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AHHOTAIIUA
nucceptaiioHHoM padoTel Bypxan0aeBoii TosikbiHal Takn0eKoOBHBI
Ha TeMy «CHHTe3 M Hcc/ieJ0BAHHEe HOBBIX KOMILIEKCHBIX COeIMHEeHUH
HA OCHOBE KYKYpPOUTYPHJIOBY,
IpEICTaBICHHON Ha COMCKaHUE cTeneHu AokTopa ¢unocodpuu (PhD)
o oopazoBarenbHOM nporpamme «8D05301 — Xumus»

OO0masi XapaKTepucTUKA padoThl.

HuccepranoHHass paboTa IMOCBSIIEHA M3YyUYEHHUIO KOMILIEKCOOOPa3yIOIUX
CBOMCTB CEMEWCTBa MaKpOLMKIOB (KyKypOuT[6,7,8]ypuiioB), OTAENbHBIX (PU3UKO-
XUMHUYECKUX CBOMCTB IIOJyYEHHBIX KOMIUIEKCOB, @ TAaK)Xe YCIOBHWM IIOJyYEHHs
KOMIUIEKCHBIX M OMOKOMIIO3UTHBIX  MaT€pUaJioB  C  HCIOJIb30BAHHEM
T'MIPOKCHAIIATHTA.

HuccepranonHas pabora IpeacraBieHa B (QopMe cepuM  CTaTew,
OIMyOJIMKOBAaHHBIX JIOKTOPAHTOM COIVIACHO TpeOoBaHusM nyHKTa S5—1 IlpaBun
NPUCYKIEHUS CTENIEHEN, YTBEPKIECHHBIX TPHKa30M MuHKCTpa 00pa30BaHus U HAyKU
PecnyOomuku Kazaxcran ot 31 mapra 2011 rona Ne 127 (3apeructpupoBan B Peectpe
rOCyJIapCTBEHHON pErucTpaldd HOPMATHBHBIX MPaBOBBIX akTOB moj Ne 6951) ¢
W3MEHEHUEM, BHECEHHBIM MpuKazoM MunucTpa oOpazoBanus u Hayku PK ot
30.04.2020 Ne 170 u B COOTBETCTBUHU € NpHKa30M MuHHCTpa 00pa30BaHUs U HAYKU
PK ot 09.03.2021 Ne98, n3MeHEHUsSIMH, BHECEHHBIMM HM.0. MHHHUCTpa HAyKH H
BeIciiero oopaszopanus PK ot 09.01.2023 roma Ne 7.

AKTYyaJIbHOCTH padoThlI.

B coBpeMeHHyI0 310Xy NEPCOHATU3UPOBAHHON MENMIMHBI CYIIECTBYET OCTPAs
HEOOXOJUMOCTh B CO3JaHUM HOBBIX MAaTE€pUANOB JUJIsI HMIUIAHTATOB, KOTOpPHIE
JOJDKHBI ~ COOTBETCTBOBATH  OMNPEACNIEHHBIM  TPeOOBaHUSIM. OCHOBHBIMU
XapaKTEPUCTHUKAaMU TAaKUX MAaTepUaloOB SBIIFOTCS HMX COCTaB, CTPYKTypa H
MEXaHUYECKUE CBOWCTBA, TJle 0cO00O€ BHUMAHUE YHAENseTcs OMOCOBMECTHMOCTU
Marepurana.

Panee  MAakpOIMKIMYECKHME COCIWHEHUS  TJIMKOJYPWIBHOTO  THUMNA  HE
UCIIOJIb30BAIMCh B KauyecTBE OMOAKTHBHBIX MOJIEKYJ ISl HACBIIIEHUS MOPUCTHIX
MaTepUalioB C IEJbI0 CHHTE3a KOMIIO3ULMOHHBIX MAaTepHalioB, OO0JIaJar0IINX
MOBBIIIEHON OHOCOBMECTUMOCThIO. OJHUM U3 MEPCHEKTUBHBIX BEUIECTB JIS
MOKPBITUST ~ TIOBEPXHOCTH  SBIISIIOTCA ~ KyKypOUTYpWJIbI, KOTOpble  00JIaJaroT
CHOCOOHOCTBIO HHKAIICYJIMPOBaTh TEPANEBTUYECKUE areHThl M TMOCTENEHHO WX
BBICBOOOKIATh TI0]T BO3/ICHCTBUEM PA3IMYHBIX (DaKTOPOB.

XuMus KyKypOUTypuiia MpOJOKAeT aKTUBHO Pa3BUBAThCS, IMPEXIE BCETO,
Onmarogaps HX CyNpaMOJIEKYJSIPHOMY MNPUJIOKEHHIO, KOTOPOE€ OTHOCHUTCA K
bpoHTHpHOMY 00J1aCThIO 3HaHUU. Takoro ponaa mccieroBaHUS HOCAT, Kak MPaBUIIo,
MEXIUCUUIUIMHAPHBIA  XapakTep, YTO TpeOyeT NPUMEHEHUS METOJOJIOTHH U3
pa3IMYHBIX 00JIacTel HAYKH Ul U3YUYEHHs CyNpPaMOJIEKYJSIPHBIX CBOMCTB LI€JEBBIX
BelecTB. M3BecTHO, 4YTO  KyKypOUTYypuibl  0OJadarOT  CKJIOHHOCTBIO K
(bOpPMHUPOBAHUIO CUCTEMBI «XO3SMH-TOCTbY», NMPU KOTOPOM MHKANCYJSLHUA «TOCTSI» B
HOJIOCTh MAaKpPOLMKIMYECKOIO «XO035iMHA» OOBIYHO HPUBOJUT K H3MEHEHUIO €ro



(GU3BUKO-XMMHUYECKUX CBOMCTB, 4YTO IMO3BOJSET MOAYJIUPOBATH II€JIEBbIC 3a7aud
VCCJIEIOBAHUS.

B cBA3M ¢ BBINIECKA3aHHBIM, AaKTyaJIbHOM 3aJa4ye€dl SBISIETCA CHHTE3 U
UCCJIEIOBAHUE HOBBIX CYIIPaMOJIEKYJSIPHBIX KOMIUJIEKCOB M KOMITO3UIIMOHHBIX
MaTepuajJoB Ha OCHOBE KyKypOUTYpWJIOB, a TaKXkKe H3y4YeHHE BIHSHUA
KyKypOUTypHJIa Ha TMOBEPXHOCTb TIOPHUCTBIX MAaTEpPHAIOB M OINpeAeTeHHEe HX
OMOMEIMIMHCKUX CBOMCTB. Takue UCCle0BaHUs OTKPBIBAIOT MEPCIIEKTUBHBIN MTyTh
JUIs pa3pabOTKU M CO3JaHUSl HOBBIX OHMOKOMITO3UTHBIX MAaTEpHANOB C 3apaHee
3aIaHHBIMU XapAKTEPUCTUKAMU.

Leab 1uccepTanMOHHOIO MCCJICIOBAHUS.

Leap padoThbl — HCCIEIOBAHUE YCIOBUM CHHTE3a U M3YUYCHUE XapPAKTEPHUCTHUK
HOBOM CyImpaMoJIeKyJSIpHOM CHUCTEMBbl Ha OCHOBe Aurujpoxiopuaa 1,4-6uc(2-
TUAPOKCUATUI)IUIIEpa3uHa U KyKypout[6,7,8]ypmina u pa3paboTka GuU3HKO-
XUMUYECKUX OCHOB TOJIyYEHMS HOBBIX OHOMEIMUIMHCKMX MaTEpHAIOB C
UCIIOJIb30BAaHUEM KYKYpOUTYpUJIOB W TUAPOKCHANaTUTa MJii ONPEACNICHUS HX
OMOJIOTMYECKUX CBOWCTB.

3agayu:

1. HccnemoBarb  KOMIUIEKCOOOpAa30BaHUE MO  TUIY  «XO3SMH-TOCTBHY
KyKypOuT[6]ypuna ¢ aurugpoxjopuaoM 1,4-0uc(2-ruapoKCusTUil)IUIepa3uHa,
ONpENENUTh CTPYKTYPY W  CBOMCTBA IMOJYYEHHOTO  CYNPaMOJEKYJSIPHOTO
COCIMHEHHSI.

2. UccnenoBath reMonuTUYeCKUl 3PQPEKT U IIUTOTOKCUYHOCTH IOTYYEHHBIX
OMOKOMIO3UIIMOHHBIX MAaTepUalioB Ha OCHOBE THJIpPOKCHAnaThTa M CeMEeHCTBa
kykypourypuioB CB[6] + HA, CB[7] + HA, CB[8] + HA.

3.  DKCHnepuMeHTaJIbHO YyCTaHOBUTH HauOosnee dS(OPEKTUBHBIA  METON
MOAU(UKAIIMA  TIOPUCTBHIX  HEOpPraHWYecKux  ckapdoigoB  HA  IpuUMepe
T'HIPOKCHAIIATUTA C UCIIOJIb30BAaHUEM KyKypOUT[n]ypuia.

OO0bekTbl HMCCIEAOBAHUSI — KYKYpOUT[n|ypuibl, CyNpaMOJIEKYJISIPHBIMI
KOMIUIEKC Ha OCHOBE KyKypout[6]ypwia ¢ auruapoxsopuaom 1,4-6uc(2-
TUAPOKCUATUI )IUIIEpa3Ha, THAPOKCHUANATUT, MOPUCThIe cKapQoiabpl Ha OCHOBE
T'UIPOKCHAIIATUTA, MOJAUPUIIMPOBAHHBIE KYKYPOUTYPHUIIOM.

Hay4ynasi HoBU3Ha pa0dOTBI.

l. BrepBble CHHTE3MPOBAH HOBBIM CYNPaMOJIEKYJISPHBIM KOMILUIEKC THUIA
«XO3MH-TOCTHY» HA OCHOBE KyKypOWT[6]ypuna c¢ muruapoxiopunaom 1,4-Ouc(2-
rUAPOKCUATUN )nunepa3una. B pesynprare nposeneHnsix aHanu3oB (POA, UK, XDR,
TGA/DSC) ycTaHOBIIEHO, YTO MOJIEKYJbl «TOCTH» PACIONaraloTcs MEXIy
KapOOHHMJIbHBIMU TIOPTAIAMH «XO35IMHA» U TOBBIIIEHHAs TePMOCTAOMIBHOCTH (55°C)
KOMILJIEKCa KyKypout[6]ypuia c TUTUAPOXIOPUIOM 1,4-6uc(2-
TUAPOKCUATUI )TUTIEpa3Ha OTHOCHUTEIIBHO HACXOQHOIO 1,4-6uc(2-
TUAPOKCUATHI )TUTIEpa3UHA.

2. BnepBrie pa3paboTaHbl HOBblE OMOKOMIO3UMLIMOHHBIE MaTepuainsl (CB[6] +
HA, CB[7] + HA u CB[8] + HA) Ha ocHoBe mnopucroro ckadpdonga —
ruapokcuanatuta(HA) nyTeM MOAU(PUKALIUN ero NOBEPXHOCTH
MaKpOIUKINYECKUMH COEIUHEHUsIMU — KyKypoutypuiamu(CB), koTopbie ObLIH
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oxapaktepu3oBanbl ¢ mnomouislo HK-cnexkrpockonuu, COM u IJIC, mnsg Hux
OTIpEJICICH TEeMOJIMTUYCCKUNA AP(EKT U IMUTOTOKCHYHOCTH IS KJIECTOK UMMYHHOU
CUCTEMBI.

3. Tlpennoxen Hambosee 3(DPeKTUBHBIA MeTOA MOIU(PHUKAIMKA TMOBEPXHOCTH
TUAPOKCHANATUTA KYKYpOUTYpUIaMu. Y CTAaHOBIIEHO, YTO B 3aBUCUMOCTH OT METOJ1a
HaHecennss CB[6] Ha moBepXHOCTh M BHYTpb ckapdonga u3 HA mMoxHO
PETYIMPOBATH COCTAB U CTPYKTYPY LEIEBBIX OMOKOMITO3UITMOHHBIX MAaTEPHAJIOB.

OcCHOBHBIE 10JIOKEHHS JUCCEPTALMU, BBIHOCUMbIC HA 3AILUTY.

1. VYcnoBus u XapaKTEePUCTUKHU CUHTE3UPOBAHHOTO HOBOTO
CYNpPaMOJIEKYJIIPHOTO ~ KOMIUIEKCA IO THUIy  «XO35SMH-TOCTh)» HAa  OCHOBE
KyKypOuT[6]ypuna wu  guruapoxigopugaa 1,4-0uc(2-ruapoKCudThI)TUIIepa3uHa,
KOTOpBIM ObLT oXapakTepuzoBaH ¢ mnomonipto AMP, UK-cnektpockonuu, PDA,
TGA/DSC. VYcraHOBIEHO, YTO COOTHOIICHHE HCXOIHBIX BEIIECTB B KOMIIIEKCE
coctaBiasgeT 1:1, co cMmemieHHMEM IIOJIOCHI IIOTJIONICHHUS BAJICHTHBIX KOJICOaHMM
KapOOHMILHBIX (pParMeHTOB KyKypOuT[6]ypmia Ha 36 cM™' B JUIMHHOBOJHOBYIO
00JacTh, CBHUJAETENIbCTBYIOIIMIA O KOMIUIEKCOOOpa30BaHUU 4epe3 KapOOHWIbHBIC
aTOMBbI ~ KUCIIOpOJia KYKypOUT[6]ypusia, C TIOBBIIIEHHEM TEPMOCTAOMIBHOCTH
MHKAICYJUPOBAHHOIO AUTHUapoxiopuaa 1,4-0uc(2-rugpoKcuaTuil)IunepasuHa Ha
55°C.

2. Pesynbprars OILICHKH BIIUSTHUSA oCaXeHusd a30TCOAEPKAUX
MaKpOILMKINYECKUX KaBUTAaHIAOB KyKYpOHUTYpPHJIOB Ha IOBEPXHOCTh ITOPHUCTOTO
ckapdonga - ruapokcuanatuTa. IlosydeHHbIE HOBBIE OHOKOMITO3UIIMOHHBIC

MaTepHuayibl Ha OCHOBE THApOKcHUanatuta u kKykypoutypuinos (CB[6] + HA, CB[7] +
HA u CB[8] + HA) Obum oxapakrepu3oBanbl ¢ mnomomipto PDA, HK-
cnektpockonuu, COM u DJIC. Bapuanusi HOKpBITHS TOBEPXHOCTU TUAPOKCUANIATUTA
KyKypOUTYpHJIaMH TO3BOJISIET CO3JaTh MEPCHEKTUBHBIE MaTEpUalbl ¢ MOIXOSIICH
MUKpPOCPENOH JIsl OCTEOreHe3a U KOHTPOJIUPYEMOTO BBICBOOOXKIEHNUS OMOJIOTUYECKU
aKTUBHBIX BELIECTB, TAKMX KaK aHTUOAKTepuaIbHbIE MpenapaTsl U ap. MccienoBanus
OMOKOMITO3UIIMOHHBIX MAaTE€pHaIoOB 1n Vitro MOKa3ajlu BBICOKYIO OMOCOBMECTHUMOCTH
(remonutuueckuii 3PEKT U HUTOTOKCUYHOCTH) JIJIs1 KIETOK UMMYHHOU CUCTEMBI.

3. PaznuyHble  METOIbl  HAHECEHUA  YBEJIMYMBAIOT  BAPUATUBHOCTH
MNOTEHIMAIBHOIO NPUMEHEHUSI OMOKOMITO3UTOB B 3aBUCUMOCTH OT MPAKTUYECKOIrO
npuioxkeHus. Tak, ocaxjaeHue KyKypOUT[6]ypuia ¢ UCMOIb30BAHUEM MOTPYKHOTO
METO/1a Ha NOBEPXHOCTh IMAPOKCHANATUTA B HAWJIEHHBIX YCIOBHUAX (KOHLIEHTPALIHS
Imr/Imi, temneparypa — 50°C, BpeMst 3KkCno3umuu — 45 MUHYT, yJIbTpa3ByKOBas
BanHa ¢ yactoroi 37 kHz) yBenmumBaeT miomaab MOKPHITHS MOBepXHOCTH HA wu
YMEHBIIIEHUE KOJIUYECTBA KOHTIIOMepaToB Mojiekyn CB[6].

IIpakTH4Yeckasi 3HAYUMOCTb Pa0OTHI.

[IpakTryeckas 3HaYUMOCTh COCTOMT B TOM, YTO B JAHHOM JIHCCEPTAMOHHOM
UCCJIEI0BAHUU CUHTE3UPOBaH HOBBI CYNPaMOJIEKYJIIPHBI KOMILJIEKC
OTKPBIBAIOIIMM  MyTh CHUHTE3Y HOBBIX OMOKOMIIO3UIIMOHHBIX  MaTepHaoB.
Pa3paboTtanbsl 3¢ (deKTUBHbIE METOJbl MOJy4YeHUS OHMOKOMIIOBUTOB Ha OCHOBE
KYKYpOUTYPWJIOB M THUJIPOKCHANATUTA, HMEIOIIUX BBICOKYID OHOCOBMECTHUMOCTH



(HU3KUH TeMoIUTHYeCKUA 3P(PEKT M HUTOTOKCUYHOCTh), KOTOPbIE MOTYT OBITh
WCIIOJIB30BaHbI IJI PA3JIMUYHBIX OMOMEAUIIMHCKUX TIENEH.

[TonydeHbl HOBBIE PE3yJbTAaThl B O00JIACTH CHHTE3a CYNPaAMOJEKYJSPHBIX
COCIMHCHUM, WMEMuX (yHIaMEHTaIhbHOE 3HAY€HHWE B O00JaCTH XHUMHH U
MaTtepuanoBenenus. [lomydeHbl HOBbIE JaHHBIC O BIMSHUU KyKypouT[6,7,8ypuna Ha
OMOMEIUIIMHCKIE CBOMCTBA TIOPUCTHIX HEOPTAaHUIECKUX MaTepuaioB (ckaddoaon).

[Ipennoxensl Meroasl HaHeceHuss CB[6] Ha mnoBepxHocTh HA, KoTOpBIE
OTKpPBIBAIOT MyTh K (PYHKIMOHAIBHBIM KOMIIO3WIIMOHHBIM MarepuaiaM Ha OCHOBE
CB[6] 1 npoayKTOB MHKAICYJISIIIUYN (KOMIIEKCOB 110 TUITY «XO3SUH-TOCTbH ).

TecThl in Vitro MOATBEPAWIM BBICOKYIO OHOCOBMECTUMOCTh M HH3KYIO
TOKCUYHOCTH MOJIYYEHHBIX OMOKOMIIO3UIIMOHHBIX MAaT€pPUAIOB. DTH HHHOBAIIMOHHBIC
OMOKOMITO3UTHl  00JaJal0T MHOTOOOCIIAIOIIUM  MOTEHIMAJIOM  JUIsl  TOHKOMU
MOJYJISIIUM OMOJIOTHYECKUX peakiui, objerdaemoit mmmooOuau3amnuein HA+CB[6],
HA+CBJ[7] u HA+CB[8] Ha cnennanbHbIX HOCUTEIIAX.

[Ipenmoxennsie Metonbpl HaHeceHus CB[6] Ha moBepxHocth HA mnpuparot
NOCJIEIHUM OMOpa3HOOOpa3ue M 00EeCIeunBalOT CPOJCTBO K Cpele OpraHu3ma Mpu
CO3/IJaHUM HOBBIX (DYHKIIMOHATBHBIX KOMIIO3UIIMOHHBIX MaTe€pUalioB, B TOM YHUCIIE C
MCIMOJIb30BAaHUEM CYyNIPaMOJIEKYJISIPHBIX CUCTEM Ha OCHOBeE cemeiictBa CB[n].

BriBoabI

B pesyinbrare npoBeAEHHBIX HCCIEI0BAaHUIN ObLI MOJYYEH U OXapaKTEPU30BaH C
nomouisio AMP, UK-cnekrpockonnu 1 PCA HOBBIN KOMILJIEKC THUIA «XO3SUH-TOCTH)»
Ha OCHOBE KyKypout|[6]ypuna u JUTUIPOXIIOPUT 1,4-6uc(2-
THAPOKCUATHI )TUIIEpa3Ha. Y CTAHOBIIEHO, YTO COOTHOIIIEHHE MCXOJHBIX BEIIECTB B
komruiekce coctaBisger 1:1. CpaBHutenbHblii aHanmu3 MK-cnekTpoB HCXOAHBIX
BEILIECTB U IMOJYYEHHOTO KOMILUIEKCA, MMOKa3al CMEIICHUE MOJIOCH MOIIIOIEHUS
BaJICHTHBIX KoJieOaHUM KapOOHWIBHBIX (hparMeHTOB KyKypout[6]ypuna Ha 36 cMm-1 B
JUIMHHOBOJIHOBYIO ~ 00JIaCTh, 4YTO TOBOPUT O KOMIUIEKCOOOPa30BaHUU uepe3
KapOOHUJIbHBIE aTOMbl  Kucjaopoja Kykypout[6]ypuna. [aunsie TGA/DSC
MO3BOJISIIOT YTBEPKJATh O MOBBIIMICHUH TEPMOCTAOUIIBHOCTA WHKAMCYJIUPOBAHHOTO
nuruapoxiopuna 1,4-6uc(2-rugpokcudtun)numnepasuia Ha 55°C. B pesynbrate
MOHOKPHUCTAJIBHOM PEHTIC€HOBCKOM AU(PAKTOMETPUU YCTAHOBJIEHA CTPYKTypa
MOJIyYEHHOTO0 KOMIUIEKCa, TrocTeBasi MoOJeKyna — auruapoxiopuaa 1,4-omc(2-
TUAPOKCUATHI )TUTIEpa3Ha MoJBEPKEHA KOMILJIEKCOOOPa30BAHUIO yepe3
KBaTPEHU3UPOBAHHBIE aTOMBI a30Ta MHUIIEPA3MHOBOIO KOJIbIIa M JIOKAJIM30BaHA Ha
KapOOHWMJIBHBIX MOpTaJIax KyKypout[6]ypuna.

bein ycnemHo pa3paboTaH HOBBIM MeTOA (YHKIIMOHAIM3AIUA TTOBEPXHOCTH
TUAPOKCUANIATUTA C HCHOJb30BAHUEM MAKPOMOJICKYJISIPHBIX — a30TCOJEPHKALIIUX
rereporukiioB, B yactHoct CB[6], CB[7] u CB[8]. HccnemoBanus in vitro
MPOJIEMOHCTPUPOBATIM  BBICOKYIO OMOCOBMECTMMOCTh M HU3KYIO TOKCHYHOCTH
MOJTYYE€HHBIX OMOKOMITO3UTHBIX MAaTepUajioB. DT WHHOBAIIMOHHBIC OMOKOMITO3UTHI
0o0JIajal0T  MHOTOOOCIIAIOIIMM  TOTEHIIMAJIOM  JiJIi  TOHKOHW  MOAYJISILIUU
OMOJIOTMYECKUX peakiui, yemy crocodctByeT Bkirouenue HA + CB[6], HA + CB[7]
n HA + CBJ8] B cieniuanu3upoBaHHbIE CPEIBI.



