which are produced during
the esterification reaction of this amino sugar [54]. For example,
zinc-containing particles incorporated into a chitosan matrix have
been shown to enhance the resistance of titanium implants to
bacterial adhesion, particularly from Gram-negative microorgan-
isms, while also increasing the implant's corrosion resistance [55].

Antimicrobial coatings based on chitosan

Chitosan is an amino polysaccharide derived from chitin,
which is found in the exoskeletons of arthropods and exhibits a
broad spectrum of biocidal activity [56]. There has been signifi-
cant interest in the practical applications of chitosan, particularly
after a research group proposed using a chitosan coating to mod-
ify polymer venous catheters. This modification aims to prevent
fungal infections caused by Candida albicans, and the group suc-
cessfully supported their proposal with experimental evidence
[57]. Further studies have confirmed the effectiveness of chitosan
as an antibacterial agent when combined with polyurethane
scaffolds, including those used in artificial heart valves and thin
films. These studies demonstrate that chitosan can inhibit both
Gram-positive and Gram-negative bacteria [58, 59]. A laboratory
study suggests that titanium implants coated with chitosan and
gold nanoparticle hybrid complexes can promote dense bone
formation, even in patients with a history of osteoporosis. This
hybrid coating aims to enhance osseointegration, the process by
which the implant integrates with the surrounding bone, by lever-
aging the properties of both chitosan and gold nanoparticles [60].
These findings may be beneficial when planning implant-sup-
ported prostheses for the elderly, as well as for postmenopausal
women.

Antibacterial photodynamic therapy is a technique that utiliz-
es a photosensitizer, such as chitosan-indocyanine green, to stain
an implant. When this stained implant is exposed to low-energy
laser light of a specific wavelength, the photosensitizer's chromo-
phore groups induce chemical reactions that convert oxygen into
its singlet state, which is lethal to bacteria. Photoactivated systems
can effectively eliminate planktonic bacteria, but biofilms, with
their complex, layered structure, pose a challenge for dye pene-
tration and inactivation. To address this, researchers have explored
combining photoactivated dyes with ultrasound, which can en-
hance dye penetration into the biofilm matrix. Electron microscopy
of biofilms treated with this combined approach shows deformed
and dead cells from A. actinomycetemcomitans, P. gingivalis, and P.
intermedia, indicating successful inactivation [61].
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npeanoKeHne sKcnepumeHTanbHo [57]. Mo3ke 6blAM NPOAOAKEHbI
MCCNefoBaHUA XMTO3aHa Ha MOMMYPETaHOBbIX KapKacax ANA UCKYC-
CTBEHHbIX CEPAEYHbIX KNANaHOB M TOHKMX MAEHKaX, U NOATBEPHKAE-
Ha aKTMBHOCTb XWTO3aHa MPOTUB KaK rPaMMONONKUTENbHBIX, TaK U
rpamoTpuuaTensHbix 6akTepuit [58, 59]. JlabopaTopHoe mccnepoBa-
HWe MOKa3ano, YTo TUTaHOBbIE MMMAAHTATbl, MOKPbITbIE TMOPUAHBIM
KOMM/IEKCOM, BK/IIOYAIOLLEM HAaHOYaCTULbl XUTO3aHa M 30/10Ta, Aaxe
Y NaLMEHTOB C OCTEONOPO30M B aHAMHE3€, NO3BONAIOT A0OUTbCA Pop-
MMPOBaHMA NAOTHOM KocTK [60]. 3T0 MOXKeT bbiTb NONE3HO NPU NNa-
HWPOBAHWUW MPOTE3MPOBAHMA C ONOPOM HA UMMNAAHTATbI Y MOMKMUbIX
NiofeN, a TaKKe Y eHLUMH NOCTMEeHOoMay3aabHOro nepmoaa.