B 3aBucumoctu ot Metona HaHecenusi CB[6] Ha MOBEpXHOCTb W BHYTPH
ckadpdonna w3 HA mo3BoisieT peryaupoBaTh COCTaB U CTPYKTYpPY LEJIEBBIX
KOMIO3UIIMOHHBIX MaTepuanoB. PaznuyHbie METOAbl HAHECEHHUS B CBOIO OYEpE.lb
YBEIUYHMBAIOT BapUATUBHOCTh IMOTEHIIMAJIBLHOTO TMPUMEHEHHS KOMIIO3UTOB B
3aBUCHUMOCTH OT NPAKTHUYECKOTO MpuiioxkeHus. I[IpumeHeHune yJIbTpa3ByKOBOTO
BO3JICHCTBHS YBEIUYHMBACT IUIONIAIb TOKPHITHS TOBEepXHOCTH HA u ymeHsblraer
KOJIMYECTBO KOHIJIOMEpAToB MoJieKyl CB[6], 4To, mo-BUAMMOMY, OOYCIIOBJIEHO
Jy4dlield cMauuBaeMOCTBhIO TOBEpXHOCTH HA u ne3uHTerpaiueil KOHTJIOMEPATOB
CB[6] B HailneHHbix YycioBusax. Ilpennmoxensl Metonbl HaHeceHuss CB[6] Ha
noBepxHocth  HA,  koTopble  OTKpBIBAalOT MOyTh K  (YHKIHOHAIHHBIM
KOMITO3UIIMOHHBIM MatepuaiamM Ha ocHoBe CB[6] W TpOIyKTOB HWHKANCYJSALUU
(KOMIUIEKCOB TIO TUITY «XO3SUH-TOCTbH).

JIMYHBIA BKJIAJ aBTOPA cocTaBWI 75% U 3aKkitoyascs B MOUCKE JUTEpaType,
aHaJu3e UMEIONIMXCS CBEJACHUM, a TakKe B OpraHU3aluu padboT, pa3paboTKe IJiaHa
AKCIEPUMEHTOB. ABTOPOM OCYIIECTBIISUIOCH BBIMOJHCHUE XUMUYECKUX PEaKIHH,
BBIJICJICHUE U OYUCTKA MPOJYKTOB, ONTUMH3ALMS YCIOBUM MPOBOJUMBIX MPOIIECCOB,
aHaquTUKa W o0OpaboTKa TMOJMyYEeHHBIX  pe3yibraroB. Kaxaeii  pazgen
UCCIIEIOBATENBbCKOM PabOThl BBIMOJIHSUICS aBTOPOM CaMOCTOSITEIBLHO, PAaBHO Kak
aHaJu3 JIUTEpaTyphl U 00paboTKa pe3yJabTaToB, U O(POPMIICHUE UX B BUJEC HAYUYHBIX
nyOnukamuil. YacTb HKCIEPUMEHTOB B paMKax HCCIENOBAaTEIbCKOW padOThI
BBITIOJIHEHBI U OITyOJIMKOBAaHbI BUJE COBMECTHBIX PE3yJbTaTOB, O YEM COABTOPHI HE
BO3PAKAIOT.

Anpodauusi padoThl.

OcCHOBHBIE TIOJIOKECHHS, BBIBOABI M HAy4YHbIE pE3YyJbTaThl JAHCCEpPTALlUU
JOKJIQIBIBAIUCh W OOCYXKJAlMCh Ha MEXIyHapoIHbIX KoH(pepeHuusx: 8th
International Scientific Conference «Research Reviews» (Uexus, 2025). The
theoretical hypotheses and empirical results (Hopserus 2025), Modern scientific
technology (IlIBenusi, 2025).

IMyoukanuu. OCHOBHBIE pPE3yJbTaThl JUCCEPTALMOHHOTO HWCCIIEIOBAHUS
OTpaXeHbI B 6 OmMyOJIMKOBAaHHBIX paboTaxX, U3 HUX 3 CTaTbU B HAYYHBIX H3JAHUSX,
BXOJSIIAX B TIEPBBIA W/WIM BTOPOM KBAPTHUJIL IO HMMIAKT-()AKTOPY MO JaHHBIM
Journal Citation Reports (OKopnan Iumditma Penoprtc) kommnanum Clarivate
Analytics (Knapupsiit Anamutukc); 3 paOoThl B MaTepuagax MeEXIYHapOIHbIX
KOH(DepeHIni:

1. B cratbe Burkhanbayeva, T.; Guslyakov, A.; Tarikhov, F.; Pavlov, D.;
Erkasov, R.; Bakibaev, A.; et al.; Synthesis and study of a novel supramolecular
'host-guest' complex based on cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride. Int. J. of Saudi Chemical Society 2024, 28/2, 101819. couckarenb
SIBJISICTCSI TIEPBBIM M KOPPECTIOHIUPYIOMUM aBTOpoM. MmmnakT-dakTop KypHana — 3a
2023 roa paBHBIM 5,9 U KBapTUJIb MO XUMHUM, MEKIUCUUAIUIMHAPHBIM Tpyaam — Q1.
Nwmeer CiteScore 3a 2023 rox paBHbI 8,9 U MPOIEHTUIb TIO O0IIEeH XumMun — 83.
JlokTOopaHT y4acTBOBaJla B TIPOBEACHUU DKCIIEPUMEHTOB W HMHTEpHpeTaIuu
pe3yJbTaTOB, 3aHUMAJIACh MOJATOTOBJICHUEM U O(DOpPMIIEHHEM OpPUTHMHAIBLHOTO



ppoexTa CTaTbi. Kpome toro, BypxanGaena T.T. sanmumanach opopmiIeHHeM CTaThH
cOOTBETCTBHH € TpeboBanisimu KypHana,

2. JIOKTOPAHT sBSeTCs neppiM i KOppecnoniMpyoiMM asTopoM B CTaThe
Burkh““b“ycv“’ 1.5 Ukhov, A Fedorishin, D.: Gubankov, A.; Kurzina, L;
Bakibacv A.; Yerkassov, R.; et al. Development of New Composite Materials by
Modifying the Surface of Porous Hydroxyapatite Using Cucurbit[n]urils. Mater'ls
2024, 17, 2041. MMnakt-dakrop sxyprana — 3a 2023 ro passiii 3,1 u kpapTHib 110
XHMHAH, dusnyeckoit — Q3; kaprinmb no MaTepHaIOBEICHHIO, MEKAMCLMIIMHAPDHBIM

yaam = Q23 KBapTHIIb 110 (busne, konnencuposannpix cpen — Q2. Umen CiteScore
3a 2023 rOA PaBHbIH 5,8 M npouenTHIL O (u3nKe KOHIEHCUPOBAHHBIX CPEIL = 73,
pOLEHTHIIb TI0 obuemy marepuanosesenmio — 67. Bypxan6aesa T.T. npuHuMaId
aKTHBHOE YYACTHE B NIPOBEJICHUHN HCClIe10BaHHuii, B cOope JIMTEpaTyphl H obpaboTke
aHHBIX 1 OQOPMIICHHHU CTAThH.

3. B crarbe Burkhanbayeva, T.; Ukhov, A.; Bakibaev, A.; Issabayeva, M.;
Yerkassov, R, et al. The Role of Methods for Applying Cucurbit[6]uril to
Hydrmfyapatlte for. the Morphological Tuning of Its Surface in the Process nf
Obtaining Composite Materials. Materials 2024, 11, 4995, HOKTOpaHT sBIAETCA
nepBbIM aBTOPOM H aBTOPOM-KoppecronenTom. Mimmakr-daktop xypHana — 32 2023
ron paBHbi 3,1 ¥ KBapTMIR MmO Xumum, ¢usuueckod — Q3; KpapTHIB IO
MaTepHaoBEICHHIO, MEXIUCUUIUIMHAPHEIM Tpyaam — Q2; KBapTHib IO ¢usmke,
«OHIEHCHPOBAaHHBIX cpen — Q2. Wmen CiteScore 3a 2023 roa pasHblil 5,8 H
npOLeHTAIb no ¢usmnke KOHJIEHCUPOBaHHBIX cpel — 73; MPOLIEHTHIIB TI0 obmemMy
MaTepUaOBEJICHHIIO — 67. Bypxan6aepa T.T. mpuHMMana axkTHBHOE y4acTHe B
[pOBE/ICHHA uccleloBaHuit, B cOope juTepaTypsl M 00paboTKe JaHHBIX H
0(pOpMIIEHHH CTATBH.

Hay4HbIi KOHCYJILTAHT: P.I11. Epkacos

J1.X.H., podeccop Kadeapsl XiMu Fuldpp
HAO «EBpasuiicKuil HALMOHANBHBIA .
yuupepcuteT umenn JLH. I'ymunesa» ‘ A




«8D05301 — Xumusy O11iM O6epy OarnapiaaMachl OOMBIHIIIA
¢unocodus noxropsl (PhD) nopexecin any yIIiH YChIHBUIFaH
bypxan6aeBa Tonkbinait TaxxubexoBHaubIH « KykypOouTypuia Herizinaeri

JKaHA KOMIVIEKCTi KOChLIBICTAPABI CHHTE3/Iey 2KJHe 3epTTey»
TaKbIPBIOBIHAAFBI TUCCEPTAIUSIIBIK KYMBICHIHA
AHIATIIA

JluccepTanMsjbIK 3epPTTEYAiH KaJANbl CHIIATTAMACHI.

JluccepTalMsuibIK, SKYMBIC MaKpOIUKIIAEP (KyKypOuT[6,7,8ypuiaep) KOMILIEKC
TY3y KacHETTEepiH, allbIHFaH KELIEHIEPIIH KeKke (PU3MKa-XUMMSUIBIK KaCUETTEpiH,
COHBIMEH KaTap TUJIPOKCHANATUT KOMETIMEH KYpAedl >KoHE OHOKOMIIO3UTTIK
MaTepHuaiiapbl aly apTTapblH 3€pPTTEYyTre apHaJFaH.

JuccepTauusuiblK, sKyMbIC JOKTOpaHTThIH KP bisliM jkoHE FBUIBIM MHHHUCTPIHIH
30.04.2020 oxweutrel  Nel70 ByiipeirbiMen  e3repictep eHrizuireH Kazakcran
Pecny6mukace! Binim sxxoHe FbuibiM MUHUCTPIHIH 2011 sxbinEsl 31 Haypsi3garsl Nel127
(HOPMATUBTIK KYKBIKTBIK aKTUIEpAl MEMIIEKETTIK Tipkey Ti3utiMinze Ne 6951 Gonbin
TIPKEJIT€H) OYHUpBIFBIMEH OCKITUITeH Jopexkenepil Oepy KaruganapblHbIH S-1
TapMakTapbiHa xoHe KP Fputbim sxoHe sxofapbl O11iM MUHUCTPIHIH M.a. 09.01.2023
#bLUTFBl No 7 e3repryiiepi eHrizuireH KP binim xone FouibiM MuHUCTpIHIH 09.03.2021
KbUTFbl NoO8 OYMpBIFBIHBIH TajlalTapblHA COMKEC >KapusjaFraH FhUIBIMU MakaJiajap
CEepUsCHI TYPIH/IE YCHIHBLIAIBI.

3epTTeyaiH 03€eKTiJIiri.

XKekenenaipiiareH MeAULIMHAHBIH 3aMaHay!d JoYIpiHAE HAKThl TaJlallTapFa skayan
OepeTiH ’KaHa HMIUIAHTAIMSIIBIK MaTepUaiiapAbl J31pJeyAiH ©3€KTI KaKeTTUIIrl
TybIHAANBb. MyHIall MaTepuangapAblH HET13T1 cunaTTaMaliapbl OJapAblH KYpaMbl,
KYPBUIBIMBI ~ JKOHE MEXaHUKAIBIK KacheTTepl Oonbim  TaObuIambl, ocipece
OMOYHIeCIMAUTIKKE epeKIlie Ha3ap ayaapbuiajibl.

ByphIH MIMKOIYpHIT TUINITI MAKPOLMKIIII KOCBUIBICTAP OMOYHIECIMALTIT KOFAPHI
KOMITO3ULIMSUIBIK ~ MaTepHalIJapAbl CHHTE3[CY YIIIH KEYeKTI MaTepuanaapibl
KAHBIKTBIPY YILIIH OMOAKTUBTI MOJIEKYJajap peTiHae naiganaHbuiMarad. TepaneBTik
areHTTepAl HWHKANCYJSUUAIAy XKOHE OpTYpial (akTopiapIblH OCEpiHEH OJIapAbl
Oipringen OocaTy MyMKiHIIri Oap, OeTki KabaTKa apHalfaH MEePCHEKTUBAIBI
3aTTapAblH 01pl — KyKypOuTypuiaep 00Jibin TaObUIaibl.

KykypOuTypun XUMHSCHI, €H alJbIMEH, OUTIMHIH MIEKapaJblK canachl OOJIBIM
TaOBLIATHIH OJIAP/BIH CYyNpPaMOJIEKyIaJbIK KoJAaHOanapeiHa OailIaHbICThl KAPKbIH/IbI
JaMyBIH JKaJIFaCThIpyna. 3epTTEyAiH OVJ Typl SJETTE MOHAPAIbIK CUIATTa 0O0JIaJIbI,
MaKcaTThl 3aTTap/blH CYNPaMOJICKYJAJbIK KACHETTEPIH 3epTTey VIIH OpTypii
FBUIBIM cajajapbIHIaFrbI amicTeMenepai KOJIJJaHy bl TaJjian eTenl.
Kykypoutypunnepain MaKPOIMKJIITI KO>KalbIHHBIH KYbIChIHA KOHAKTBIH
WHKATCYJISIUACH OJIETTE OHBIH (U3UKAIBIK-XUMISUIBIK KAaCUETTEPIHIH ©3TepyiHe
OKeJel, COMKECIHILE 3epTTey MaKCATTapbhlH MOIYJSILMsUIaAyFa MYMKIHIIK OepeTiH
KOXaWbIH-KOHAK >KYHECIH KypyFa OeHIMIiIir Oenrii.

Korapeina aWThUIFaHIapra OalJIaHBICTBI, KYKYpOUTYpPHJI HETI31HJIEr >KaHa
CYNpPaMOJIEKYJIANbIK KEeIIEHAEP Il )KOHE KOMITO3UIIMSIIBIK MaTepuaiiapibl CUHTE3ICY
KOHE 3epTTEy, COHBIMEH KaTap KyKYpOUTYpPWJIIIH KEYEeKTI MaTepuaiaap/biH OeTiHe
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ocepiH 3epTTey KoHE OJapAblH OMOMEIMIIMHAIBIK KACUETTEPIH aHBIKTAY ©3€KTi
MiHZET Oonbim  TaObuTambl. MyHmaW 3epTTeyiep aiAblH aja aHBIKTaJIFaH
cumaTTamaiapbl 0ap kaHa OMOKOMIIO3WUTTIK MaTepHaIapAbl d3ipJiey >KOHE jKacay
YIIIiH MEePCIIeKTUBAIIBI KOJT aIlla Ibl.

3epTTeyaiH MaKcaThl.

KymbicteiH MakcaThl  1,4-0uc(2-TUAPOKCUATHI )TUIIEPA3UH  AUTUIPOXIOPHUIL
XKoHE KyKypOuT[6,7,8]ypuia HETi3iHJErl >KaHa CyNpaMoOJIEKyJNajblK JKYHEeHIH CHHTE3
mapTTapblH 3€PTTEY JKOHE CHUMAaTTaMallapblH aHBIKTAY XoHE KYKYpOUTYpHUI MEH
TUAPOKCHANIATUTTIH ~ OWOJOTHUSUIBIK ~ KAaCHeTTEepIH  aHbIKTay  YIIIH — JKaHa
OMOMEIUITMHANIBIK MaTepuaigapAbl adyablH (U3UKA-XUMUSIIBIK MPUHIUNTEPIH

a3iprey.
byt MakcaTka JkeTy Keneci MiHAeTTepi ey 1i KAMTHIbI:
l. Kykypout[6]ypunaig 1,4-6uc(2-TUIPOKCUITIIT )TUTIEPA3UH

JTUTUIPOXJIOPUIIMEH  KOKaWbIH-KOHAK  KEIIEHIH  3epTTey  JKOHE  aJbIHFaH
CYTIPaMOJIEKyJIaJIbIK KOCBUIBICTBIH KYPBUTBIMBI MEH KACHETTEPIH aHBIKTAY.

2. 'mppokcuanatut XoHe KyKypOUTYpUJI HET131HIE AJIbIHFAaH OMOKOMIIO3UTTIK
MaTepuaIapablH TEMOIUTUKAIIBIK 9Cepl MEH IUTOTOKCUKAIIBIK KACHUETIH 3€PTTey.

3. I'mppokcuanatut MbIcanblHAA KEyeKTl OelopraHuKalblK ckaddonarapabl
Kykypour [6,7,8] ypun (CB[6], CB[7] xone CB[8]) moaudukanusiiayablH €H THIMII
O/IICIH SKCIIEPUMEHTANJIBI TYPAE AHBIKTAY.

3epTrTey HbICAHBI — KyKypOuT[n]ypwi, KyKypOut[6]ypun wmen 1,4-6uc(2-
TUJIPOKCUATII )IUIIEPA3UH AUTUAPOXIIOPUAL HETI31HIET] CYyNpaMOJIEKyNaablK KEUIeH,
THAPOKCUAIIATUT, KYKypOUT[n]ypun  KyKypOUTypuwJIMeH  MoauduKaIusiIaHFaH
KEYEKT1 TUIpOKCHANaTUT HET131HAET1 TIpEKTep.

ZKYMBICTBIH FBIJIBIMHU KAHAJIBIFBI.

l. Kykypout[6]ypun AKOHE 1,4-61C(2-TUAPOKCUITHI )TUTIEPA3HH
TUTUIPOXIIOPUIIHE HETI3/IEITreH KaHa KOXKalbIH-KOHAK CyHpaMOJICKYJIANbIK KelleH
anFam per cuHTesnenal. Tannay (peHtreH coynenepinid qudpakuusicsl, UK-cnektp,
XDR, TGA/DSC) KoHaK MOJIEKYJIaJIapbIHbIH KOXKaWbIHHBIH KapOOHWJI MOpTaiaaphbl
apacblHIa OpHAJACKAHBIH >kKoHE OacTankbl 1,4-0MC(2-TUAPOKCUATUN )IUIIEPA3HHTE
KATBICTBI 1,4-61c(2-TUIPOKCUATII )TUTIEPA3HH JUTUAPOXIIOPU/IL Oap
KYKYpOUT[6]ypri KEIEHIHIH TEPMUSUIIBIK TYPAKTBUIBIFBIHBIH (55°C-re) sKoFapbliaysbl.

2. Anram per KeyekTi Tipek — ruapokcuanatuT (HA) Herizinzmeri sxaHa
onoxommo3utTik Marepuangap (CB[6] + HA, CB[7] + HA xone CB[8] + HA) onbiH
O0eTKi KabaThIH MAaKpOIMKII KOCBUIBICTApMEH — Kykypoutypumaepmen (CB)
MoaudUKaMsIay apKeUIbl d3ipieHai, omap MK-cmekTtp kemeriMeH cumaTTabl,
OJIapJbIH HMMMYHJBIK JKyHe JKacylmiajapbl YVIIH TE€MOJUTUKAIBIK oCepl IKOHE
IIUTOTOKCHKAJIBIK dCEPIHIH TOMEH, )KOFaphl OMOYHICCIMILIIKKE He €KEHI TQICIACH .

3. CB[6]-as1 HA ckaddonarapsiabiy 0eTki KabaTbhlHA JKOHE 1MIKI KYpaMbIHA
CHTI3yre HETI3/ICJITeH KOJJIaHy oJiciHe OalIaHBICTBI MaKCaTThl OMOKOMITO3UTTIK
MaTepuaIapAblH KypaMbl MEH KYPBUIBIMBIH PETTEYTE OOIATHIHBI aHBIKTAJIIBI.

Koprayra yChIHBLIFAH JUCCEPTALMAHBIH HETI3ri epexeJiepi:

1. Kykypout[6]ypun KOHE 1,4-0uc(2-TUAPOKCUATIII )ITUTIEPA3HH
JTUTHIPOXIIOPUIl HETI31H/I€ CUHTE3/IeITeH JKaHa CYIIPaMOJIeKyJIalbIK KOKalbIH-KOHAK
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KeleHiH1H mapTrapel MeH cunatrramanapel AMP, UK cnektp, XRD xxone TGA/DSC
apKbUIbl  aHBIKTANABL.  KypOuT[6]ypmnniH kapOOHUI (QparMeHTTEpiHIH CO3bLTY
TepbemicTepiniy cCinipy »omarel 36 CcM™' y3bIH TOIKBIHABI AMMAKKA BIFBICYEI
KyKypOuT[6]ypuiiH KapOOHWI OTTEri aTroMAaphl apKbUIBI Kypaedl Ty3UTyni
KOpCeTemi, KemeHaeri 0acTankpl 3aTTapAblH KaThIHACH 1:1 OONAaTHIHBI aHBIKTAJIIBI
JKOHE VHKAICYJISIIUSIIaHFaH 1,4-0uc(2-ruIpOKCUATIII )ITUTIEPA3ZUH
TUTHAPOXJIOPUIIHIH ~ TEPMUSUTBIK — TYPAKTBUIBIFBIHBIH ~ 55°C-re  KOFapbLIaybl
AHBIKTAJIIbI.

2. KypampiHza a3oT 0Oap MakpOUMKIII KyKypOUTYpHJl KaBUTaHTTapbIHBIH
KCYEeKTI TIpeK — THAPOKCHANaTUT O€TKI KabaTblHAa OTBIPFBIZYy OCEpIH Oarayay
HoTHXRenepl. ['uapokcuanatut ned kykypoutypuia (CB[6] + HA, CB[7] + HA xone
CBJ[8] + HA) nerizigae ajblHFaH jkaHa OMOKOMITO3UTTIK MaTepHayilap PEHTICHIIK
muppakuus, UK cnextpockonus, SEM xone EDS kemeriMeH cumaTTaliibl.
['mppokcuanatuT OeTKi KabaThlH KyKypOMTYpWJIMEH »aOyJarbl Bapuauusjap
OCTEOTCHE3Te KOHE OMOJIOTHSIIBIK OCJICEH 1 3aTTap IbIH, MbICANIBI, OaKTepHsFa KapChl
npenaparTapablH  KoHE T.0. OaKbUTAHATBHIH  IIBIFAPBUIYBl  YIOIH — KOJIAHJIBI
MHUKpPOOpTachl 0ap NEpCHEeKTHUBAIIBI MaTepHalaplbl Kacayra MYMKIHIIK Oepeni.
BroKOMIIO3UTTIK MaTepuaiAapblH in Vitro 3epTTeysiepi (FTeMOJUTUKAIBIK 9Cep MEH
IIUTOTOKCUKAJBIK KOPCETKINI) HWMMYHIBIK JKYHE >KacyImajapbl VIIH KOFaphI
OMOYHIECIMATIKTI KOPCETTI.

3. berki KabaTKa OTBIPFBI3YABIH OPTYPJl JicTepl OHOKOMITO3UTTEPAIH
MPaKTUKAJIBIK KOJaHyFa OailJIaHbICThI 9JICYETT1 ©3TePTIlTITIH apTThipaabl. Mbicalbl,
TaObUTFaH JKaFJanaapaa THAPOKCHANATUT OeTKl KabaThIiHA OATBIPY OIICIH KOJIJIAHBII
KyKypOouT[6]ypunai TyHaelpy (KoHIeHTpamusicel 1 mr/l1 mui, temmeparypa — 50°C,
OKCIIO3UIINS YaKbIThl — 45 MUHYT, skuiiiri 37 k[ yapTpanbiObicThIK BanHA) ['A 6eTki
KaOaThIHBIH XKaOybIH apTThIpaabl KOHE CBJ6] MOJIEKYJIAIAPBIHBIH
KOHTJIOMEpaTTapbIHBIH MOJIIICPiH a3aiTaIbl.

/KYMBICTBIH NPAKTHKAJIBIK MAHBI3AbLIBIFBI.

ToxipuOenik  MaHBI3ABUIBIFBI  OChl  JUCCEPTALMSUIBIK  3€pTTEyJe  >KaHa
OMOKOMITO3HUTTIK MaTepUaAIIapAbIH CUHTE31HEe HKOJI anaThIH XKaHa
CYMpaMOJICKYyJIANIBIK KEeIIeH CHHTe3enyinae. KykypOuTypui xoHe THAPOKCHAIIATUT
HETi31HAe  OWMOKOMIIO3UTTEp  alyIblH  THIMAL  OAicTepl  9O3ipJieHnl,  oJap
OMOYIMJIECIMIUTIT KOFaphl (TOMEH TeMOJUTUKAIBIK OHE IUTOTOKCHKAJBIK ocepi,
OpTYpJTi OMOMEAUITMHAIIBIK MaKcaTTap/ia KoJaanyra 001abl.

Xumusi MEH MaTepualiTaHyJa Ipredi  MaHb3bl  0ap  CyNpaMoJIeKyJIajbiK
KOCBUIBICTap/Ibl CHHTE3CY/IC JKaHa HOTWXKeNep aiblHIbl. KeyekTi OelopraHuKaibIK
MaTepuaapAblH OMOMEIUIIMHAIIBIK KacHeTTepiHe KyKypOouT[6,7,8]ypunmia ocepi
TypaJibl )KaHa JepeKTep anbIHAbI (cKaddommaap).

CB[6]-ap1 HA OeTki KabOaThlHa OTBIPFBIZY OAICTEpl YChIHBUTFAH, ojap CB[6]
Heri3iHaeri GyHKIMOHAIAR KOMIIO3UTTIK MaTepuajgapra >KOHE WHKAICYIISIUSIIBIK
eHIMEpTe (KOXKabIH-KOHAK KEIIEeHep1) KOJI alllajibl.

In vitro chiHaKTapel ajblHFAH OMOKOMMO3UTTIK MaTepHAIAPAbIH KOFaPhI
OMOYWUJIECIMIUTITIH JKOHE TOMEH VYBITTBUIBIFBIH pacTajbl. byJl WHHOBAIUSIIBIK
OMOKOMITO3UTTEP MaMaHJaHJbIpbUIFaH  TackiMaiaayuwbiapaa  HA+CB[6],
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HA+CB[7] wmen HA+CB[8] wumMM0oOMIM3aIMACH  apKbUIbl  OMOJIOTHSIIBIK
peakusIapAbl KaKChl MOTYJISIIUSIIAY B I9TT PETTeyTe MYMKIHAIK Oepe/ti.

HA 6etki kabGateiHa CB[6] OTBIPFBI3YIbIH YCHIHBUIFAH OAICTEPl COHFBICHIHA
OMOopTYpmiKTI  Oepemi  KoHE  KaHAa  (PYHKIIMOHAIABI  KOMIO3HUITUSIIBIK
MaTepuaigapAbl  Jkacay  ke3iHae, oHblH  imiHae  CB[n]  HerizmenreH
CYIIpaMOJIEKyJIaJbIK JKyHenep/l maiiianaHy Ke3iHAe ar3a OpTachlHA >KaKbIHIBIFBIH
KaMTaMachl3 eTe/Il.

KopbIThIHABI

Kyprizuiren 3eprreyiep HOTHXKECIHIEe KyKypOuTt[6]ypun xone 1,4-Omc(2-
TUAPOKCUATU))IIUIIEPA3UH TUTHUAPOXIIOPUJIIHE HETI3JENreH KaHa KOXKalbIH-KOHAK
KelieHi anbiHabl JkoHe SMP, MK-cnekTpockomnus »*oHE PEHTIeH CoyJielepiHiH
mudpakimsIChl apKbUIbl cunartanabl. Kemenaeri 6actankel 3aTTapablH KaTbiHachl 1:1
eKeHl aHbIKTanabpl. bacrankel Marepuangap MeH anbiHFaH KemeHHiH UWK-
CHEKTPJIEPIHIH  CaJbICTBIpMAJIbl  Tajjaybl  KyKypOWT[O]ypwiaiH  KapOOHMII
(dbparMeHTTepiHIH CO3bULY TEpPOETICTEPIHIH CIHIPY >KOJarblHAA Y3bIH TOJIKBIHIBI
aitmakka 36 cM-1 BIFBICYBIH KOpCETTi, Oyl KypOUTTIH KapOOHMJI OTTErl aToMJIapbl
apKpUIbl Kypaeni Ty3utyiH kepcereni. TGA/DSC nepekrepi uHkancynupiaeHres 1,4-
OMC(2-TUIPOKCUATHII)[TUNIEPA3HH AUTUIPOXJIOPUAIHIH TEPMUSIIBIK TYPAKTHUIBIFBIHBIH
55°C >xorapbliayblH KepceTell. AJbIHFAaH KEMEHHIH KYpbUIbIMbI MOHOKpPHUCTAJIbI
pPEHTTeHAIK Au(paKTOMETPUsT apKbUTBl aHBIKTAJIbI; KOHAK MOJIeKynachkl, 1,4-0uc(2-
TUJIPOKCUATU )IIUNIEPA3UH JIUTHAPOXJIOPHUl MUIMEPA3UH CAKUHACBIHBIH TOPTTEHIE€H
a30T aTOMJAapbl apKbUIbl KOMIUIEKCTEHEIl >OHE KyKypOuT[6]ypmiaiH KapOOHMI
nopTanJapblHAa JOKAIU3alUsIaHAbI.

KypambiHaa MakpomoseKkylaiablK a30T Oap reTepolMKIAepaAl, aTan aWTKaHJa
CB[6], CB[7] xone CB[8] maimamaHa OTBIPBIN, THUAPOKCHANIATHTTIH OCTTIK
(GYHKIIMOHAIM3AMACKIHBIH, JKaHa ofICl COTTI Jkacaiabl. In  vitro 3eprreyiep
HOTHXKECIHE aJbIHFaH OMOKOMITO3HUTTIK MaTepuaigapablH KOFAPbI
OMOYHJIECIMAUNIIH >KOHE TOMEH VYBITTBUIBIFBIH KOpPCETTI. byl WHHOBaLUSIIBIK
OMOKOMITO3UTTEp MaMmaHAaHAbIpbUIFaH opranapra HA + CB[6], HA + CB[7] xone
HA + CBJ[8] Kocy apKbuibl OHOJOTHSJIBIK KayanTapIblH HAKThl MOAYJISLHSICHIHBIH
MEePCIIEKTUBAIBIK QJICYETIH KOPCETEi.

Konnany omicine Oainanbictel HA ckadonabiHbiH OETIHAET! KoHE IMIHIETI
CB[6] wmakcaTThl KOMIIO3UTTIK MaTepUangap/blH KypaMbl MEH KYPbUIBIMbIH
Oakpulayra MYMKIHAIK Oepemi. OpTypal KOJJaHy oJicTepi, 63 Ke3eriHue,
KOMIO3UTTEPAIH MPAKTUKAIBIK KOJJIAHBUTybIHA OalIaHBICTBI QJIEYETTI KOJIJaHY/bIH
oMOEOaNTHIFBIH apPTTHIPAbI. Y IBTPAABIOBICTHIK OHIEY A1 Koaaany HA OeTiHiH KamTy
alilMarblH  apTThipaabl xoHe CB[6] MoneKynachlHBIH KOHTJIOMEpATTaphIHBIH
Meuepin azaitaapl, Oyn HA OeTiHiH XaKChbl BUIFAJIAaHYbIMEH >XOHE TaObLIFaH
xarmainapaa CB[6] xoHTIIOMepaTTapbIHBIH bIIAbIpaybIMeH OalinmaHbicThl. CB[6]-HbI
HA Oerine konpaHy oaicTepi ychiHbUIFaH, ojap CB[6] Herizingeri QyHKIMOHAIIABI
KOMIO3UTTIK MaTepHaapra *oHe WHKAICYSAIUSIBIK oHIMaepre (KO)KalbIH-KOHAK
KEILIeH IEeP1) JKOJI alllabl.

ABTOpABIH Keke yuaeci 75% kypam, oneOuerTepnl 13eyaeH, Kojjga Oap
aKmapaTThl  TajlayAaH, COHBIMEH  KaTap  JKYMBICTbl  YHBIMIACTBIPYJaH,
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HKCIIEPUMEHTTIK KOCHapJbl KYpYyJaH TYpAbl. ABTOP XUMUSJIBIK peaKIUsIap/bl,
OHIMJIEP/Il OKIIayJay MEH Ta3apTyJbl, MPOIECTEP/IIH MAPTTAPhIH OHTANIAHIBIPYIbI,
IBIHFAH HOTWDKEJIEPl TalJayabl JKOHE OHIEYAl JKy3ere achipabl. 3epTTey
KYMBICBIHBIH opOip OemiMiH aBTOp ©3 O€TiHIIE OpBIHAAAbI, COHBIMEH KaTap
oneOueTTepAl TaIay KoHE HOTHKEIIEP Il OHICY KOHE OJIapAbl FHUTBIMU OaChLUTBIMIAD
TYpIHAE peciMaey. 3epTTey KYMBICHI asgChbIHAA KeHOip 3KCIEpUMEHTTEp OipliecKeH
TYPZE KYPTi3UIiM, HOTHXKENEp >KapusIanIbl, OyFaH OlpJieCKeH aBTOpiap Kapchl eMec.

KymbIcTBI anpodanusiiay.

JluccepTallsiHBIH ~ HETI3T1  epexenepl, KOPBITBIHABLIAPHl KOHE  FBUIBIMU
HOTHXKEJEepl XalblKapalblK KOH(pEpEeHIMsUIapaa OasHIaNbII, TAIKbUIAH L «3epTTey
HIOJyJIaphDy §-II1  XaJIbIKApaiblK FhUIBIMH KoH(pepeHuusaco (Yexus, 2025 x.).
Teopusnplk THUMIOTE3asIap MeH sSMnupukanblk Hotwkenep (Hopserus 2025),
3amanayu FeuTbIMU TexHONorusiap (Lsemus, 2025).

KapusnansiMaap. JlucceprauusiblK — 3€pTTEYIIH  HETI3rl  HOTHXKEJEpi
XKapusulaHFaH 6 JKyMbICTa KOpPCETUIreH, OHbIH 1miHae 3 Makana Clarivate Analytics
(Clarivate Analytics) Journal Citation Reports (Journal Citation Reports) OoiibiHiia
UMIIAaKT-QakTop OOMbIHIIA OIpIHIII >KOHE/HEMECE EKIHIIl KBapTUJIbI€ EHII3UIreH
FBUTBIMHU KapusUTaHBIMIap1a KOHE XaJTBIKAPaJIBIK KOH(epeHIusIap
MaTepHaIIapbIHIAFbI 3 )KYMBIC:

Burkhanbayeva, T.; Guslyakov, A.; Tarikhov, F.; Pavlov, D.; Erkasov, R.;
Bakibaev, A.; et al. Synthesis and study of a novel supramolecular 'host-guest'
complex based on cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride. Int. J. of Saudi Chemical Society 2024, 28/2, 101819. makanaceiaaa
JIOKTOPAHT OIpIiHII KOHE KOPPECHOHJEHT aBTOp Ooibin Tabbuianbl. 2023 KbLIFa
apHAIIFaH > KypHAIIbIH UMINAkT-pakTopel — 5,9, am XuMHS KOHE TOHAPAIIBIK
JKYMBICTAp YIIH KBapTwib — l-Tokcan. 2023 sxpinra apHanran CiteScore 8,9 xone
JKaJMbl XUMHST OOWBIHINA TaWbI3ABIK KepceTKim 83. J[OKTOpaHT 3KCIEpUMEHTTEP
KYPTi3yTe )KoHEe HOTIKEEP i HHTEpIpeTalrsiayFa KaTbICThl, MaKaJaHbIH TYITHYCKA
K00achIH JailibIHIayFa J>KOHE peciMaeyre KaTeIcThl. COHBIMEH Karap >KypHal
TajanTapblHa CoMKec MaKaiaHbl naibiHaayra bypxanbaesa T.T.

Burkhanbayeva, T.; Ukhov, A.; Fedorishin, D.; Gubankov, A.; Kurzina, 1.;
Bakibaev, A.; Yerkassov, R.; et al. Development of New Composite Materials by
Modifying the Surface of Porous Hydroxyapatite Using Cucurbit[n]urils. Materials
2024, 17, 2041. makanacelHIa YMITKEep OIpiHIII XKOHE KOPPECHOHICHT aBTOP OOJIBII
TaOBLUIAJBI, 3EPTTEY KYPri3li, KapusulaHbIMIAP YIIIH MaTepual JaWbIHIAIbl JKOHE
penakiumsnansl. JKypHanasiH uMmmnakt-gakropsl 2023 sxbutra 3,1, anm Xumus kKoHE
¢bu3uka OOWBIHINIA KBapTWIb 3-TOKCAH; MaTepHAJITaHy, IMOHAPAIBIK >KYMBICTAp
OoiipiHIIa KBapTHIb — Q2; ¢u3MKamarbl KBapTWJ, KOHACHCAUMsUIaHFaH 3aT — Q2.
2023 kel CiteScore 5,8 ’koHE KOHJACHCAIWMsJIAaHFaH 3arTap (HU3UKachiHAa 73
MalbI3BIK KOPCETKIMIKE HWe OOJIbI, XaIMbl MaTepHalTaHy OOWBIHINIA MMaWBI3IBIK
KepceTkil — 67.

Burkhanbayeva, T.; Ukhov, A.; Bakibaev, A.; Issabayeva, M.; Yerkassov, R.;
et al. The Role of Methods for Applying Cucurbit[6]uril to Hydroxyapatite for the
Morphological Tuning of Its Surface in the Process of Obtaining Composite
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Materials. Materials 2024, 11, 4995 Makaiaceitja JloktopatT GipiHii aBTOp Kod€
xoppeCNOHACHT ABTOP Gonbin Tabhinai, 3epTTey JKYprisi, KapHsiaHpMAap YIiiH
yarepiall JaHBIRIANBL XKaHe penakuusnapl, Kypranpie umnaxr-daxropsr 2023
wputra 3,1, &l XUMHS JxoHe dusuka Goibinma KBapTWJIb 3-TOKCaH; MarepuaTaHy,
oHapa/IbIK - KYMBICTap — Ooifbitma  kpapriums — Q2 (usnKagars  KBapTAL,
xOHJCHCALWANAHFAH 32T — Q2. 2023 xpinrp1 CiteScore 5,8 koHe KOHEHCALNANAHFAH
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ANNOTATION
on the dissertation of Burkhanbayeva Tolkynay Tazhibekovna on the topic
“Synthesis and study of new complex compounds based on cucurbiturils”,
submitted for the degree of Doctor of Philosophy (PhD)
in the educational program “8D05301 — Chemistry”

General description of the work.

The dissertation is devoted to the study of the complexing properties of a family
of macrocycles (cucurbit[6,7,8]urils), individual physicochemical properties of the
obtained complexes, as well as the conditions for obtaining complex and
biocomposite materials using hydroxyapatite.

The dissertation work is presented in the form of a series of two articles and one
review published by a doctoral student in accordance with the requirements of
paragraph 5-1 of the Rules for Awarding Degrees approved by Order No. 127 of the
Minister of Education and Science of the Republic of Kazakhstan dated March 31,
2011 (registered in the Register of State Registration of Normative Legal Acts under
No. 6951) as amended by Order No. 170 of the Minister of Education and Science of
the Republic of Kazakhstan dated 30.04.2020 and in accordance with the Order of the
Minister of Education and Science of the Republic of Kazakhstan dated 09.03.2021
No. 98, as amended by the Acting Minister of Science and Higher Education of the
Republic of Kazakhstan dated 09.01.2023 No. 7.

The relevance of the work.

In the modern era of personalized medicine, there is a pressing need to develop
new implant materials that meet specific requirements. The key characteristics of
such materials are their composition, structure, and mechanical properties, with
particular attention paid to their biocompatibility.

Previously, macrocyclic compounds of the glycoluril type have not been used as
bioactive molecules for saturating porous materials for the synthesis of composite
materials with increased biocompatibility. One of the promising substances for
surface coating is cucurbiturils, which have the ability to encapsulate therapeutic
agents and gradually release them under the influence of various factors.

Cucurbituril chemistry continues to develop rapidly, primarily due to its
supramolecular applications, which are a frontier area of knowledge. Such research is
typically interdisciplinary, requiring the application of methodologies from various
fields of science to study the supramolecular properties of target compounds.
Cucurbiturils are known to have a tendency to form a host-guest system, in which
encapsulation of the guest into the cavity of the macrocyclic host usually leads to a
change in its physicochemical properties, which allows modulation of the target
research objectives.

In connection with the above, an urgent task is the synthesis and study of new
supramolecular complexes and composite materials based on cucurbiturils, as well as
the study of the effect of cucurbituril on the surface of porous materials and the
determination of their biomedical properties. Such studies open up a promising
avenue for the development and creation of new biocomposite materials with
predetermined characteristics.

15



The purpose of the dissertation research.

The aim of the work is to study the synthesis conditions and study the
characteristics of a new supramolecular system based on 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride and cucurbit[6,7,8]uril and to develop the
physicochemical principles for obtaining new biomedical materials using
cucurbiturils and hydroxyapatite to determine their biological properties.

Tasks:

1. To study the host-guest complexation of cucurbit[6]uril with 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride and to determine the structure and
properties of the resulting supramolecular compound.

2. To study the hemolytic effect and cytotoxicity of the obtained biocomposite
materials based on hydroxyapatite and the cucurbiturils family CB[6] + HA, CB[7] +
HA, CB[8] + HA.

3. To experimentally establish the most effective method for modifying porous
inorganic scaffolds using hydroxyapatite as an example using cucurbit[6]uril.

The objects of research cucurbit[n]urils, supramolecular complex based on
cucurbit[6]uril with 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride,
hydroxyapatite, porous scaffolds based on hydroxyapatite modified with cucurbituril.

The scientific novelty of the work.