MHTepecHa KOMBMHALMA OTHOCUTENbHO HEAABHO MOSABMBLUENCA
METOAMKM — GOTOCOHOAMHAMMYECKOW NPOTUBOMMKPODOHON Tepanum
(P-SACT) — ¢ KOMNNIEKCHBIM KPaCUTENEM «XUTO3aH-MHAOLMAHWHOBDIM
3enéHblii». Ana peanmsaumn P-SACT-MeTOAMKM UMNAQHTAT OKpaLm-
BaeTcA GOTOCEHCUTaN3epom M 061y4aeTca HU3KOIHEPreTUYECKUM Na-
3epoMm. B cBA3M ¢ HannumMem B Mmonekynax Kpacuteneit XpoModopHbIX
rpynn, B NPUCYTCTBUK CBETA ONpesenéHHON ANNHbI BONHbI UHAYLU-
PYIOTCA XMMUYECKME peakuuun, NepeBofALLMe MOJEKY bl KUCI0pO-
[a OKpy)KatoLlen cpeabl B BO3bYXKAEHHOE (CMHINMETHOE) COCTOSHME,
rybutesbHoe gna H6akTepuit. XoTa NAaHKTOHHblE dopMmbl bakTepuit
YHWUTOXKALOTCA POTOAKTMBMPYEMbIMU CUCTEMAMM C BbICOKOW CTere-
HbIO 3P HEKTUBHOCTM, CNOKHAA CTPYKTYpa BUONNEHKM, BKIOYAOLLAs
MHOrOYMCEHHbIe 10U BaKkTepuanbHbIX NOAMMEPOB, HE NO3BOAET
KpacuTensim JoCTUUb e€ BHYTPEHHUX CNoéB. [inA npeosoneHns storo
NPEnATCTBUA U ObII0 NPeSJIOKEHO AOMONHUTENBHOE YbTPA3BYKOBOE
BO3eiCcTBMe. INEKTPOHHbIe MUKpodoTorpadum nokasanu, uyto buo-
nnéHkM, obpabotaHHble meTogom P-SACT B KOMBUMHALMK C HOBbIM
KpacuTtenem, COCTOANMN B OCHOBHOM M3 AedOpMMPOBaHHbIX U MEPT-
BbIX KNETOK MMKPOOPraHnM3moB Buaos A. actinomycetemcomitans, P.
gingivalis v P. intermedia [61].

OfZHMM M3 BaHbIX UCCNEA0BaHUI NOTEHUMANA XMTO3aHa ANA
HYA, A€HTaNbHON MMNNAHTONOTUM CTAN0 €ro U3yyeHue Aia co3aa-
HUA CNEeLMann3npPoBaHHbIX PYYHbIX WHCTPYMEHTOB, MCMO/b3yeMbiX
ONA OUMLLEHMA MOBEPXHOCTM TUTAHA OT MMKPOOHbLIX GUONNEHOK. B
KNMHWYECKOM UCCNeA0BaHNUK, BKAOYaBLwem 39 NaLuueHToB, oLeH1Ba-
Nacb AMHAMMKa UHAEKCA KPOBOTOUMBOCTU U FYOMHBI 30HAMPOBAHMUA
NapoLOHTa/IbHbIX KapmaHoB [62].