1. A new host-guest supramolecular complex based on cucurbit[6]uril and 1,4-
bis(2-hydroxyethyl)piperazine dihydrochloride was synthesized for the first time.
Analysis (XRD, IR, XDR, TGA/DSC) revealed that the guest molecules are located
between the carbonyl portals of the host and increased thermal stability (55°C) of the
cucurbit[6]uril complex with 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride
relative to the original 1,4-bis(2-hydroxyethyl)piperazine.

2. For the first time, new biocomposite materials (CB[6] + HA, CB[7] + HA and
CB[8] + HA) based on a porous scaffold — hydroxyapatite (HA) — have been
developed by modifying its surface with macrocyclic compounds — cucurbiturils
(CB), which were characterized using IR spectroscopy, SEM and EDS, for them the
hemolytic effect and cytotoxicity for immune system cells have been determined.

3. The most effective method for modifying the surface of hydroxyapatite with
cucurbiturils has been proposed. It has been established that, depending on the
method of applying CB[6] to the surface and into the HA scaffold, the composition
and structure of the target biocomposite materials can be controlled.

The main provisions of the dissertation submitted for defense.

1. The conditions and characteristics of the synthesized novel supramolecular
host-guest complex based on cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride were characterized by NMR, IR spectroscopy, XRD, and TGA/DSC.
It was established that the ratio of the starting materials in the complex is 1:1, with a
shift of the absorption band of the stretching vibrations of the carbonyl fragments of
cucurbit[6]uril by 36 cm-1 to the long-wave region, indicating complex formation
through the carbonyl oxygen atoms of cucurbit[6]uril, with an increase in thermal
stability encapsulated 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride at 55°C.
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2. Results of assessing the effect of precipitation of nitrogen-containing
macrocyclic cucurbiturils cavitands on the surface of a porous scaffold—
hydroxyapatite. The resulting new biocomposite materials based on hydroxyapatite
and cucurbiturils (CB[6] + HA, CB[7] + HA, and CB[8] + HA) were characterized
using X-ray diffraction, IR spectroscopy, SEM, and EDS. Variations in the surface
coating of hydroxyapatite with cucurbiturils make it possible to create promising
materials with a suitable microenvironment for osteogenesis and controlled release of
biologically active substances, such as antibacterial drugs, etc. In vitro studies of
biocomposite materials have shown high biocompatibility (hemolytic effect and
cytotoxicity) for immune system cells.

3. Various application methods increase the variability of the potential
applications of biocomposites, depending on the practical application. For example,
the deposition of cucurbit[6]uril using the immersion method on the hydroxyapatite
surface under the conditions found (concentration 1 mg/1 ml, temperature — 50 ° C,
exposure time — 45 minutes, ultrasonic bath with a frequency of 37 kHz) increases the
surface coverage of HA and reduces the amount of CB[6] molecule conglomerates.

The practical significance of the work.

The practical significance lies in the fact that this dissertation study synthesized
a new supramolecular complex, opening the way to the synthesis of new
biocomposite materials. Effective methods for producing biocomposites based on
cucurbiturils and hydroxyapatite, which have high biocompatibility (low hemolytic
effect and cytotoxicity), which can be used for various biomedical purposes.

New results have been obtained in the synthesis of supramolecular compounds
of fundamental importance in chemistry and materials science. New data have been
obtained on the influence of cucurbit[6,7,8]uril on the biomedical properties of
porous inorganic materials (scaffolds).

Methods for applying CB[6] onto the HA surface are proposed, which open the
way to functional composite materials based on CB[6] and encapsulation products
(host-guest complexes).

In vitro tests confirmed the high biocompatibility and low toxicity of the
resulting biocomposite materials. These innovative biocomposites hold promise for
fine-tuning biological responses, facilitated by the immobilization of HA+CBJ[6],
HA+CBJ[7], and HA+CBJ8] on specialized carriers.

The proposed methods for applying CB[6] to the surface of HA impart
biodiversity to the latter and ensure affinity to the body environment when creating
new functional composite materials, including using supramolecular systems based
on the CB[n] family.

Conclusion

In this study successfully synthesized and characterized a novel “host-guest”
complex based on cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride wusing various analytical techniques, including NMR, IR
spectroscopy, and TGA/DSC analysis. The comparative analysis of the IR spectra of
the starting materials and the synthesized complex revealed a shift and splitting of the
absorption band of carbonyl vibrations of cucurbit[6]uril by 36 cm™ and 12 cm’
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towards smaller wave numbers, which indicates the formation of a complex due to
carbonyl oxygen atoms of cucurbit[6]uril. TGA/DSC data suggested an increase in
the thermal stability of the encapsulated 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride by 55°C. Additionally, single-crystal XRD confirmed the structure of
the obtained complex, showing that the guest molecule, 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride, formed complexes through the quaternized
nitrogen atoms of the piperazine ring and was localized at the carbonyl portals of
cucurbit[6]uril.

The study’s findings highlight the potential of using conglomerate ensembles of
CB[n] molecules to enhance the biocompatibility of materials, particularly when
deposited on porous substrates, like HA. HA, known for its biocompatibility and
porosity, serves as an excellent matrix for such modifications. By depositing
nitrogen-containing macrocyclic cavitands, such as CB[6], CB[7], and CB[8], onto
the surface of porous materials, like HA, it becomes feasible to create promising
biomaterials conducive to osteogenesis while enabling controlled release of
biologically active substances, including antibacterial drugs and other therapeutic
agents.

The study has successfully developed a novel method for functionalizing the
surface of hydroxyapatite using macromolecular nitrogen-containing heterocycles,
specifically CB[6], CB[7], and CBJ[8]. In vitro assessments have demonstrated the
high biocompatibility and low toxicity of the resulting biocomposite materials. These
innovative biocomposites hold promising potential for finely modulating biological
responses, facilitated by the incorporation of HA + CB[6], HA + CBJ[7], and HA +
CB[8] on specialized media. Further research will delve into exploring and
harnessing the full capabilities of these materials in various biomedical applications.

The comprehensive studies conducted on materials based on macrocyclic
compounds, including CB[n] and Bu[6], have revealed a plethora of potential
applications for these materials. Their unique ability to serve as containers for
medicinal or biologically active substances presents an urgent and promising avenue
for further exploration.

Summarizing the above, it should be noted that, depending on the method of
applying CBJ6] to the surface and inside the HA scaffold, it is possible to adjust the
composition and structure of the target composite materials. Different application
methods in turn increase the variability of the potential applications of composites
depending on the practical application. The use of ultrasonic influence increases the
surface coverage of HA and reduces the number of conglomerates of CB[6]
molecules, which is apparently due to better wettability of the HA surface and
disintegration of CB[6] conglomerates under the determined conditions. Methods for
applying CB[6] to the surface of HA have been proposed, which opens the way to
functional composite materials based on CB[6] and encapsulation products (host—
guest complexes).

The author's personal contribution was 75% and consisted of searching the
literature, analyzing the available information, as well as organizing the work,
developing the experimental plan. The author carried out chemical reactions,
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isolation and purification of products, optimization of the conditions of the processes,
analysis and processing of the obtained results. Each section of the research work was
carried out by the author independently, as well as the analysis of literature and
processing of results, and their design in the form of scientific publications. Some
experiments within the framework of the research work were carried out and
published as joint results, which the co-authors do not object to.

Approbation of the work.

The main provisions, conclusions, and scientific results of the dissertation were
presented and discussed at international conferences: the 8th International Scientific
Conference "Research Reviews" (Czech Republic, 2025), **The Theoretical
Hypotheses and Empirical Results** (Norway, 2025), and **Modern Scientific
Technology** (Sweden, 2025).

Publications.

The main results of the dissertation research are reflected in six published
works, including three articles in scientific journals ranked in the first and/or second
quartile by impact factor according to **Journal Citation Reports** by **Clarivate
Analytics**, and three works published in the proceedings of national and
international conferences:

1. The doctoral student conducted research, prepared and presented material for
publication in the article Burkhanbayeva, T.; Guslyakov, A.; Tarikhov, F.; Pavlov,
D.; Erkasov, R.; Bakibaev, A.; et al. Synthesis and study of a novel supramolecular
'host-guest' complex based on cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride. Int. J. of Saudi Chemical Society 2024, 28/2, 101819. The doctoral
candidate is the first and corresponding author. The journal's impact factor for 2023 is
5.9, with a Q1 quartile ranking in chemistry and interdisciplinary studies. It has a
CiteScore of 8.9 for 2023, with a percentile of 83 in general chemistry. The doctoral
candidate participated in conducting experiments and interpreting the results, as well
as in preparing and structuring the original manuscript. Additionally, Burkhanbayeva
T.T. was responsible for formatting the article in accordance with the journal's
requirements.

The doctoral candidate is the first and corresponding author of the article:

2. In the article Burkhanbayeva, T.; Ukhov, A.; Fedorishin, D.; Gubankov, A.;
Kurzina, I.; Bakibaev, A.; Yerkassov, R.; et al. Development of New Composite
Materials by Modifying the Surface of Porous Hydroxyapatite Using
Cucurbit[n]urils. Materials 2024, 17, 2041 the applicant conducted research, prepared
and presented material for publication. The impact factor for 2024 of the journal is
3.1, and has a quartile in Polymer Science — Q3. It has a CiteScore of 5.8 for 2023,
the percentile in General Chemistry - 81; the percentile in Polymers and Plastics - 80.
Quartile rankings: Q3 in Physical Chemistry, Q2 in Materials Science
(Interdisciplinary), Q2 in Condensed Matter Physics 73.

3. In the article Burkhanbayeva, T.; Ukhov, A.; Bakibaev, A.; Issabayeva, M.;
Yerkassov, R.; et al. The Role of Methods for Applying Cucurbit[6]uril to
Hydroxyapatite for the Morphological Tuning of Its Surface in the Process of
Obtaining Composite Materials. Materials 2024, 11, 4995. The impact factor for 2023
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Piasti ot 80, Qeuelx):tgfemlli-m Genera.l Chemistry - 81; the percentile in Polymers and
Fterdisel i ¢ rankings: Q3 in Physical Chemistry, Q2 in Materials Science
(Interdisciplinary), Q2 in Condensed Matter Physics 73. Burkhanbayeva T.T. played

a direct .role in obtglnlng experimental data, processing and interpreting the results,
and writing conclusions for the manuscript.
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Synthesis and study of a novel supramolecular ‘host-guest' complex based on
cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride

AHjaTna

Makpouuki nopTajiiapbiHaa JoKaau3amnusianrad Kykypour[6]ypun (CB[6])
HETI31HAE XOCT-KOHAK TuIliHaeri xaHa cynpaMoiekyldanblK CasH71C12N26022
(CB[6]@Pipa*2HCI) kemieni cuntezaenai. 1H AMP xone peHTrenmik nudpaxius
JIEpEKTepIHe CoiiKec, TaObUIFAH MIapTTap/a KelIeHJe KOKalbIH:KOHAK KAaThIHACHI
1:1 6ongel. ConbiMeH Katap, UK-cnekTpoCKONMMSIBIK JepeKTep KeleHIepIiH
TY3U1yiH Konjaiael, myHaa CB[6]@Pipa*2HCl-ne kykypOut[6]ypun kapOoHMI
dbparMeHTIHIH CO3bUTY TepOeiCTepiHiH CIHIPY KoJarblHBIH Oactankel CB[6]-ra
KaThicThl 36 cMl y3bIH TOJNKBIHABI aiiMakka BIFBICYBl Oaiikammsl. TGA/DSC
TajaayblHbIH HoTwkenepl anbiaFaH CB[6]@Pipa*2HCIl kemieHiHIH TEpMUSUITBIK
TYPaKThUIbIFbIHBIH OacTanksl 1,4-6uc(2-ruapOKCUATUI )TUTICPA3UH
TUTHAPOXJIOPUIIHE KaThIcThl 55°C  KOFapbUIaFraHblH  KOPCETTi.  AJIbIHFaH
CB[6]@Pipa*2HCI] xkemeHiHIH KYpbUIBIMBI MOHOKPHUCTANJBI AUGPAKTOMETPHUS
KOMETIMEH aHBIKTaJIJIbI.

Tyiiaal  ceszmep: KykypOUT[6]ypui, cynpamosieKkyia, KOoXahbIH-KOHAK
KeleHl, KYppUIbIM,  1,4-0uC(2-TUIPOKCUATHI)IUIIEPA3HUH  JUTHIPOXIOPHUL,
pentrenaik audpakuus, UK-crnekrpockomnusi.



[Short title + Author Name - P&H title] 28 (2024) 101819

Contents lists available at ScienceDirect

e ol o
agesuclloll

King Saud University

journal homepage: www.ksu.edu.sa

Journal of Saudi Chemical Society

Check for

Synthesis and study of a novel supramolecular 'host-guest’ complex based &
on cucurbit[6]uril and 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride

Tolkynay Burkhanbayeva ™, Alexey N. Guslyakov ", Farkhad F. Tarikhov ™, Dmitry I. Pavlov ¢,
Rakhmetulla S. Erkasov “, Abdigali A. Bakibaev ® Andrei S. Potapov d Vyacheslav A. Yanovsky b

Victor S. Malkov "

@ Department of Chemistry, Faculty of Science, L. N. Gumilyov Eurasian National University, 010008, Astana, Kazakhstan

b Department of Chemistry, National Research Tomsk State University, 634050, Tomsk, Russia

¢ Department of Chemistry, Faculty of Science, Nazarbayev University, 010000, Astana, Kazakhstan

4 Nikolaev Institute of Inorganic Chemistry, 630090, Novosibirsk, Russia

ARTICLE INFO ABSTRACT

Keywords:
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Supramolecule

Host-guest complex

Structure
1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride

Single Crystal X-ray Diffraction

A novel supramolecular complex C44H71CloN26O22 (CB[6]@Pipa-2HCI) of the “host-guest” type has been syn-
thesized. It is based on cucurbit[6]uril (CB[6]) with dihydrochloride 1,4-bis(2-hydroxyethyl)piperazine
(Pipa-2HCI) localized within the portals of the macrocycle. Based on 1H NMR and X-ray crystallography, the
host-guest ratio in the complex under the specified conditions was determined to be 1:1. Further evidence of
complex formation was observed through IR spectroscopy, where a shift in the absorption band of carbonyl
vibrational frequencies of cucurbit[6]uril by 36 cm ™! towards the longer wavelength region was detected in CB
[6]@Pipa-2HCI compared to the original CB[6]. TGA/DSC analysis results indicated an increase in thermal

stability by 55 °C for the obtained CB[6]@Pipa-2HCI complex compared to the initial 1,4-bis(2-hydroxyethyl)
piperazine dihydrochloride. The structure of the synthesized CB[6]@Pipa-2HCI complex was confirmed using

single-crystal XRD.

1. Introduction

Supramolecular chemistry represents a recognized research field
with the potential to make significant contributions to several key ap-
plications, including drug delivery, sensing, and catalysis [1-6]. Within
the area of supramolecular chemistry, the “host-guest” chemistry fo-
cuses on investigating molecular interactions between macrocyclic re-
ceptors, known as “hosts,” and low-molecular-weight ligands, referred
to as “guests,” primarily through non-covalent interactions [7,8]. Well-
known complexation agents, such as cyclodextrins [9,10], calixarenes
[11,12], cucurbiturils [13,14], and pillararenes [15,16] constitute
established supramolecular macrocycles capable of encapsulating both
organic and inorganic guest molecules within their cavities. Typically,
encapsulation of a “guest” within the cavity of a macrocyclic “host”
leads to changes in its physicochemical properties [17]. Among the
promising “hosts” in this context are cucurbit[n]urils, a class of
macrocyclic hosts that exhibit a pumpkin-like shape and consist of five
or more glycoluril units connected by pairs of methylene bridges

* Corresponding author.
E-mail address: tolkynburkhanbayeva@gmail.com (T. Burkhanbayeva).

https://doi.org/10.1016/j.jscs.2024.101819

[18-20].

The cavity of CB[6], as depicted in Fig. 1, is classified as a hydro-
phobic nanospace capable of binding hydrophobic compounds and
neutral guest molecules in aqueous environments [21-23]. Further-
more, the negatively charged carbonyl portals promote the binding af-
finity towards metal ions and cationic compounds [24-27]. Following
the interpretation of the structure of the original hexameric homologue
of CB[6], Mock and colleagues discovered the strong binding of alky-
lammonium and alkyl-diammonium ions to CB[6] [28,29], opening
ways for the synthesis of analogous supramolecular systems.

On the other hand, 1,4-bis(2-hydroxyethyl)piperazine (Pipa) (Fig. 2)
is a non-planar saturated heterocyclic diol, containing two tertiary
amine groups within a six-membered ring and two primary hydrox-
yethyl groups bound to nitrogen atoms. Consequently, this compound
exhibits bifunctionality, both in terms of hydroxyl and amine groups.
Owing to these structural attributes, the Pipa molecule can act as a
ligand and form stable complexes with transition metals [30,31]. The
complexation properties of Pipa have been used in the synthesis of novel
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Fig. 2. Molecular Structure of 1,4-bis(2-hydroxyethyl)piperazine.

metal-organic framework structures (MOFs) [32,33] and poly-
oxometalates (POMs) [34-37]. The piperazine ring serves as a phar-
macophore group, a vital structural element in many biologically active
compounds. For instance, the antispasmodic drug Nafiverine is a direct
diacylated derivative of Pipa [38]. In light of this, Pipa holds particular
interest as a substrate for the synthesis of novel bioactive compounds
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[39].

It is noteworthy that 1,4-bis(2-hydroxyethyl)piperazine readily un-
dergoes mono- and diprotonation upon exposure to acids, yielding the
corresponding salts [40].

Considering the aforementioned, the objective of this study is the
synthesis and investigation of a novel supramolecular system based on
1,4-bis(2-hydroxyethyl)piperazine dihydrochloride and cucurbit[6]uril.

The exploration of the obtained complex holds promising potential
for its future utilization as a precursor in the synthesis of new metal-
—organic framework structures and novel bioactive compounds.

2. Materials and methods

Cucurbit[6]uril (CB[6]) was synthesized according to literature
[41]. Briefly, glycoluril (21.4 g, 0.15 mol), oxyethylenediphosphonic
acid (61.8 g, 0.30 mol), and 120 mL of water were combined in a 250 mL
round-bottom flask equipped with a magnetic stirrer. The mixture was
heated to 50 °C, and paraformaldehyde (9 g, 0.30 mol) was slowly
added, allowing the solution to mix thoroughly. The resulting solution
was stirred for an additional 30 min until it solidified into a gel, which
was then heated to 100 °C, causing the gel to dissolve rapidly. The re-
action mixture was boiled for 20 h at 100 °C. Subsequently, the solution
was cooled to room temperature. The obtained precipitate was filtered
and washed with hot water, and dissolved in boiling 37 % HCI solution.
The resulting solution was cooled and left at 0 °C for a week for crys-
tallization. Colorless hexagonal CB[6] crystals of high purity were
formed on the vessel walls. CB[6] was obtained as a white powder with
a yield of 6.3 g (25 %). IR spectrum, v, cm~ ! 3328 (H20), 2448 (CHy),
1684 (C = 0). 'H NMR (400 MHz, F3CSO3sH/D,0, TMS) §, ppm: 5.82 (s,
12H, CH); 5.58 (d, 12H, CHj); 4.63 (d, 12H, CHy). 13C NMR (101 MHz,
F3CSO3H/D,0, TMS) 8, ppm: 160.21 (C = 0); 72.71 (CH); 52.04 (CHy).
The structure of the obtained CB[6] was confirmed by powder X-ray
diffraction (Fig. S1, supplementary material).

1,4-bis(2-hydroxyethyl) dihydrochloridePiperazine (Pipa-2HCD)
was obtained by dissolving 1,4-bis(2-hydroxyethyl)piperazine (17.4 g,
0.1 mol) in 20 % HCL. The resulting solution was evaporated to half of its
volume and left to crystallize. The obtained crystals were filtered and
recrystallized twice from a mixture of methanol/water = 50/50. The
yield was 18 g (73 %).

'H NMR (400 MHz, D0, TMS) 8, ppm: 3.32 (q, 4H, ~CHy-N < ); 3.63
(s, 8H, ~CHy-N-(cycle)); 3.82 (q, 4H, ~CH,-OH).

13C NMR (101 MHz, D,0, TMS) 8, ppm: 48.48 (CH, (cycle)); 54.74
(~CHy-N < ); 58.00 (~CH,-OH).

2.1. Encapsulation of 1,4-bis(2-hydroxyethyDpiperazine dihydrochloride
in the cavity of cucurbit[6]uril in an aqueous environment

Cucurbit[6]uril (1 g, 0.001 mol) was dissolved in 100 mL of water
under constant stirring until complete dissolution. Subsequently, 1,4-bis
(2-hydroxyethyl)piperazine dihydrochloride (0.248 g, 0.001 mol) was
added, and the mixture was stirred until complete dissolution. The
resulting solution was filtered and left in the open air for 14 days for
slow solvent evaporation. After 5 days the precipitation of the first CB
[6] @Pipa-2HCI crystals was observed. After 14 days, the precipitated
crystals were filtered and air-dried. The mass of the obtained CB[6]
@Pipa-2HCl] was 0.63 g (50.5 %).

NMR spectra were recorded on a Bruker AVANCE III HD spectrom-
eter (Bruker Corporation, Germany) with an operating frequency of 400
and 100 MHz for 'H and '3C nuclei respectively, in solutions of
DMSO-dg, F3CSO3H and D»0. The internal standard was tetramethylsi-
lane (TMS).

IR spectra of the starting materials and the obtained complex were
recorded on a Nicolet 6700 Fourier-transform infrared spectrometer
with a diamond crystal attachment at a resolution of 4 cm™?, 64 scans, in
the range of 500-3700 cm ™.
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2.2. Single crystal X-ray diffraction

Single crystal XRD data were collected on a Bruker D8 Venture
diffractometer with a CMOS PHOTON III detector and IpS 3.0 source
(mirror optics, M(MoKa) = 0.71073 /1’\). The ¢- and w-scan techniques
were employed to measure intensities. The crystal structure was solved
using the SHELXT [42] and was refined using SHELXL [43], programs
with OLEX2 GUI [44]. Atomic displacement parameters for non-
hydrogen atoms were refined anisotropically, hydrogen atoms were
placed geometrically and refined in the riding model.

Crystal data for CB [6] @Plpa2HC1 (C44H71C12N26022) (M =
1387.17 g/mol): monoclinic, space group P2;/c, a = 12.1074(6) [D\, b=
20.3920(9) A, ¢ = 12.6061(5) A, § = 112.368(2)°, V = 2878.2(2) A3, Z
=2, T=150(2) K, p(CuKo) = 0.22 mm ™}, D e = 1.601 g/cm3, 20,000
reflections measured (3.6° < 20 < 52.8°), 5894 unique (R;;; = 0.0494,
Rsigma = 0.0602) which were used in all calculations. The final R; was
0.093 (I > 20()) and wRz was 0.295 (all data); Appmax = 1.24 € A73,
Apmin = — 0.78 e A3,

Cambridge Crystallographic DataCentre (CCDC) deposition Number
2295984 contains the supplementary crystallographic data for this
paper. These data are provided free of charge from CCDC at https
://www.ccdc.cam.ac.uk/structures.

TGA/DSC- were conducted using a Simultaneous Thermal Analyzer
(STA) 6000 instrument in a temperature range of 30-800 °C under a
nitrogen atmosphere, with a heating rate of 10 °C/min.

Elemental analysis CHNS was carried out on an instrument HCNS-O
UNICUBE -ORGANIC ELEMENTAL ANALYZER. Standard: sulfanil-
amide. Detector: Thermal Conductivity Detector (TCD) and Infrared (IR)
for sulfur Maximum furnace temperature: 1,200° C.

Elemental analysis CHNS (%) calculated for CB [6] @Pipa-2HCI: N —
26.24, C - 38.06, H - 5.12. Found: N - 25.24, C - 38.00, H - 5.15.

3. Results and discussion
3.1. Single crystal X-ray diffraction

The inclusion compound CB[6] @Pipa-2HCl crystallizes in a
monoclinic crystal system, symmetry space group P2;/c. The asym-
metric unit contains half of CB[6] host, half of Pipa-2HCI guest mole-
cule, one chloride anion and four solvate water molecules. The

-

Fig. 3. Molecular structure of CB[6]@Pipa-2HCI according to SCXRD analysis.
Thermal ellipsoids are shown at 30 % probability for the guest molecule and at
50 % for the rest of the atoms.
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molecular structure is shown in Fig. 3.

The guest molecules, Pipa-2HCI, are located between the portals of
the neighboring CB [6] molecules. The methylene and NH groups of the
guest molecules are involved in multiple C-H---O and N-H--O in-
teractions with five out of six carbonyl groups of CB[6] hosts (Fig. 4a).
Two distinct types of N-H---O interactions are observed, with H:--O
internuclear distances of 1.919 A and 2.524 A, while the C-H---O in-
teractions are mostly uniform with the average H---O distance of 2.45 A.
Both of the indicated interactions join the CB[6] molecules into su-
pramolecular chains oriented along the crystallographic axis ¢ (Fig. 4b,
Fig. S2). The chains are linked by C-H---O interactions (d(H---O) =
2.646 A) involving the methylene and carbonyl groups of CB[6] mol-
ecules from different chains (Fig. 4b).

3.2. NMR analysis of CB[6] @Pipa-2HCI

The results obtained from single-crystal X-ray diffraction are
corroborated by nuclear magnetic resonance (NMR) spectroscopy. NMR
spectra of the synthesized material were recorded in D,0. In the 'H NMR
spectra (Fig. 5), two doublets corresponding to the methylene protons of
cucurbit[6]uril were observed at 5.59 and 4.17 ppm, indicative of sig-
nals originating from the obtained complex. Additionally, a signal at
5.43 ppm corresponding to the methine protons in cucurbit[6]uril was
identified. The signal for the methylene protons in the piperazine ring of
1,4-bis(2-hydroxyethyl)piperazine dihydrochloride appeared as a
singlet at 3.73 ppm, with a weak field shift of 0.1 ppm into the weak field
area compared to free 1,4-bis(2-hydroxyethyl)piperazine dihydro-
chloride. A substantial field shift of the -CH5-OH group of the encap-
sulated 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride, by 0.47
ppm into the weak field area relative to 1,4-bis(2-hydroxyethyl)pipera-
zine dihydrochloride, resulted in the methylene protons (-CHy-OH)
forming a complex multiplet signal within the 2-hydroxyethyl group. A
figure comparing the NMR spectra of 'H of the initial compounds and
the resulting compound is given in the supplementary material (Fig. S3).

In the ¥C NMR spectrum of CB[6]@Pipa-2HCl (Fig. 6), two
distinctive signals at 156.21 and 156.66 ppm correspond to the carbonyl
carbon atoms. This signal splitting suggests that one of the portals of
cucurbit[6]uril experiences stronger interactions with the guest mole-
cule. Additional signals at 70.23 and 51.29 ppm are attributed to the
methine and methylene carbon atoms of cucurbit[6]uril, respectively.

In the case of the encapsulated 1,4-bis(2-hydroxyethyl)piperazine
dihydrochloride molecule, signals were observed at 54.74 ppm for
—CH2-N < and at 48.82 ppm for methylene carbon atoms within the ring.
Notably, these signals exhibited chemical shifts of 0.34 ppm and 0.23
ppm, respectively, in a weaker field compared to the free 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride. A figure comparing the
NMR spectra of 13C of the initial compounds and the resulting compound
is given in the supplementary material (Fig. 54).

These NMR spectroscopic findings provide compelling evidence of
complex formation and the localization of the guest molecule, 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride, at the portals of cucurbit[6]
uril.

3.3. IR spectroscopy

The IR spectrum of CB[6] @Pipa-2HCI (Fig. 7) exhibits a complex
profile, making it challenging to provide a definitive interpretation of
the signals. However, a comparative analysis of the IR spectra of the
starting materials and the resulting complex shows a splitting of the
absorption band corresponding to the valence vibrations of the carbonyl
groups of cucurbit[6]uril, as well as their noticeable shift by 36 cm !
and 12 cm™! towards short-wave numbers. Splitting of the absorption
band of valence vibrations of carbonyl groups indicates the presence of
two groups of nonequivalent carbonyl groups in the supramolecular
complex, which is confirmed by the data of single crystal X-ray
diffraction. The absorption band at 1684 cm-1 corresponds to five of the
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Fig. 4. Supramolecular interactions in the crystal structure of CB[6]@Pipa-2HCI: (a) host-guest C-H---O and N-H---O contacts (shown in blue), view along the
crystallographic axis ¢; (b) C-H:--O contacts between the supramolecular chains (shown in purple), view along the crystallographic axis b. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

—S857
—543

/ CH. CB[5]

CHz (a), CB[6]

—4,18

- 18
273
336
335
338
334
232

g

/
N

CHz (b), CBJ[6]
500
-CH2-N- (cyele piperazine)
g ~CH:-CH:- (branch piperazine) | 00
1

A s

1199—]
_I

ﬂ
I
J l'J”Ik j Ilk J ML L

1 o =100
b
o

e
5 2

60 50 58 57 56 55 54 5.3 52 5.1 5.0 4.9 48 47 46 45 4.4 43 42 41 40 39 38 3.7 36 3.5 34 33 32 31 30 29

Fi {nnml

Fig. 5. H NMR spectrum of CB[6]@Pipa-2HCI.

six carbonyl groups that are susceptible to interaction with 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride. This experimental fact un-

equivocally confirms the occurrence.

3.4. TGA/DSC

TGA/DSC analyses were performed for the pristine CB[6],

Pipa-2HCI, and the synthesized CB[6] @Pipa-2HCI complex, covering
the temperature range of 30-800 °C under an inert nitrogen atmosphere
(Figs. 8 and 9). The results revealed that the thermal stability of the
encapsulated 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride was
enhanced by 55 °C compared to the free 1,4-bis(2-hydroxyethyl)pipera-
zine dihydrochloride. However, it is noteworthy that the overall TG
curve profile of the obtained complex coincides with that of pure
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Fig. 7. Comparative analysis of IR spectra of the obtained complex CB[6]@Pipa-2HCI and the starting materials CB[6] and Pipa-2HCI.

cucurbit[6]uril. Although the decomposition of this complex occurs at
473 °C, which is 44 °C lower than the decomposition of free cucurbit[6]
uril. A significant increase in the stability of 1,4-bis(2-hydroxyethyl)
piperazine dihydrochloride in the complex is due to the fact that it is
located in the cavity of cucurbit[6]uril and is retained due to intermo-
lecular non-covalent bonds.

4. Conclusion
In this study successfully synthesized and characterized a novel

“host-guest” complex based on cucurbit[6]uril and 1,4-bis(2-hydrox-
yethyl)piperazine dihydrochloride using various analytical techniques,

including NMR, IR spectroscopy, and TGA/DSC analysis. The compar-
ative analysis of the IR spectra of the starting materials and the syn-
thesized complex revealed a shift and splitting of the absorption band of
carbonyl vibrations of cucurbit[6]uril by 36 cm ! and 12 cm ™! towards
smaller wave numbers, which indicates the formation of a complex due
to carbonyl oxygen atoms of cucurbit[6]uril. TGA/DSC data suggested
an increase in the thermal stability of the encapsulated 1,4-bis(2-hydrox-
yethyl)piperazine dihydrochloride by 55 °C. Additionally, single-crystal
XRD confirmed the structure of the obtained complex, showing that the
guest molecule, 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride,
formed complexes through the quaternized nitrogen atoms of the
piperazine ring and was localized at the carbonyl portals of cucurbit[6]
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Development of new composite biocompatible materials by modifying the surface
of porous hydroxyapatite using cucur-bit[n]urils

AHjaTna

byn xympicTa KeyeKkTi OeWOpraHMKaNbIK KOCBUIBIC — THAPOKCHAIIATHT
HEeri3iHAe OHbIH  O€TIH  TEepPCHeKTUBTI  MAaKpOLMKIAI  KOCBUIBICTAD  —
KykypOut[n]urils kemeriMmen Moaudukanusigay apKbUIbl ajfall peT kaHa
KOMITO3UIUSIIBIK Marepuanaap 931pJICH/I. Moauduxanus npoiieci
TUAPOKCUANATUT OeTiHe cydarbl KyKypOUT[n]ypuiai KoJAaHyJbl KaMThIJIbI.
Kemenni cumarrama HK-cnexktpockonus xoHe SEM KeMeriMEH OpBIHIAJIBL.
Marepuangap TeMOJIUTHKAIBIK ocepre, KaObIHyFa Kapchl OpEKEeTKE JKOHE
IIUTOTOKCUKAIBIK ocepre Oaramanapl. Horwxkenep OerimMeH OaillaHbICKaH
KyKypOuT[n]ypmsi 0ap MarepuaigapAblH TOH TEMOJUTHKAIBIK 9CEpJIepiH
KOPCETIEUTIHIH KOepceTTi, OyJ omapAsl OWOyHieciMal MaTephalgap peTiHae
naijganany ymiiH Heri3 Oepemi. byn  HoTmkenep  ykcac — Tpolectepie
UHKAMCYJSIUSUIAaHFaH  KYKYypOWT[n]ypuil ~ KOMEriMeH  CyNpaMOJICKYJIaIbIK
CTpaTeTHsUIap/Ibl allaThIH CEHIMA1 JKOHE THIMI1I OMOKOMIIO3UTTEP/l KYPYABIH
Oayama ToCUI1 peTiHAe MaHBI3IbI yoie Oepe/.

Tyitin  ce3mep:  KykypOWT[N]ypwa, TUApOKCHANATHT, OHOYWIECIMII
MaTepuanap; reMOJUTHKAIBIK OeJICeHAUIIK; [IMTOTOKCUKANIBIK; KaObIHYFa KapChl
OpEKeT.
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Abstract: This study represents an advancement in the field of composite material engineering,
focusing on the synthesis of composite materials derived from porous hydroxyapatite via surface
modification employing cucurbit[n]urils, which are highly promising macrocyclic compounds. The
surface modification procedure entailed the application of cucurbit[n]urils in an aqueous medium
onto the hydroxyapatite surface. A comprehensive characterization of the resulting materials was
undertaken, employing analytical techniques including infrared (IR) spectroscopy and scanning
electron microscopy (SEM). Subsequently, the materials were subjected to rigorous evaluation for their
hemolytic effect, anti-inflammatory properties, and cytotoxicity. Remarkably, the findings revealed a
notable absence of typical hemolytic effects in materials incorporating surface-bound cucurbit[n]urils.
This observation underscores the potential of these modified materials as biocompatible alternatives.
Notably, this discovery presents a promising avenue for the fabrication of resilient and efficient
biocomposites, offering a viable alternative to conventional approaches. Furthermore, these findings
hint at the prospect of employing supramolecular strategies involving encapsulated cucurbit[n]urils
in analogous processes. This suggests a novel direction for further research, potentially unlocking
new frontiers in material engineering through the exploitation of supramolecular interactions.

Keywords: biocompatible materials; hydroxyapatite; cucurbit[n]urils; cytotoxicity; hemolytic activity;
anti-inflammatory effect

1. Introduction

In the contemporary era of personalized medicine, there exists a pressing demand
for the development of novel materials tailored for implants, each mandated to possess
specific characteristics. To ensure their efficacy in medical applications, such materials ne-
cessitate an optimal blend of diverse properties [1]. As the demand for precise and tailored
treatments increases, ongoing research focuses on enhancing traditional biomaterials for
established applications while also seeking new bioactive materials suitable for diverse
advanced applications, such as regenerative medicine and addressing various health is-
sues, including theranostic biomaterials (offering diagnostic, monitoring, and combined
therapeutic capabilities). In contemporary medical practice, biomaterials play a significant
role, serving to stimulate healing and facilitate the restoration of initial biological or func-
tional activity. These biomaterials may be derived from natural sources or synthetically
produced [2].
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The fundamental attributes of these materials encompass their composition, shape,
structure, and mechanical properties. Biocompatibility emerges as a critical facet, denoting
the capacity to interface with surrounding tissues without provoking adverse reactions or
inflammation. Moreover, it is advantageous for such materials to promote the proliferation
of blood vessels or bones in their vicinity, thereby facilitating the healing and regeneration
of impaired tissues. Whether employed in implants or wound treatment, these properties
delineate the material’s capability to interface with adjacent tissues. Bioactive materials
hold the potential to serve as a scaffold for tissue regeneration, hastening the repair of
damage [1].

Conversely, materials in direct contact with the body’s internal environment ought
to exhibit minimal toxicity towards cells and tissues. Nevertheless, numerous substances
boasting potent antibacterial attributes often carry significant toxicity, thereby compro-
mising their biocompatibility. This underscores the intricate nature of the interaction
between biomaterials and host tissues, representing a paramount challenge in biomaterials
research [3]. Biocompatibility refers to the immune rejection or inflammatory response
of the surrounding tissue systems triggered by the presence of a foreign body within the
body [3].

In adherence to the rigorous clinical standards governing medical device deployment,
a meticulous surface modification protocol stands as an imperative prerequisite prior to
implantation within the human body, aiming to bolster biocompatibility. Consequently, the
quest for materials exhibiting dual characteristics of biocompatibility and specific biological
functionality presents a formidable scientific endeavor [4].

Moreover, modern clinical therapeutic strategies hinge upon the administration of
drugs via oral ingestion or intravenous infusion, facilitating rapid elevation of drug concen-
tration in the bloodstream following dosage administration. However, this concentration
swiftly diminishes below the therapeutic threshold. Consequently, there is a risk of the drug
level spiking to toxic levels post-administration, followed by a drop below the therapeutic
range, rendering the therapy ineffective [4].

The advent of drug-releasing implants presents a compelling departure from tradi-
tional routes of drug delivery, such as oral ingestion and intravenous infusion, offering an
array of promising applications across diverse clinical treatments. Key materials currently
under exploration for the fabrication of such implants include titanium nanotubes, porous
silicon, polymers, hydrogels, and microtechnologies [5].

Drug-releasing implants hold immense potential for enabling sustained, remotely
controlled, programmable, and localized drug release at specific sites within the body.
This capability not only enhances therapeutic effectiveness but also minimizes adverse
effects experienced by patients. These attributes significantly surpass the capabilities of
conventional systemic drug administration methods, marking a significant stride in the
field of therapeutic interventions [5].

Bioactive materials hold a unique position among implants due to their capacity to
promote the growth of new tissue in their vicinity. This capability facilitates enhanced
healing and recovery processes, making them particularly crucial for medical applications
pertaining to wound and injury treatment [6].

All these attributes of implant materials play a vital role in their application in medical
practice. Ongoing research and development in this domain is continually advancing,
aiming to identify the most suitable materials that fulfill all prerequisites and deliver
optimal outcomes for patients [6].

There exists a necessity to devise materials that engage with the body’s internal
environment while imposing minimal toxicity on cells and tissues. Nonetheless, numerous
substances endowed with antibacterial properties can exert significant toxicity on living
tissues. Consequently, a dilemma frequently arises: heightened antibacterial efficacy
coincides with diminished biocompatibility. This complicates the challenge of crafting
materials possessing both antibacterial attributes and robust biocompatibility [6].
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One potentially promising material is modified hydroxyapatite (HA) augmented with
biologically active compounds. Hydroxyapatite constitutes a pivotal component of bones
(comprising roughly 50% of total weight) and teeth (constituting 96% of enamel) and can
exist in both synthetic and natural forms.

In the medical realm, synthetic hydroxyapatite (HA) serves multifaceted roles, includ-
ing as a filler for the restoration of bone defects and as a coating on implants to facilitate
the regeneration of new bone tissue [7]. Additionally, HA finds application as a constituent
in biocomposites and as coatings for surgical implants. Notably, these materials exhibit
inertness towards living tissues and demonstrate low toxicity levels [7].

Furthermore, the utilization of synthetic hydroxyapatites is associated with a minimal
risk of eliciting allergic reactions, inflammation, or mutagenic effects. Modified forms of
hydroxyapatites have been demonstrated to expedite the process of reparative osteogenesis
at the implantation site while concurrently augmenting osteoblast proliferation. These
attributes collectively underscore the pivotal role of synthetic hydroxyapatites in advancing
regenerative medicine and orthopedic surgery [8].

To date, techniques for the surface modification of porous materials through satu-
ration with biologically active compounds, such as macrocyclic compounds, are gaining
prominence. These methods afford the ability to regulate the release of antibiotics, drugs,
biologically active substances, and cells [9].

Macrocyclic compounds are frequently favored over alternative drug delivery systems,
like dendrimers, liposomes, micelles, carbon nanotubes, hydrogels, and polymers. This
preference stems from several advantages that they offer [10-12]. Macrocyclic compounds
typically exhibit enhanced stability and enable a controlled rate of drug release [10-12]. The
development of efficient drug and biologically active substance delivery systems represents
a significant stride in advancing novel approaches in medicine and various other domains
of science and technology [10-12].

Macrocyclic systems derived from glycoluril and its derivatives, such as cucurbit[n]urils
and bambusurils, serve as ideal starting reagents for surface modification of porous ma-
terials. In contrast to cucurbit[n]urils (CB[n]), bambus[6]uril (BU[6]) exhibits a relatively
weaker affinity for hydrogen bonding with anions situated within its hydrophobic cav-
ity [13]. The positively charged electrostatic domain of BU[6] facilitates the attraction of
anions, while the portal carbonyl oxygen atoms generate a negative region capable of
interacting with positively charged particles. Our investigations focused on evaluating
the hemocompatibility and the capacity for human plasma protein adsorption of materials
incorporating BU[6] and hydroxyapatite [14].

Modification of BU[6] samples resulted in a reduction in protein adsorption, thereby
enhancing their hemocompatibility. This phenomenon is likely attributed to alterations
in the surface properties of the material induced during BU[6] modification, including
changes in surface tension, free surface energy, roughness, and hydrophilicity. Deposition of
BUI6] onto the surface of porous materials is speculated to induce modifications in surface
charge, mimicking characteristics akin to blood [14]. Consequently, the diminished plasma
protein adsorption mitigates thrombogenicity, thereby augmenting hemocompatibility [14].

In contrast to BU[6], CB[n] showcases a distinct capacity for forming host-guest
complexes with cationic molecules and boasts a broader spectrum of molecular cavity
sizes [15]. CB[n] displays an inherent ability to selectively accommodate diverse organic
guest molecules through a repertoire of interaction mechanisms including hydrophobic
interactions, hydrogen bonding, Van der Waals forces, 7-7t stacking, and ion-dipole effects,
culminating in the formation of inclusion complexes [16,17].

The utilization of CB[n]’s hydrophobic cavity in assembling biologically active func-
tional molecules has garnered considerable attention among researchers. This interest
extends beyond its role as a targeted drug delivery system to encompass applications
in disease diagnosis and various other domains [18,19]. Unlike many other macrocyclic
hosts, CB[n] exhibits an exceptionally rigid structure, rendering the determination of
cavity parameters particularly elucidative. For instance, all CB[n] variants (n = 5-8
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and 10) share a uniform height (d = 9.1 A) while manifesting significant discrepancies
in cavity width. CB[5] has an inner diameter of 4.4 A, while CBI[8] has twice that size
at 8.8 A [20,21]. This characteristic enables the accommodation of drug molecules of
varying sizes within the CB[n] cavity, thereby expanding its potential applications across
various fields. Presently, antitumor, antibacterial, anticholinergic drugs, antioxidants, neu-
rotransmitters, cholinesterase reactivators, and other compounds are being encapsulated
within the CB[n] cavity [22]. Leveraging these properties enables researchers to impart
various necessary characteristics into materials. Currently, techniques for surface modi-
fication of porous materials through impregnation with biologically active compounds,
including macromolecular entities, are experiencing widespread adoption for various ap-
plications [22]. These methodologies offer meticulous control over the release kinetics of
antibiotics, pharmaceutical agents, biologically active substances, and cells, thus presenting
versatile avenues for tailored therapeutic interventions and biomedical applications [9].