MpoTMBOMUKPOGHbIE NOKPBLITUA HA OCHOBe rpadeHa

Ocobble MOBEPXHOCTHble CBOMCTBA WMMM/IAHTaTaM MpuaaoT
MOKpPbITUA M3 rpadeHa [63]. AHTUOaKTEpUanbHoe AeiCTBUE STUX Ha-
HOMNACTUH, NO-BUAMMOMY, OBYCNOBNEHO HaAWYMEM Y HUX OCTPbIX
KpaéB., CrocobHbIX «M3BAEKaTb» dochonmnuabl U3 aMnuaHoro buo-
cnos. OTcyTcTBME OYHKLMOHAMbHBIX TPYNN Ha ABYMEPHOW MOCKO-
CTM, COCTOALLEN U3 OQHOIO C/I0A aTOMOB YIIepoaa, AOMNONHUTENBHO
WHrMBupyeT agresnto Knetok [64]. B akcnepumeHTe, NpoBeaEHHOM
Ha 6ase kadeapbl cTomatonorvu yHusepcuteta CanveHua B Pume,
KON/IOMAHbIE CYCMeH3UM HaHouacTWL, rpadeHa pacnblIfAM Ha TUTa-
HOBblE MCKM. 3aTeM AWCKU MHKYBUPOBanu ¢ KynbTypon S. aureus un
OKpaLLMBaNWN KpUCTaNIMYeckum dunonetosbiM. [Ina KonnM4ecTBeHHOM
OLLEHKM TOMLLMHbI BUONAEHKM NMPOBOAMAOCH 3MIOMPOBAHUE U PacyET
Maccbl copbUpoBaHHOrO Kpacutens. Mo gaHHbIM aBTOPOB, HaKTepu-
anbHaA 06CeMeHEHHOCTb 3KCNepUMeHTaNnbHbIX 06pa3uLoB bbiia Ha
40% MeHbLUE, MO CPAaBHEHMIO C HEFAaTUBHbLIM KOHTpO/1eM [65].

B 2023 rogy 6biin onybauKoBaHbl AaHHble 06 WMCMbITAaHWAX
CNOXKHOMO KOMOWHMPOBAHHOTO MOKPbITUA ANA TUTAHOBbIX MMMIAH-
TaToB, BKAIOYAKOLLErO oKcua rpadeHa, pocdat cepebpa M XMTO3aH
[66]. B cBOlO O4epeab, ApyrMe aBTOPbI M3rOTOBWUAWM TUTAHOBYHD MO-
BEPXHOCTb C OKCUAOM rpadeHa ¥ MUHEepPasM30BaHHbIM KO/IIAareHOM.
MoMnMMo aHTUBAKTEPUANbHBIX CBOMCTB, 3TO TaKXKe YCUAMBANO cuay

Chitosan, a biocompatible and antimicrobial polysaccha-
ride, has potential applications in dental implantology, specifically
in developing instruments for biofilm removal and assessing its
impact on peri-implantitis treatment. A clinical study involving
39 patients evaluated the effectiveness of chitosan-based instru-
ments in reducing bleeding index and probing depth in periodon-
tal pockets [62].

Antimicrobial implant graphene-based coatings

Graphene coatings can significantly enhance the surface
properties of implants, making them more biocompatible and
resistant to infection [63]. The antibacterial properties of these
nanoplatelets are attributed to the carboxyl groups located at
their edges, which can extract phospholipids from the lipid bilay-
er. Furthermore, the lack of functional groups on a two-dimen-
sional surface made up of a single layer of carbon atoms prevents
cell adhesion [64]. In an experiment, researchers at Sapienza Uni-
versity's Department of Dentistry, Rome, Italy, investigated the
antibacterial properties of graphene nanoparticles on titanium
disks. They coated titanium disks with graphene suspensions and
then exposed them to Staphylococcus aureus bacteria. The pres-
ence and extent of bacterial growth were assessed using a crystal
violet staining method. To quantitatively evaluate the thickness
of the biofilm, they performed elution and calculated the mass
of the adsorbed dye. According to the authors, the bacterial con-
tamination of the experimental samples was 40% lower than that
of the negative control [65].

In 2023, data were published on tests of a complex com-
bined coating for titanium implants, which included graphene
oxide, silver phosphate, and chitosan [66]. Researchers have
developed a titanium surface incorporating graphene oxide and
mineralized collagen that exhibits enhanced antibacterial prop-
erties and improved cell attachment. This combination promotes
stronger cell adhesion and a more organized cytoskeleton ar-
rangement, as evidenced by fluorescein diacetate staining and
scanning electron microscopy, respectively [67].

CONCLUSION

This literature review aims to highlight promising areas of
collaboration between fundamental disciplines and surgical den-
tistry, with a specific focus on periodontology. These interactions
present numerous intriguing prospects that deserve attention.
A key objective in the development of implantology is to create
technologies that enhance the chemical affinity between biolog-
ically inert titanium implants and surrounding tissues. Achieving
this transforms the implants from osteoneutral structures into
osteoinductive ones. Additionally, there is a need to inhibit the
activity of pathogenic microorganisms through the biocidal prop-
erties of nanosized particles derived from metals and organic
compounds.

Advancements in synthetic bioorganic chemistry and nano-
technology are beginning to find practical applications. Medical
science relies on effective interdisciplinary collaboration, which
can lead to innovative treatment methods and improvements to
existing ones. Only time will reveal how productive and commer-
cially viable this integration of specialized fundamental research
into practical applications will be.
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KNETOYHOro MpUKpenaeHns (UTo NoKasano AanbHelllee OKpaluMBa-
Hue obpasuos ¢payopecLenHamaueTatom) u cnocobereoBano bonee
YNOpAA0YEHHO OpraHu3aLmMm LMTOCKeNeTa (N0 AaHHbIM CKaHMpPYHo-
LLe 3NEeKTPOHHOW MUKpOCKonuu) [67].

3AKNIOYEHUE

B HacTosilem 0630pe nuTepaTypbl NpeanpuHATA MonbiTKka oc-
BETUTb Hanbonee NepcneKkTUBHbIE HaNPaBAEHUA Konlabopauuii GyH-
ZaMeHTaNIbHbIX AMCLMMINH C XMPYPrUYECKO CTOMATONOIMEN U Napo-
foHTONorvei. MofobHoe B3aMMOAENCTBME OTKPbIBAET MHOMKECTBO
NoBONbITHBIX MEPCMEKTUB, Ha KOTOPblE CTOMT 06PaTUTb BHUMaHMUE.
OCHOBHble BEKTOPbI Pa3BUTUA MMMIAHTONOIMW HanpaB/eHbl Ha CO-
3/aHNe TEXHONOTMI, 06EeCneUnBatoLLIMX BbICOKOE XMMMUYECKOE CPoa-
CTBO BMONOMMYECKM MHEPTHOMO TUTAHOBOTO UMIM/IAHTATa C OKPYKato-

MMM TKAHAMM (MO CyTW, NPEBPaLLAOLLMX €70 U3 OCTEOHEUTPAbHOM
KOHCTPYKLIMM B OCTEOWMHAYKTUBHYIO) U, C APYroi CTOPOHbI, NpensT-
CTBYIOLLUMX KU3HELEATENbHOCTU MATOreHHbIX MMKPOOPraHWU3MOB 33
CYET BMOLMAHDBIX CBOWCTB HAHOPA3MEPHBIX YaCTUL, META/IJIOB U Opra-
HUYECKMX COEAUHEHMUN.

NepesoBble pa3paboTkuM B 06MacTU CUHTETUYECKON Guoopra-
HUYECKOM XMMUM N HAHOTEXHO/IOTUI Y¥Ke CErofHs MOryT HaluTU Npu-
MeHeHMe B NPUKNaAHbIX 0baacTaxX. MeauUMHCKan HayKa OCTPO Hy-
®aaetca B 3QPEKTUBHBIX MEKAMCLMNAMHAPHBIX B3aUMOLENCTBUAX,
PE3Y/IbTaTOM KOTOPbIX MOFYT CTaTb KaK HOBble METOAbl IeYEHMA, TaK
¥ COBEPLUEHCTBOBAHME YiKe CYLLECTBYIOWMX. HacKoNbKO NposyKTUB-
HOW 1 KOMMEpPYECKM yCneLwHo byaeT cBA3b y3KonpoduabHbIX GyHAa-
MEHTa/IbHbIX UCCNIeA0BAHMUIA B MPAKTUYECKYHO LEATENbHOCTb NOKaXKeT
TO/IbKO BPeMS.
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