In summary, the utilization of nitrogen-containing macrocyclic compounds for the
surface modification of porous materials serves two primary objectives: enhancing bio-
compatibility and enabling the development of medical biomaterials with controlled drug
release capabilities. Consequently, CB[n] emerges as unique and intriguing molecules
for the fabrication of biocompatible materials with multifaceted applications across vari-
ous fields. Continued research in this domain holds the potential to further broaden the
horizons of their utilization and uncover new breakthroughs.

This study marks the inaugural deposition of a series of cucurbit[n]urils (CB[6], CB[7],
and CBI8]) onto the surface of hydroxyapatite (HA). This innovative approach serves
as a foundation for saturating the cavities of cucurbit[n]urils with therapeutic agents,
thereby imparting therapeutic functionality to hydroxyapatite and facilitating osteogenesis.
Accordingly, the primary aim of this investigation is to assess the influence of cucurbit[n]uril
precipitation on the structural integrity of hydroxyapatite (HA) and to evaluate the in vitro
biocompatibility of the resultant biocomposite materials.

2. Materials and Methods
All chemicals were from Merck/Sigma-Aldrich (Darmstadt, Germany).

2.1. Instruments for Interpreting the Results
2.1.1. Fourier Transform Infrared (FTIR) Spectroscopy

The identification and structural investigation of the obtained samples were conducted
using Fourier transform infrared (FTIR) spectroscopy on a Nicolet 6700 IR spectrometer
manufactured by Thermo Fisher Scientific (Waltham, MA, USA). The samples underwent
examination utilizing the attenuated total internal reflection (ATR) method within the
spectral range of 400 to 4000 cm ™!, with a resolution of 4 cm~!. The reflection spectra
obtained were converted into absorption spectra utilizing the Kubelka-Munk transform.

2.1.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

The NMR spectra of the obtained CB[6], CB[7], and CB[8] were acquired using a
Bruker Avance 400 III HD NMR spectrometer (Billerica, MA, USA). The measurements
were performed in DMSO-d6 solution at a temperature of 25 °C. The operating frequency for
hydrogen nuclei was 400 MHz, while for carbon nuclei, it was 100 MHz. These NMR spectra
provide valuable information about the molecular structure and chemical environment of
the cucurbit[n]uril compounds, aiding in their characterization and analysis.

2.1.3. Scanning Electron Microscopy (SEM) Samples CB[n] + HA

The QUANTA 200 3D (Hillsboro, OR, USA) electronic and focused beam system is
equipped with versatile capabilities for electron microscopy and imaging. It features a
wide range of accelerating voltages from 200 to 30,000 V continuously, allowing for flexible
adjustments to suit various imaging requirements. In ESEM mode, it achieves a resolution
of 3.5 nm at 30 kV, enabling high-quality imaging even under environmental conditions.
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Additionally, in low vacuum mode, it can achieve a resolution of less than 15 nm at 3 kV,
facilitating detailed imaging with enhanced contrast and reduced beam damage. This
system is well-suited for a range of applications in materials science, nanotechnology, and
biological research.

2.1.4. X-ray Diffraction (XRD)

The crystalline powders (CB[6], CB[7], and CB[8]) were analyzed using X-ray phase
analysis. The examination was conducted utilizing an XRD-7000 X-ray diffractometer
manufactured by Shimadzu, Kyoto, Japan. The instrument utilizes a copper (Cu) anode
and a radiation wavelength of Ka(Cu) = 1.5406 A. The measuring range extended from 5 to
50° in 20, with a measuring speed of 30° /min. Identification of the analyzed samples was
accomplished by comparing the spectrum with the diffractogram of reference substances
using diffraction data from the Cambridge Crystallographic Data Centre database. This
technique allows for the determination of the crystalline structure and phase composition
of the samples.

2.2. Getting Scaffolds from HA

Hydroxyapatite (HA) synthesis was carried out by the liquid—phase method using
microwave radiation at pH~11 according to the following scheme [23]:

10Ca(NO3)2 + 6(NH4)2HPO4 + 8NH4OH — Calo(PO4)6(OH)2 + 20NH4N03 + 6H,O

To prepare the initial solutions for hydroxyapatite synthesis, the following chemicals
were used:

1. Calcium nitrate tetrahydrate (Ca(NOj3),-4H,0): This compound serves as the calcium
precursor in the synthesis process. It is typically dissolved in distilled water to obtain
a calcium-containing solution.

2. Ammonium phosphate (NH;);HPO,4): Ammonium phosphate acts as the phosphate
precursor in the synthesis reaction. It is dissolved in distilled water to prepare a
phosphate-containing solution.

3.  Twenty-five percent aqueous ammonia solution: This solution is used to adjust the
pH of the reaction mixture to around 11, creating suitable conditions for hydroxyap-
atite formation.

4.  Distilled water: Distilled water is used as a solvent to dissolve the calcium nitrate
tetrahydrate and ammonium phosphate precursors, as well as for dilution purposes
and to ensure the purity of the reaction components.

By accurately preparing and combining these chemical solutions in the appropriate
proportions, researchers can initiate the hydroxyapatite synthesis reaction under microwave
irradiation to obtain the desired HA product (Figure 1).

N N\

b ' ' p=1 J1 48h
Ca(NO;), | inp)po, 100=150W ‘Q 01 -

solution v solution

Figure 1. Synthesis scheme of HA.

A suspension of m = 47.20 g of Ca(NOj3) was dissolved in a beaker (300 mL)? x 4H,0
with distilled water (V = 200 mL), obtaining a solution with a concentration of 0.5 mol/L;
we similarly dissolved m = 15.84 g (NH4),HPO, in 200 mL of distilled water, obtaining
a solution with a concentration of 0.3 mol/L. The prepared solutions were mixed in one
500 mL glass and brought to pH = 11, adding 25% aqueous ammonia solution with constant
stirring. The glass with the reaction mixture was covered with a film and placed in a
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microwave oven; an operating power of 100-150 watts was set, and heating was turned on.
The microwave exposure was carried out until the reaction mixture boiled. The contents of
the reaction vessel were periodically stirred every 15 min of microwave synthesis in order
to avoid local overheating. The total heating time in the microwave was 45 min. After
that, the glass with its contents was removed and left at room temperature to form the
hydroxyapatite phase for 48 h. The precipitated HA was filtered and dried in a drying
cabinet at 110 °C to a constant weight (20 h), after which it was milled to a homogeneous
state. From the resulting HA powder, carriers were formed in tablet form with a width of
2 cm and a thickness of about 1 mm, and then calcined at 600 °C to a constant mass and
sintering of the material. For this standard technique, the physico-chemical parameters of
the resulting compound do not practically differ from the literature data, namely in terms
of particle sizes 0.5-1 nm, specific area, m?/g~! = 106.0, total pore volume, cm?/g~! = 0.50,
and their average size, which is 20 nm [6].

The results of the XRD indicate the formation of a hexagonal syngony, gr. P63/m,
during the synthesis of stoichiometric HA, the gross formula of which can be described
by the formula Ca;g(PO4)s(OH); (Table 1). The parameters of the synthesized HA cell are
close in values to the tabular data (JCPDS data, No. 9-432 [6]) (Figure 2).

Table 1. Phase composition of HA synthesis products.

Sample The Inorganic Phase Parameters of the Electronic Cell, A
a c
Synthesis product (HA) Cai9(POy4)6(OH), 9411 6863
JCPDS data, No. 9-432 Cay(POy4)s(OH), 9418 6884
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Figure 2. Diffractogram of synthesized stoichiometric HA, red color—obtained substance,
green—standard.

2.3. Synthesis and Separation of CB[6], CB[7], and CB[8]

The synthesis was carried out according to the displayed method (Figure 3) [24,25].
A total of 4.22 g (0.14 mol) of paraformaldehyde and 14 mL of 10 M sulfuric acid were
placed in a three-neck flask equipped with a magnetic stirrer and a reverse refrigerator, and
mixed until the paraform was completely dissolved. Then, 10 g (0.07 mol) of glycoluryl was
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gradually added to the flask in small portions in order to avoid premature oligomerization.
The reaction mass was thermostated and kept for 24 h at a temperature of 95 °C.

O

O—0O
T
N

O n

Figure 3. The synthesis scheme of CB[n], wheren =6, 7, 8.

The reaction mass was evaporated to dry, and the resulting dry substance was ground
to a powder, which was then dissolved in 150-200 mL of water and kept for a day with
constant stirring. The solution was filtered to obtain masterbatch solution No. 1, and the
precipitate was again placed in 150-200 mL of water and kept for a day at a temperature of
40 °C with constant stirring, after which it was filtered again to obtain masterbatch solution
No. 2 and precipitate No. 1.

Masterbatch solutions No. 1 and No. 2 were combined and evaporated to 10-15 mL,
obtaining solution No. 3.

Separation of CB[7]. A total of 80 mL of methanol was added to solution No. 3 and
the mixture was mixed for 24 h, observing precipitation; it was then filtered and placed in
a vacuum cabinet for 12 h at a temperature of 60 °C. The resulting powder was studied
using NMR and XRD. Next, precipitate No. 1 was dissolved in 15 mL of a 40% formic
acid solution, and the undissolved part was filtered out—this is precipitate No. 2, and the
masterbatch solution was solution No. 4.

Separation of CB[8]. Precipitate No. 2 was recrystallized from concentrated HCl, and
crystalline CB[8] was obtained. The structure was confirmed by NMR and XRD methods.

Separation of CB[6]. Solution No. 4 was evaporated to dry, and the precipitate
was washed with 20 mL of water and then recrystallized from 8 M HCI to obtain crys-
talline CBJ[6].

The structures of the obtained cucurbit[n]urils were proved using rentgenophase
analysis by comparing the diffractograms obtained by us with the diffractograms available
in the Cambridge Crystallographic Data Center database: CB[6] No. 7209204, CB[7]
No. 1428201, and CBI[8] No. 883371. The crystalline powders of cucurbituriles were kept
in a vacuum drying cabinet at a temperature of 70 °C for 24 h to remove crystallization
water and hydrochloric acid. Diffractograms of cucurbit[n]urils are shown in Figures 4—6.
The coincidence of the diffractograms obtained by us when compared with known data
not only confirms the structures of the obtained cucurbit[n]urils, but also indicates their
sufficient division into individual macrocycles for further work with them.
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Figure 4. Diffractogram of CB[6], red color—obtained substance, black—standard.
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Figure 5. Diffractogram of CB[7], red color—obtained substance, black—standard.
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Figure 6. Diffractogram of CB[8], red color—obtained substance, black—standard.
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2.4. Applying CB[n] to HA

The method of immersion in solution was used for the application (Figure 7). To
implement it, the tablet from HA was immersed in solutions in CB[n] water for 45 min with
a concentration of 1 mg/mL. Solutions of CB[6] and CBI[8] were dispersed when CB[7]
was completely dissolved in water. In parallel, a blank experiment was conducted—with
distilled water instead of a solution with a bioactive substance to obtain comparison
samples. The obtained samples were dried at room temperature to a constant weight for
24 h.

&,

Composite
Submersion method

‘ {:} - CB[6], CB[7], CB[8] ‘

Figure 7. Illustration of the methods of applying CB[n] to HA.

The quantitative deposition of CB[n] was also investigated. To do this, the matrix
solution was drained and evaporated. The resulting precipitate was calcined to a constant
mass and weighed. The mass of the applied CB[n] ranged from 8 to 10 mg.

2.5. Assessment of Hemocompatibility of Biocomposites

One of the ways to assess overall cytotoxicity is to study hemolytic activity [26].

In this study, samples were used, which are pressed scaffolds made of hydroxyapatite
(HA), shaped like a cylinder with a diameter of 20 mm and a height of 2 mm. The
samples were pressed hydroxyapatite tablets with cucurbit[n]urils applied (CB[6], CB[7],
and CBI8]).

Modification of the surface of the samples submitted for study was the application
of CB[n] on them, and this was carried out by immersion in solution. In this case, a
1% solution of CBIn] in distilled water was used. The exposure time in all cases was
40 min. The samples were immersed in a solution in CB[n] followed by air drying at room
temperature for 24 h. This method was chosen because of its high efficiency and low labor
costs compared to instrumental application methods (using ultrasonic sound, vacuum
blowing, or a microwave reactor).

The standard procedure prescribed by ISO 10993-4:2017 was used to assess the hemo-
compatibility of the samples [27]. To assess the hemocompatibility of the samples, whole
hemostated blood from a healthy donor was used. The blood was centrifuged and the
erythromass was separated. The resulting erythromass was diluted with a sterile solution
of 1xPBS with a temperature of 37 °C in a ratio of 1:9. The samples were placed in a
standard 12-well cell culture plate and filled with the resulting blood solution in PBS in a
ratio of 1 mL of solution per 1 cm? of the sample surface area. Deionized water was used as
a positive control (100% hemolysis), and a solution of 1x PBS (0% hemolysis) was used as a
negative control. An unmodified hydroxyapatite was used as a control material. The tablet
was then incubated in a thermostat at 37 °C for 60 min. After that, the blood from the wells
of the tablet was transferred to centrifuge tubes and centrifuged for 5 min at 3000 rpm to
precipitate the remaining red blood cells. Then, the supernatant was carefully removed and
transferred to a standard 96-well plate for spectroscopic analysis, and the optical density
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was read using a Tecan Infinite F50 IFA reader (Grodig, Austria) at 492 nm. The percentage
of hemolysis was the average of three repetitions and was calculated using the following
formula [27]:

negative
ODtest — OD_ o1 x 100%

ODpositive - ODnegative

control control

Hemolisys, % =

2.6. Assessment of Cytotoxicity of Biocomposites

To assess the cytotoxicity of the samples in vitro, cells of the immune system were
used, namely monocytes isolated from the peripheral blood of healthy donors who gave
informed consent. Blood sampling was performed by phlebotomy of the cubital vein.
Monocytes were isolated from human peripheral blood according to the method proposed
by J. Kzhyshkowska and colleagues [28]. The sterilization of biocomposite samples was
carried out by ultraviolet irradiation in lime chloride vapor. After that, the samples were
placed in the wells of a 12-well tablet and filled with 1 mL of a nutrient cell medium with
monocytes with a cell concentration of 1 = 106 in 1 mL. Incubation was carried out at a
temperature of 37 °C and 7.5% CO, for 144 h.

To study the effect of materials on the viability of mononuclear cells, an Alamar Blue
test was used [29]. Assessment of the viability of cells of the immune system was carried out
after incubation on the surface of the studied materials. After that, a supernatant was taken
from each well, leaving 500 puL of medium with cells in the well. Additionally, 50 uL of
Alamar Blue reagent was added to the wells (the volume ratio of Alamar Blue—cell medium
was 1/10). Cells with Alamar Blue were incubated for 3 h at a temperature of 37 °Cin a
dark place. After incubation, a cellular medium with Alamar Blue was introduced into
the 96-well plate (3 wells for each sample). The intensity of the fluorescence signal was
measured using a Tecan Infinite 200 microrider at a wavelength of 540 nm [29]. Upon
entering a living cell, the active component of the rezazurin indicator is converted into
resorufin, a substance that has pronounced fluorescence in the red region. Thus, the method
allows for a comparative analysis of cell viability and quantification [30].

Cells cultured on a substrate without samples were used as a positive control (CTRL
100%). Samples of unmodified hydroxyapatite (HA) exposed to the same effect as the ex-
perimental ones were used as a reference. The percentage of surviving cells was calculated
using the following formula:

negative
Wrest = Feonwol 1090,
IFpos1t1ve . II_Tnega’nve
control control

Living cells, % =

where IF is the fluorescence intensity.

2.7. Evaluation of the Proinflammatory Properties of Biocomposites and Their Effect on Monocyte
Activation

The effect of the samples on the activation of human peripheral blood monocytes
was assessed by enzyme immunoassay (ELISA). Enzyme immunoassay was performed in
accordance with the manufacturer’s recommendations (Vector-BEST, Novosibirsk, Russia).
To do this, a supernatant was selected from each well, leaving 500 puL of medium with cells
in the well to assess viability according to the procedure described above. To study the
immunomodulatory properties, the supernatants were stored at minus 80 °C.

2.8. Statistical Analysis

Statistical analysis was performed using STATISTICA 8.0 for Windows (STATISTICA,
RRID: SCR_014213, Tibco, Palo Alto, CA, USA). The Mann—-Whitney test and ¢-test for inde-
pendent groups were implemented. The data were checked for normality of distribution
using the Shapiro-Wilk statistical criterion. Results were considered to be significant with
% < 0.001, ** p < 0.01, and * p < 0.05.
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3. Results and Discussion

In this study, we explored the impact of macrocyclic compounds, specifically CB[n],
on the biocompatibility of hydroxyapatite (HA), with the aim of developing a matrix for
promising biocomposite materials suitable for medical applications. The materials obtained
were subjected to thorough characterization using infrared (IR) spectroscopy, scanning
electron microscopy (SEM), and energy-dispersive X-ray fluorescence spectroscopy (EDS).

When analyzing the IR spectrum of the CB[6] + HA composite obtained through
immersion (as shown in Figure 8), characteristic absorption bands of CB[6] are observed.
Specifically, peaks at 1731 cm~! are evident, corresponding to the valence vibration of
carbonyl groups (C=0) present in the glycoluril linkage of CB[6]. In the IR spectrum, defor-
mation vibrations of the CH, groups are detected in the range of 1200-1500 cm !, along
with vibrations of the OH groups at 3400-3500 cm . These OH vibrations correspond
to both water molecules and hydroxyl groups of HA. The concurrent presence of these
characteristic vibrations confirms the incorporation of CB[6] into the composition of the
HA + CBI[6] composite.
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Figure 8. Comparative IR spectrum of the sample HA + CB[6] (gray line), HA (blue line), and CBI[6]
(orange line).

The IR spectrum of the HA + CB[7] sample exhibits a similar pattern to that of HA
+ CBI6] (as depicted in Figure 9), albeit with significantly lower signal intensity. This
reduced intensity can be attributed to the high solubility of CB[7] in water. Consequently,
the lower quantity of CB[7] on the surface leads to diminished signal intensity in the IR
spectrum. This observation is further supported by SEM and EDS analyses, as depicted in
Figures 12 and 13, which confirm the lower presence of CB[7] on the surface compared to
CB[6]. Moreover, a notable shift of the carbonyl group C=0 signal is observed in the HA +
CB[7] sample, amounting to 7 cm ! towards the long-wavelength region. In contrast, the
shift observed in HA + CBI[6] (as depicted in Figure 8) is only 3 cm~!. This discrepancy
suggests a subtle interaction between CB[7] and the HA surface.

Upon examination of the IR spectrum of the HA + CB[8] sample (Figure 10), a pattern
analogous to HA + CB[6] is observed. All characteristic absorption bands for CB[8] are
present, including the C=0 signal at 1720 cm !, along with deformation vibrations of CH,
groups within the 1200-1500 cm ™! range. Taken together, these observations affirm the
presence of CB[8] in each of the samples.
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Figure 9. Comparative IR spectrum of the sample HA + CB[7] (gray line), HA (blue line), and CBI[7]
(orange line).
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Figure 10. Comparative IR spectrum of the sample HA + CB[8] (yellow line), HA (blue line), and
CBI8] (orange line).

Furthermore, SEM analysis was conducted to characterize the obtained composites.
On the surface of the HA in the CB[6] + HA sample, distinct CB[6] particles are prominently
observed (Figure 11A), ranging in size from 10 microns to 700 nm. These CB[6] particles
are highlighted within the red square in the image.

Upon closer scrutiny, ensembles of CB[6] molecules are distinctly observed (Figure 11B),
aligning with the dimensions of the pores. These ensembles exhibit diameters reaching up
to 700 nm, as indicated by the red square in the image. The formation of such ensembles
can be attributed to the propensity of CBI[6] to form dispersed solutions in water. The
diameter of certain CB[6] particles (highlighted by the red square) exceeds the pore size of
the hydroxyapatite (HA) carrier, leading to overlapping pores where the CB[6] macrocycles
remain on the surface. This uneven distribution across the surface arises from the partial
solubility of CB[6], causing some particles to penetrate into the surface. This penetration is
confirmed by infrared spectroscopy of the scaffold chip.
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Figure 11. SEM image of the CB[6] + HA sample, approximating 40 microns (A) and 5 microns (B).

The composition was further validated using energy-dispersive X-ray fluorescence
spectroscopy (EDS). As illustrated in Figure 12, aside from the predominant elements of
hydroxyapatite (P and O), the presence of N and C atoms is evident. This observation
confirms that the substance on the surface possesses an organic nature and is distinct from
the carrier material.
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Figure 12. EDS of the CB[6] + HA sample.

Upon analysis of the CB[7] + HA sample (Figure 13), a distinct pattern is observed,
which correlates with the complete dissolution of CB[7] in water. Consequently, during
drying, only small particles ranging from 100 to 500 microns were formed on the surface.
The presence of CB[7] is further evidenced by the observed increase in biocompatibility (as
depicted in Figures 17-20). In its dissolved state, CB[7] can penetrate more effectively into
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the material, facilitating slower release from the material’s pores and, therefore, prolonging
its action.
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Figure 13. SEM image of the CB[7] + HA sample, approximating 200 microns (A) and 5 microns (B).

The EDS spectrum exhibits robust signals corresponding to Ca, P, and O, consistent
with the predominant elements of hydroxyapatite. Despite the dominance of these elements,
the spectrum also detects the presence of N and C atoms, although their signals may be
less prominent due to overlapping with the signals from Ca, P, and O. Nonetheless, the
detection of N and C atoms confirms their presence on the surface, as depicted in Figure 14.
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Figure 14. EDS of the CB[7] + HA sample.

Upon examination of the CB[8] + HA sample, a distinct observation is made. CB[8]
disperses easily in an aqueous solution and is applied to the surface more uniformly
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(as shown in Figure 15), forming larger conglomerates of molecules ranging from 7 to
20 microns in size. This characteristic enables an increase in the effective surface area of the
material, thereby enhancing the overall efficiency of the material.

Figure 15. SEM image of the CB[8] + HA sample, approximating 200 microns (A) and 20 microns (B).

The EDS spectrum of the CB[8] + HA sample (Figure 16) exhibits prominent signals
associated with the surface composition of HA, including Ca, P, and O. Furthermore, the
presence of large conglomerates of CB[8] molecules is evident from clear signals of N
and C atoms. These findings corroborate the earlier results obtained from Figures 8-10,
confirming the successful incorporation of CB[8] into the composite material.
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Figure 16. EDS of the CB[8] + HA sample.

In the subsequent phase of our investigation, we delved into the biological properties
of the synthesized composites. The data presented in Table 2 indicate that all the tested
samples of biocomposite materials exhibited hemolytic activity, a finding supported by sta-
tistical analysis (p < 0.01). Notably, both the modified CB[n] samples and their unmodified
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counterparts displayed hemolytic activity. The investigation revealed that the hemolytic
activity of the HA + CBI[6], HA + CBI[7], and HA + CBI[8] samples falls below 5%, aligning
with the requirements for medical materials [27]. Furthermore, statistical analysis indicated
that the hemolytic activity of these samples did not significantly differ from that of unmod-
ified hydroxyapatite (HA) (p > 0.05). Notably, the HA + CBI8] (HCl) samples displayed the
highest level of hemolytic activity among the groups tested in Table 2, likely due to their
lack of specific purification from HCI. This discrepancy can be attributed to the presence of
hydrochloric acid, an impurity in the synthesis medium for the entire CB[n] series, when
the feedstock is inadequately purified. Hydrochloric acid can significantly increase the
hemolytic effect and pose considerable harm to the body. Therefore, in material preparation,
it is crucial to minimize harmful impurities. A comparison between the purified sample
(HA + CBI8]) and the untreated sample reveals a notable difference in hemolytic effect,
aligning with the broader trends observed across the CB[n] series.

Table 2. The level of hemocompatibility of biocomposite samples.

No. Sample % of Hemolysis
1 HA + CBI6] 1.8665 £ 0.0008 *
2 HA + CBI[7] 2.0138 £ 0.0019 *
3 HA + CBI8] 1.7611 £ 0.0050 *
4 HA 1.6004 £ 0.0018 *
5 HA + CBI[8] (HCI) 44.1611 + 0.0050 **
6 CTRL (Blood + PBS) 00
7 CTRL (Blood + H,0) 100

Note: HA—hydroxyapatite; CB[6]—cucurbite[6]uril; CB[7]—cucurbite[7]uril; CB[8]—cucurbite[8]uril. *—the
level of hemolysis is statistically significantly different from the negative control (p < 0.01). **—the level of
hemolysis is statistically significantly different from the negative control (p < 0.001).

As per literature data, plasma proteins exhibit a propensity to adsorb onto any abiotic
surface, with the composition of the adsorbed protein layer being notably influenced by
surface charge and potential disparities. Specifically, if there is a positive potential difference
between the medical material and the blood, the risk of thrombosis may increase [6]. It
is hypothesized that the treatment methods employed for hydroxyapatite in this study
may lead to a reduction in the positive potential difference between the sample surface
and blood, consequently resulting in a decrease in hemolysis. Conversely, immersion-
based treatment may not significantly mitigate the positive potential difference, potentially
contributing to hemolysis.

The hemolytic activity of unmodified hydroxyapatite (HA) in relation to cucur-
bit[n]urils may also be influenced by its porosity. Functionalization of hydroxyapatite
with various substances can lead to a reduction in porosity. According to the contemporary
literature, the manifestation of hemolysis on inert material surfaces is intricately associated
with the adsorption of plasma proteins, particularly fibrinogen, onto the material’s surface
in direct interaction with blood. Heightened levels of plasma protein adsorption are com-
monly correlated with increased hemolytic activity [31,32]. Hydroxyapatite is characterized
by its porous nature with relatively small pore sizes, typically smaller than the size of
protein molecules. Consequently, the adsorption of plasma proteins onto hydroxyapatite is
considered to be insignificant [31]. It is reasonable to assume that this factor contributes to
the low level of hemolysis observed in samples of unmodified hydroxyapatite (HA).

According to the literature findings, CB[n] without a carrier exhibits low toxicity
towards various cell types [33]. Research has shown that CB[n] does not induce hemolysis,
even at high concentrations (1 mM), under PBS conditions. Nevertheless, investigations
have unveiled that CB[n] exhibits the capacity to elevate the level of early apoptosis, which
is associated with the presence of phosphatidylserine on the cell surface. Remarkably, even
under these conditions, the integrity of the cell membrane remained unaffected. Addition-
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ally, CB[7] has been observed to induce hemolysis in the presence of albumin, albeit not
under PBS conditions, except for CB[7] at a concentration of 2 mM. It is worth noting that
CB[7], along with other homologs (excluding CB[5] and CBI[6]), have the capability to bind
cholesterol molecules. Thus, the hemolytic impact induced by cucurbiturils may mirror the
effects observed with cyclodextrins [34].

Hemolysis in the presence of albumin medium is primarily attributed to the indirect
interaction of CB[n] with the components of the medium rather than the direct toxic effect
of cucurbiturils themselves. It is established that CB[7] has the capability to form complexes
with amino acids, peptides, and proteins [35]. However, due to its lower solubility, CB[8]
was employed in lower concentrations compared to CB[7]. Hence, CB[7] at the employed
concentration may interact with amino acid residues within albumin. Presumably, this
interaction facilitates the delivery of CB[7] to red blood cells, resulting in cellular demise.
The heightened hemolytic activity observed in the presence of CB[7] necessitates further
exploration. Notably, this effect was not apparent in serum containing equivalent albumin
concentrations, suggesting that a similar outcome may only manifest in experimental
in vitro setups.

It is noteworthy that previous research [36] utilized CB[n] concentrations ranging
from 2 to 0.01 mM, revealing CB[n] to be well-tolerated by cells at concentrations up to
0.3 mM. Concentrations exceeding 0.3 mM may not be required for drug delivery systems.
The absence of such an effect in CB[6] is likely attributable to its smaller cavity size and
distinctive chemical and biological properties, enabling effective binding to biologically
active molecules within the experimental milieu. Therefore, the cucurbiturils examined in
our study do not directly harm cells but have the potential to influence components of the
cellular microenvironment [36].

It is imperative to emphasize the persistent challenge of undesired blood clot formation
upon contact with implantable materials and devices, which remains unresolved. This issue
arises due to the presence of protective mechanisms within a healthy vascular endothelium
that resist thrombosis, mechanisms which are lacking in foreign materials introduced into
the body. Instead, biomaterials often promote blood coagulation through the activation of
a series of interconnected processes, including protein adsorption, platelet and leukocyte
adhesion, thrombin production, and complement activation [36]. Therefore, the quest
for methods that do not elevate the percentage of hemolysis in the functionalization of
biocompatible materials is particularly pertinent.

3.1. Assessment of Cytotoxicity of Biocomposites

Based on the results of the hemocompatibility study, the cytotoxicity of several bio-
composite materials (HA + CB[6]; HA + CB[7]; and HA + CB[8]) for immune system cells
was investigated (Figure 17).
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Figure 17. The effect of biocomposites on the viability of cells of the immune system. (A) is
donor 1; (B) is donor 2. HA—hydroxyapatite; CB[6]—cucurbite[6]uril; CB[7]—cucurbite[7]uril;

CBI8]—cucurbite[8]uril.
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As follows from the data in Figure 16, the sample of unmodified hydroxyapatite (HA)
had a toxic effect on the cells of the immune system of both donors. Perhaps this is a
consequence of the insignificant background cytotoxicity of hydroxyapatite, which was
confirmed as a result of experiments on the study of hemocompatibility of samples [31,37].
This observation could be attributed to the high surface energy of HA. Although pure HA
exhibits notable cytotoxic properties, the inclusion of cucurbit[n]urils can notably decrease
surface energy, enhancing cell viability, and consequently improving biocompatibility.

The HA + CBI[6] sample, on the contrary, augmented the survival of immune system
cells by 50.4% in donor 1 and showed a marginal decrease of 2.2% in donor 2 compared
to the positive control. HA + CB[7] enhanced the survival rate of immune system cells by
54.0% in donor 1 and by 62.3% in donor 2. Meanwhile, HA + CBI[8] elevated the number of
cells surviving after incubation by 236.8% in donor 1, yet conversely decreased the number
of cells by 52.5% in donor 2 compared to the positive control.

Based on the data obtained, all the examined samples of biocompositional materials
(HA + CB[6], HA + CBI7], and HA + CBI8]) demonstrated high biocompatibility with both
erythrocytes and mononuclear cells.

It is evident that the functionalization of hydroxyapatite with macrocyclic nitrogen-
containing substances of the CB[n] family decreases its sorption capacity and the affinity
of plasma proteins to the material’s surface. Consequently, this leads to an enhancement
in biocompatibility [31]. Discrepancies in the survival rates of cells obtained from various
donors after incubation with the tested materials could stem from differing levels of
immune reactivity.

3.2. Evaluation of the Proinflammatory Properties of Biocomposites and Their Effect on
Monocyte Activation

The selection of key macrophage cytokines TNF-«, IL-13, IL-6, and IL-10 as the main
parameters for studying immunomodulatory properties aligns with the model system
employed in the study. Since the biological activity of cytokines primarily depends on their
concentration in the extracellular medium rather than the level of gene expression, enzyme
immunoassay was employed as the primary method to determine the effect of scaffolds on
cytokine production.

Tumor necrosis factor (TNF, TNF-«) (Figure 18) is an extracellular protein, serving
as a multifunctional proinflammatory cytokine primarily synthesized by monocytes and
macrophages. TNF plays a crucial role as the main mediator of inflammation and serves
as an important regulator of the immune response in reaction to infection and tumor
development. Beyond its inflammatory functions, TNF-« also impacts lipid metabolism,
coagulation, insulin resistance, and endothelial function. Furthermore, TNF-o stimulates
the production of other cytokines, such as IL-1, IL-6, IL-8, and interferon-gamma, and
activates leukocytes, contributing significantly to defense against intracellular parasites
and viruses.

Interleukin 1 beta (IL-13) (Figure 19) is a cytokine known for regulating the progres-
sion of inflammatory reactions. Its biological role encompasses various effects, including
immunomodulatory, hematopoietic, inflammatory, and intersystem functions. IL-1§3 plays
a critical role in initiating the early stages of the immune response, involving specific
T-lymphocytes, particularly T-helper cells, in the process. Indeed, interleukin 1 beta (IL-1()
plays a pivotal role in various immune processes. It promotes the differentiation of B
lymphocytes into plasma cells, expediting antibody production. IL-1f3 is among the earliest
responders in the body’s defense against pathogens, activating and regulating inflamma-
tory and immune responses. It activates neutrophils and T and B lymphocytes, and also
enhances the synthesis of acute phase proteins. Additionally, IL-13 boosts phagocytosis,
hematopoiesis, and vascular permeability, and exhibits cytotoxic and bactericidal activities.
The inflammatory function of IL-1f3 is absolutely significant. It amplifies the motility of
neutrophils, augments cellular activity within inflammatory sites, and enhances the activity
of other cytokines [38,39], contributing to the overall inflammatory response.
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Figure 18. The effect of biocomposite samples on TNF-a production by primary human
monocytic macrophages.
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Figure 19. The effect of biocomposite samples on the production of IL-1f by primary human
monocytic macrophages.

In fact, interleukin-6 (IL-6) (Figure 20) plays a crucial role as a multifunctional cytokine.
It participates in the differentiation of activated B lymphocytes into plasma cells that secrete
immunoglobulins, and it regulates the acute phase response. Elevated levels of IL-6 have
been observed in numerous inflammatory conditions, often correlating with laboratory
markers of inflammatory activity [40].

Interleukin-10 (IL-10) is a vital cytokine with unique properties. It belongs to Class 2
cytokines and exhibits powerful anti-inflammatory effects by suppressing the production of
proinflammatory cytokines, such as IFNy, tumor necrosis factor o« (TNFa), IL-13, and IL-6,
in various cell types. Additionally, IL-10 hinders the maturation of dendritic cells, partly
by suppressing IL-12 expression [41]. Absolutely, interleukin-10 (IL-10) demonstrates a
multifaceted role in immune regulation. In addition to its anti-inflammatory properties,
IL-10 also exhibits immunostimulatory effects. It can stimulate the production of IFNy
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in CD8+ T cells that are activated by anti-CD3/anti-CD28 or other cytokine cocktails.
Moreover, IL-10 serves as a potent growth and differentiation factor for various immune
cells, including B cells, mast cells, and thymocytes [42].
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Figure 20. The effect of biocomposite samples on the production of IL-6 by primary human monocytic
macrophages.

In fact, these findings are significant as they suggest that the biocomposites (HA
+ CBI[6], HA + CB[7], and HA + CBI8]) have the potential to be used in biomedical
applications without inducing or exacerbating inflammatory responses. This is essential for
ensuring the safety and efficacy of such materials in various medical contexts, ranging from
tissue engineering to drug delivery systems. The lack of stimulation of proinflammatory
cytokine expression indicates the promising biocompatibility properties of these materials,
which is crucial for their successful translation into clinical use. The finding that the
concentration of IL-10 exceeded the lower limit of sensitivity of the analysis suggests that
the materials studied may have induced an anti-inflammatory response. This is promising,
as it indicates that the biocomposites (HA + CB[6], HA + CB[7], and HA + CB[8]) could
potentially modulate the immune response towards an anti-inflammatory phenotype.

The absence of significant differences in the level of cytokine expression among the
different materials suggests that they do not induce inflammation or provoke an immune
response, at least under the experimental conditions tested. However, individual differ-
ences in immune reactivity may influence cytokine expression levels, highlighting the
importance of considering patient-specific factors in the evaluation of biocompatibility and
immunomodulatory effects of biomaterials.

4. Conclusions

The study’s findings highlight the potential of using conglomerate ensembles of CB[n]
molecules to enhance the biocompatibility of materials, particularly when deposited on
porous substrates, like HA. HA, known for its biocompatibility and porosity, serves as an
excellent matrix for such modifications. By depositing nitrogen-containing macrocyclic
cavitands, such as CB[6], CB[7], and CB[8], onto the surface of porous materials, like HA, it
becomes feasible to create promising biomaterials conducive to osteogenesis while enabling
controlled release of biologically active substances, including antibacterial drugs and other
therapeutic agents.

The study has successfully developed a novel method for functionalizing the surface
of hydroxyapatite using macromolecular nitrogen-containing heterocycles, specifically
CBI6], CB[7], and CBI8]. In vitro assessments have demonstrated the high biocompatibility
and low toxicity of the resulting biocomposite materials. These innovative biocomposites



Materials 2024, 17, 2041 21 of 22

hold promising potential for finely modulating biological responses, facilitated by the
incorporation of HA + CB[6], HA + CBI[7], and HA + CBI[8] on specialized media. Further
research will delve into exploring and harnessing the full capabilities of these materials in
various biomedical applications.

The comprehensive studies conducted on materials based on macrocyclic compounds,
including CBIn] and Bu[6], have revealed a plethora of potential applications for these
materials. Their unique ability to serve as containers for medicinal or biologically active
substances presents an urgent and promising avenue for further exploration. Leveraging
the properties of CB[n] and Bu[6] to encapsulate therapeutic agents opens up exciting
possibilities in drug delivery systems and other biomedical applications. This research
paves the way for advancements that could significantly impact various fields, including
medicine and biotechnology.
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The role of methods for applying cucurbit[6]uril to hy-droxy-apatite for the
morphological tuning of its surface in the process of obtaining composite materials

AHjaTna

byn 3eprrey eTe mnepcrneKTHBalbl MAaKpPOLMKIAL KOCBUIBICTAp  OOJIBbII
TaObUIATBIH KYKYypOUT[N]yprn KkemeriMeH O€TTIK MOIU(UKAIUIIAY apPKbUIBI
KEYeKT1 TUIPOKCHANATUTTEH  aJbIHFAaH  KOMIO3MIMSUIBIK — MaTepuaiaap/bl
CUHTe3Jeyre  OarbITTaJiFaH  KOMIIO3UTTIK  MaTepuainfap  HMHKEHEPHUSCHI
calachlHIaFrbl KeTicTikrepal Ouraipeni. berrik mMomudukanusanay mnpoueaypacsl
opTypiii 6eTTi MoauduUKausiIay SIICTEPIH KOJIJaHA OTBIPHIN, CY OPTACHIHJAFBI
O0eTke KyKypOUT[6]ypusl THAPOKCHAMATUTIH KOJJAHYABl KAMTHIbL. AJIbIHFaH
matepuangap uHppakbizbul (MK) ciekTpockonust xoHe CKaHEepJIeyIll 3JIE€KTPOH IbI
mukpockonusi (SEM) CHAKTBI aHAJIUTUKANBIK OJICTEpAl KOJAaHy apKbUIbI
3epTTeNl JkoHe cumarTanabl. [uapoxcuamatut OeriHe CB[6] KongaHyablH
VYCBIHBUIFAH OJIICTEPl COHFBICBIHA OMOJIOTHSIIBIK OPTYPILIIKTI Oepeni jKoHE kaHa
(GYHKIIMOHANIIBI KOMITO3ULIMSIIBIK MaTepuaniap/bl Kypy Ke3iHJe, OHBIH IIIiHJe
CB[n] orbachkiHa HEri3JENreH CYyNpaMoJICKYJalbIK KyHeraep/l KOJJIaHy Ke3lHIe
JIEHE OPTAChIHA YKAKBIHBIFBIH KAMTAMAChI3 €Te/Il.

Tylin cesmep: KyKypOWUT[n]ypwia, TUApOKCHANaTUT, (DYHKIIMOHAIABIK
MaTepuanap, KOMIO3UTTIK MaTepuaniap.
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Abstract: In this work, composite materials were obtained for the first time using various meth-
ods and the dependences of the resulting surface morphologies were investigated. This involves
modifying the surface with cucurbit[n]urils, which are highly promising macrocyclic compounds.
The process includes applying cucurbit[6]uril to the hydroxyapatite surface in water using different
modification techniques. The first method involved precipitating a dispersion of CB[6] in undis-
solved form in water. The second method involved using fully dissolved CB[6] in deionized water,
after which the composite materials were dried to constant weight. The third method involved
several steps: first, CB[6] was dissolved in deionized water, then, upon heating, a dispersion of
CBI6] was formed on the surface of HA. The fourth method involved using ultrasonic treatment.
All four methods yielded materials with different surface morphologies, which were studied and
characterized using techniques such as infrared (IR) spectroscopy and scanning electron microscopy
(SEM). Based on these results, it is possible to vary the properties and surface morphology of the
obtained materials. Depending on the method of applying CBI[6] to the surface and inside the HA
scaffold, it is possible to adjust the composition and structure of the target composite materials. The
methods for applying CB[6] to the hydroxyapatite surface enhance its versatility and compatibility
with the body’s environment, which is crucial for developing new functional composite materials.
This includes leveraging supramolecular systems based on the CB[n] family. The obtained results
can be used to model the processes of obtaining biocomposite materials, as well as to predict the
properties of future materials with biological activity.

Keywords: cucurbit[n]urils; hydroxyapatite; functional materials; composite materials

1. Introduction

In today’s era of personalized medicine, there is a pressing demand to develop new
implant materials that possess specific attributes. For these materials to be effectively used
in medical applications, they must exhibit an ideal blend of various properties.

Any bone grafts must have the following properties: be completely biocompatible,
porous, serve as a matrix on the surface of which the recipient’s cells are fixed (osteocon-
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ductivity), gradually resorb and be replaced by newly formed bone (creeping substitu-
tion). For successful bone formation, it is also necessary to comply with two important
requirements—good vascularization and mechanical stability of the implantation area.
Bone grafts are divided into auto-, allo-, xenografts, synthetic and composite materials. In
addition, their main characteristics of composite biomaterials include their composition,
shape, structure, surface texture and mechanical properties. The decisive factor is their
biocompatibility, i.e., they must interact with surrounding tissues without causing adverse
reactions or inflammation. Additionally, it is advantageous if these materials encourage
the growth of blood vessels or bone around them, aiding in the healing and repair of
damaged tissue.

For implants or wound healing materials, these properties collectively influence how
well the material interacts with surrounding tissues. Bioactive materials, in particular, can
promote the growth of new tissues and expedite the healing process. Therefore, advancing
these materials is crucial for enhancing the quality of medical care and improving treatment
outcomes [1]. The effectiveness of personalized medicine heavily relies on advancements
in developing new implant materials that possess all the essential characteristics for safe
and efficient interaction with biological tissues. Innovations in this field are paving the way
for better treatments for a range of diseases and injuries, offering patients quicker recovery
and an enhanced quality of life.

Materials interacting with the internal environment of the body should be as non-toxic
as possible for cells and tissues. However, many substances with pronounced antibacterial
properties often turn out to be quite toxic, which leads to low biocompatibility. Biocom-
patibility, which is determined by the nature and degree of interaction of biomaterials
with body tissues, is one of the key problems in biomaterial research [2—4]. This covers
such processes as immune rejection or inflammatory tissue response to the presence of a
foreign body. In this context, all biomedical devices must meet extremely stringent clinical
requirements. Before being implanted into the human body, materials undergo meticulous
surface modification to enhance their biocompatibility. Developing materials that are both
biocompatible and possess specific biological activities is a challenging endeavor.

Furthermore, current clinical treatments often depend on oral or intravenous drug
administration. This method results in high drug levels in the blood immediately after
dosing, but the concentration rapidly drops below the therapeutic window. This fluctuation
can lead to drug concentrations initially reaching toxic levels and then falling below
therapeutic levels, reducing the effectiveness of the therapy.

Furthermore, current clinical treatments often depend on oral or intravenous drug
administration. This method results in high drug levels in the blood immediately after
dosing, but the concentration rapidly drops below the therapeutic window. This fluctuation
can lead to drug concentrations initially reaching toxic levels and then falling below
therapeutic levels, reducing the effectiveness of the therapy [5].

Drug-releasing implants have emerged as a promising alternative to traditional oral
and intravenous drug administration for various clinical applications. Materials currently
used for developing implants with controlled drug release include titanium nanotubes,
porous silicon, polymers, and various microtechnologies [6].

Drug-releasing implants offer several unique advantages. They can deliver sustained,
remotely controlled, programmable, and localized drug release directly to the target site,
enhancing therapy effectiveness and minimizing side effects for patients. These capabilities
are challenging to achieve with conventional systemic drug administration [6].

Bioactive materials occupy a special place among implants, as they are able to stimulate
the growth of new tissue around them. This ability can significantly improve the healing
and recovery processes, which is especially important in medical applications related to
the treatment of wounds and injuries. Bioactive materials accelerate tissue regeneration,
which makes them indispensable in medical practice.

All characteristics of implant materials that make them biosimilar are crucial for their
medical applications. Research and development in this field are continuously advancing,
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aiming to discover the best materials that meet all requirements and deliver optimal results
for patients. Innovations in the development of these materials could lead to significant
improvements in treating various diseases and injuries, offering patients faster and more
effective recovery.

Thus, the creation and use of drug-releasing implants open new horizons in medical
science and practice. These implants not only enhance the effectiveness of therapy but also
significantly improve patients’ quality of life by minimizing side effects and providing
more precise and targeted treatment [7].

One of the potentially promising materials, in this context, is modified hydroxyapatite
(HA) enriched with biologically active compounds. Hydroxyapatite is a key component
of bones, comprising approximately 50% of their total mass, and teeth, where its content
reaches 96% in enamel. Additionally, HA is the most suitable ceramic material for artificial
teeth or bones due to its excellent biocompatibility and bioactivity [8]. This can be either
synthetic or natural. In medicine, synthetic HA is used as a filler to repair lost bone
tissue and as a coating on implants to promote new bone growth [9]. Pure HA is not
found in biological systems, but due to its chemical similarity to bone and tooth minerals,
it is commonly used as a coating on orthopedic implants (e.g., hip replacements) and
dental implants [8,10-14]. HA bioceramics are also highly popular [15,16]. Due to its
close similarity to biological apatite, HA has long been utilized in liquid chromatography
for nucleic acids, proteins, and other biological compounds [17,18], as well as for drug
delivery purposes [19]. Additionally, HA is included in some toothpaste brands as a mild
polishing agent, replacing calcium carbonate [20]. These materials are inert to living tissues
and exhibit low toxicity, resulting in a minimal risk of allergic reactions, inflammation,
and mutagenic effects. Moreover, modified hydroxyapatites can speed up reparative
osteogenesis at the implantation site and enhance the proliferation of osteoblasts [21].

Methods for modifying the surface of porous materials by saturating them with bio-
logically active compounds, including macrocyclic compounds, are becoming increasingly
relevant. These methods provide the opportunity to control the release of antibiotics, drugs,
biologically active substances and cells. Modified hydroxyapatites have the potential to
significantly improve the processes of healing and tissue regeneration, which makes them
valuable in medicine [22].

Thus, advancing materials with enhanced biocompatibility and bioactive properties
is a crucial challenge in biomaterials science. Ongoing research and development in this
area, including innovative approaches to modifying hydroxyapatite and other materials,
offer new opportunities to enhance treatment effectiveness and improve patient quality of
life [22].

Macrocyclic compounds are often preferred over other drug delivery systems such as
dendrimers, liposomes, micelles, carbon nanotubes, hydrogels, and polymers due to their
advantages, including increased stability and more controlled drug release rates. [23-25].

Additionally, macrocyclic compounds exhibit high resistance to external factors, en-
abling them to retain their properties over extended periods. They offer a more pre-
dictable and sustained release of active substances, which reduces dosing frequency and
enhances therapy effectiveness. The controlled release rate helps maintain optimal drug
concentrations in the body, minimizing the risk of side effects and improving treatment
outcomes [23-25].

These effective delivery systems for drugs and biologically active substances represent
a significant advancement in the development of new approaches in medicine and other
scientific and technological fields. They have the potential to greatly enhance patients’
quality of life by ensuring more accurate and safe medication administration. Innovations
in this area are also paving the way for new treatment possibilities for various diseases,
including chronic and hard-to-treat conditions.

Research and development in macrocyclic delivery systems are advancing rapidly,
promising even more sophisticated and effective solutions in the future. These advance-
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ments have the potential to drive significant breakthroughs in medicine, pharmaceuticals,
and related fields, resulting in safer, more effective, and personalized treatments.

For effective modification of the surface of porous materials, suitable starting reagents
include nitrogen-containing macrocyclic systems based on glycoluril and its derivatives,
such as cucurbit[n]urils and bamboo[n]urils.

Previously, we developed and studied new materials based on the cucurbit[6,7,8]uril
family (CBI[6,7,8]) and hydroxyapatite (HA) as a carrier [26]. Our research revealed
that these biocomposite materials demonstrated high biocompatibility and low toxicity
in vitro [26]. We observed a similar effect when applying bambus[6]uril to the surface of
titanium nickelide [27] and HA [28].

Thus, the aim of this work is to study various methods for obtaining composite mate-
rials based on CB[6] and HA in order to study and optimize the surface of the composites,
as well as to select the optimal conditions for obtaining and potential application of these
composites.

2. Materials and Methods
2.1. Instruments for Interpreting Results
2.1.1. Infrared Spectroscopy

The identification and structure study of the obtained samples were carried out by FTIR
spectroscopy on a Nicolet 6700 IR spectrometer from Thermo Fisher Scientific (Waltham,
MA, USA). The samples were studied by the attenuated total internal reflection method in
the spectral range from 400 to 4000 cm ™! with a resolution of 4 cm~!. The obtained reflection
spectra were converted to absorption spectra using the Kubelka-Munk transformation.

2.1.2. Scanning Electron Microscope (SEM) of CB[6] + HA Samples

System with electron and focused beams QUANTA 200 3D (FEI, Hillsboro, OR, USA),
accelerating voltage: 200-30,000 V continuous, resolution: 3.5 nm at 30 kV in the ESEM
mode, <15 nm at 3 kV in the low vacuum mode.

2.1.3. X-ray Diffraction Analysis

The study of CBI6] crystalline powders was carried out using X-ray phase analysis.
The samples were studied using a device—X-ray diffractometer XRD-7000 (Shimatdzu,
Kyoto, Japan), anode: Cu, radiation wavelength Ka(Cu) = 1.5406 A, measurement range
5-50° in 26, measurement speed 30° /min. Identification of the analyzed sample was carried
out when the spectrum coincided with the diffraction pattern of the reference substances
using diffraction data from The Cambridge Crystallographic Data Center.

2.2. Preparation of Scaffolds from HA

The synthesis of hydroxyapatite (HA) was carried out by the liquid-phase method
using microwave radiation at pH ~ 11 according to the scheme [29]:

lOCa(N03)2 + 6(NH4)2HPO4 + 8NH,OH — Ca10(PO4)6(OH)2 + 20NH4NO3 + 6H,O

To prepare the initial solutions, we used: calcium nitrate tetrahydrate Ca(NO3),-4H,O,
ammonium phosphate (NH4), HPOy, 25% aqueous ammonia solution and distilled water.

A suspension of 47.20 g Ca(NO3);-4H,0 in 200 mL distilled water was dissolved
in a 300 mL beaker to obtain a solution with a concentration of 0.5 mol/L. Similarly,
15.84 g (NHy4),HPO,4 were dissolved in 200 mL distilled water to obtain a solution with a
concentration of 0.3 mol/L. These solutions were mixed in a 500 mL beaker and the pH
was adjusted to 11 by adding 25% aqueous ammonia with constant stirring. The beaker
with the reaction mixture was covered with film and placed in a microwave oven, where
the power was set to 100-150 W, after which the heating was turned on. Irradiation in the
microwave was carried out until the mixture boiled. The contents of the reaction vessel
were stirred every 15 min to avoid local overheating. The total heating time was 45 min.
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After that, the beaker with the contents was removed and left at room temperature for
48 h to form the hydroxyapatite phase. The precipitate was filtered, dried in an oven at
110 °C to constant weight (20 h), and then ground in a mill to a homogeneous state. From
the obtained hydroxyapatite powder, carriers were formed in the form of tablets with a
diameter of 2 cm and a thickness of about 1 mm, which were calcined at a temperature
of 600 °C to constant weight and sintering of the material. According to the standard
technique, the physicochemical parameters of the obtained compound are practically the
same as in the literature: particle size 0.5-1 nm, specific surface area 106.0 m? /g, total pore
volume 0.50 cm®/g, average pore size 20 nm [29].

The XRD results indicate the formation of a hexagonal system during the synthesis
of stoichiometric HA, sp. gr. P63\m, the gross formula of which can be described by the
formula Cajo(PO4)s(OH), (Table 1, Figure 1). The unit cell parameters of the synthesized
HA are close in values to the tabulated data (JCPDS data, No. 9-432 [29]).

Table 1. Phase composition of HA synthesis products.

Sample The Inorganic Phase  Parameters of the Electronic Cell, A
a c
Synthesis Product (HA) Caq(POy)s(OH), 9411 6863
JCPDS data, No.9-432 Caqo(PO,)s(OH), 9418 6884
1000 n|
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Figure 1. Diffractogram of synthesized stoichiometric HA (red line—synthesized HA, green line—standard).

2.3. Synthesis and Purification of CB[6]

Synthesis of CB[6] was carried out according to the procedure (Figure 2) [30]. 422 g
(0.14 mol) of paraformaldehyde and 14 mL of 10 M sulfuric acid were placed in a three-
necked flask with a magnetic stirrer and reflux condenser, after which the mixture was
stirred until the paraformaldehyde was completely dissolved. Then, 10 g (0.07 mol) of
glycoluril were gradually added to the flask in small portions to avoid premature oligomer-
ization. The reaction mixture was maintained for 24 h at 95 °C.

After the reaction, the resulting precipitate was filtered off and recrystallized from
an HCl solution (37%) to remove homologues and by-products of the reaction. Next, the
crystalline CB[6] powder was kept in a vacuum oven at a temperature of 70 °C for 48 h to
remove water of crystallization and hydrochloric acid. The structure of the resulting CB[6]
was proven using X-ray phase analysis by comparing the diffraction patterns we obtained
with the diffraction patterns available in the database of The Cambridge Crystallographic
Data Center: CB[6] No. 7209204 (Figure 3).



Materials 2024, 17, 4995

6 of 14

- o —_—
: O
H pE—
- A
H H
R
HCl
N ~— H D EE— N N \C L
O
- — 6
Figure 2. Synthesis scheme CB[6].
:l CB[6]

S
A 'ulul ’Jﬁ‘iﬁ"’ EPRTOR | T
St B D UL T CEURE FUED 00 AN O NN O 0 N

5.0 10.0 15.0 20.0 25.02a 30.0 35.0 40.0 45.0

Figure 3. X-ray diffraction pattern CBI[6].

3. Results and Discussion

As part of this study, we have developed three methodological approaches to the
features of obtaining materials based on CB[6] and HA, which differ in the method of
applying the macrocycle to the scaffold surface (Figure 4).

In the first case (Method 1), CB[6] was applied from a dispersed solution. In this case,
uncalcined CB[6], which usually contains water inside the cavity [31,32]. Traditionally,
recrystallization of CB[6] is carried out from an aqueous solution of hydrochloric acid [33],
due to which its solubility in water is greatly reduced and a dispersion of the original
macrocycle is formed. To implement Method 1, 15 mg of uncalcined CB[6] was placed
in deionized water and stirred for 10 min until a dispersion was obtained. Next, an HA
scaffold in the form of a HA tablet with a diameter of 2 cm and a thickness of 2 mm was
placed into the resulting dispersed solution and kept for 45 min. Finally, the resulting
composite was dried to constant weight (Figure 4).

Another method (Method 2) was that CB[6] was applied after calcining it at 60 °C
for two days (48 h), which in our opinion increases the solubility of CB[6] in water. To
implement Method 2, 15 mg of calcined CB[6] was dissolved in 15 mL of deionized water,
after which the HA scaffold was immersed in the resulting solution for 45 min. Then, the
resulting composite was dried at room temperature to constant weight (Figure 4).
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Figure 4. Scheme for applying CBI[6] to the HA surface.

The next method (Method 3) is that CB[6] was precipitated from solution—15 mg of
calcined CB[6] was dissolved in 15 mL of deionized water. Next, the HA scaffolds were
immersed in a CB[6] solution and heated at a temperature of 50-60 °C. Within 12 min, the
solution became cloudy, which is obviously due to the fact that CB[6] molecules adsorbed
water when heated and, as a result, the formation of a dispersion was observed. After
45 min, the composite was removed and dried at room temperature to constant weight
(Figure 4).

The composites obtained by Methods 1-3 were studied using IR and SEM spectroscopy.
Analysis of the IR spectra of samples obtained by Methods 1-3 showed the following results.
When the HA scaffold is immersed in a CB[6] dispersion (Method 1), the IR spectrum
of the composite cleavage shows low intensity absorption bands associated with CB[6]
(Figure 5). This fact suggests that most of the CB[6] is located on the surface of the scaffold,
as convincingly evidenced by the SEM results (Figure 6).
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Figure 5. IR spectrum of the cleavage composite obtained by Method 1, CB[6] (green line),
HA (orange line) and composite (blue line).
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Figure 6. IR spectrum of the cleavage composite obtained by Method 2, CB[6] (green line),
HA (orange line) and composite (blue line).

When producing composites using Method 2 (immersion in a CB[6] solution), the
spectral picture is noticeably different. Thus, in the IR spectrum of the cleavage sam-
ple CBI[6] + HA, clear absorption bands are observed, which belong to CB[6]. Thus, at
1731 cm ! an absorption band is observed, which corresponds to the stretching vibration of
the carbonyl groups (C=0) of the glycoluryl unit CB[6]. When compared with the IR spec-
trum of CB[6], it is clear that there is a shift of 3 cm ™! to the long wavelength region, which
indicates an insignificant interaction of the HA surface with CB[6]. At 1200-1500 cm~1,
bending vibrations of CH; groups are identified. When comparing the IR spectra of the
CBI[6] + HA composite with the IR spectrum of CB[6], it is clear that the main absorption
bands related to CB[6] are present in the spectrum, but there are no absorption bands
at 3400 cm ! (stretching vibrations -OH water groups) and 2900-3000 cm ™! (stretching
vibrations of -CH-CH- groups), which is obviously due to the fact that CB[6] is in a lower
concentration compared to HA and the signals have low intensity.

The sample obtained by Method 3 shows a similar picture—absorption bands related
to CBI6] are also identified inside the sample cleavage.

Next, we analyzed SEM images of samples obtained using Methods 1-3. In the SEM
images of composites prepared by Method 1, an uneven distribution of CB[6] is observed,
appearing as conglomerates of molecules on the surface (Figure 7A). This conglomerate
formation is likely due to the tendency of CB[6] molecules to self-assemble on the HA
surface under these conditions. When examining the composite in a closer approximation
(Figure 7B), one can notice that CB[6] on the HA surface consists of both conglomerates of
CB[6] molecules and independent needle-shaped crystals. The formation of conglomerates
of CB[6] molecules can be stimulated by the process of interaction of CB[6] with water, with
the formation of aqua complexes of various compositions, which promotes the interaction
of crystals with each other, thereby forming such an architecture of CB[6] conglomerates.
Based on the above, we can conclude that application me Method 1 does not allow uniform
coverage of the HA scaffold.

The SEM picture of the samples obtained by Method 2 on the HA surface indicates a
comparatively smaller number of CB[6] molecules (Figure 8). This statement is confirmed
by examining SEM images at different zooms and comparing them with the images of
composites obtained using Method 1 (Figures 7A and 8A). Isolated needle-shaped crystals
of CB[6] are also observed on the HA surface. When zooming in 10,000 times, it is clear
that the CB[6] molecules that are on the surface are formed mainly by conglomerates
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(Figure 8B). This observed fact is due to the fact that CB[6] was applied in dissolved form,
and the residual aqueous layer of the solution, which was not removed from the surface
due to the wettability effect (Figure 9), contributed to the formation of conglomerates. The
HA scaffold was saturated with the solution, and most of the CB[6] is located inside the
composite structure (as evidenced by the IR spectroscopy results shown in Figure 3). In the
IR spectra of cleavage samples obtained by Method 1, the absorption bands have extremely
low intensity, which indicates an insignificant concentration of CB[6] on the cleavages of
the obtained composites, compared to Method 2.

(7172 | 312972024 || det || mag HV WD | tilt ——50ym —— ‘ 3/29/2024 | det | mag HV WD | tilt
%1:2 12:45:44 PM LFD 1500 x 10.00 kV. 10.1 mm 0 * %10 12:47:19 PM LFD 3000 x| 10.00 kV| 10.1 mm 0 °

Figure 7. SEM images of samples obtained by Method 1 ((A) 1500x magnification, (B) 3000 x
magnification).

| 1172272023 | det | HV mag WD | tilt
%~ 10:28:59 AM_LFD 10.00 kV_10000x 7.0 mm .0 °

Figure 8. SEM images of samples obtained by Method 2 ((A) 1500 x magnification, (B) 10,000 x

magnification).
Drying to constant weight at
room tarnperature
e ——
() -HA scaffold ‘ - CB[6] Solution in water s -CB[6]

Figure 9. Schematic representation of the formation of conglomerates of CB[6] molecules on the
surface of HA using Method 2.

When examining SEM images of samples obtained by Method 3, a uniform distri-
bution of the CB[6] macrocycle on the HA surface is observed (Figure 10A). In this case,
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the formation of needle-shaped crystals is observed over the entire surface of HA—the
formation of CBI[6] crystals occurs evenly and simultaneously over the entire surface of the
composite. At 4000x zoom (Figure 10B), needle-shaped crystals are seen to cover almost
the entire HA surface uniformly.

Figure 10. SEM images of samples obtained by Method 3 ((A) 500x magnification, (B) 4000 x
magnification).

Based on the above, we have proposed a diversification of the scheme for obtaining
materials based on CB[6] and HA. Thus, to uniformly apply CB[6] to the surface of
materials, various methods can be used, depending on the potential purpose of the resulting
materials. In the case of Method 1, the surface is covered unevenly; penetration of CB[6]
into the scaffold does not occur due to low solubility with included water molecules in the
cavities of CB[6] [33]. In addition, the authors of [34] showed by calculation methods that
water molecules in the cucurbit[6]uril cavity are subject to structuring, which is due to their
weak interaction with this macromolecule, and the cluster contained in the CB[6] cavity has
the composition (H,O)s. This method of modifying the HA surface can be used in cases
where a low concentration of CB[6] is required on composite surfaces. Using Method 2,
most of the CB[6] is located inside the scaffold, as confirmed by IR spectroscopy and
gravimetry. To confirm this, the solution after application (residual solution) was drained
and dried to a constant weight and weighed. When studying the residual mass of solutions
after completing Methods 1-3, it was found that when using Method 1, the residual mass
was 6 mg, when using Method 2 it was 5 mg, and when using Method 3, it was 3 mg.
The advantage of Method 2 is that when interacting with the internal environment of the
body, CB[6] will not be washed out from the surface of HA. The peculiarity of Method 3
is explained by the ability of CB[6] to adsorb water, which leads to the penetration of
water into the cavity of CB[6] and the formation of corresponding aqua complexes [34]. In
addition, this method allows for more complete application of CB[6] both on the surface
and inside the scaffold. When using Method 3, the surface is uniformly coated and CB[6]
also penetrates into the HA scaffold, which in turn is the most effective combined option
for modifying HA scaffolds in the framework of the studies.

In development of Method 3, the influence of ultrasonic influence on the process of
applying CBI[6] to the HA surface was studied. To implement this approach (Method 4),
the HA scaffold was immersed in a solution of 15 mg of CB[6] in 15 mL of deionized water
located in a Petri dish, then the dish was immersed in an ultrasonic bath with a frequency of
37 kHz. During the experiment, an increase in the temperature of the solution was observed
(up to 50 °C for 15 min), and, as a result, cloudiness of the solution occurred (Figure 11).
After 20 min, the resulting composite was removed and dried at room temperature to
constant weight. In parallel, a similar experiment was carried out, but without external
interaction (Method 3). The resulting composites were examined using SEM, comparative
images of which are shown in Figure 12.
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Ultrasonic
50°C, 15 min
Composite
CB[6] Material

Figure 11. Scheme for producing composites using ultrasonic interaction.

3/13/2024
12:12:00 PM | LFD | 500 x| 20.00 kV | 15.3 mm| -0 °

| 3M13/2024
©112:24:18 PM | LFD | 500 x| 20.00 KV |14.9 mm| -0 °

Figure 12. SEM images of composites obtained by Method 3 (upper image) and when composites
were obtained by ultrasound interaction (lower image).
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When comparing SEM images of the obtained composites with and without ultrasonic
interaction (Figure 12) at the same approximation of 500 times, it is clear that when HA
is applied using ultrasonic influence on the surface, a more uniform distribution of CB[6]
over the surface is observed. The number of molecular conglomerates decreases compared
to Method 3, and at the same time the amount of HA surface area free from the macrocycle
decreases. This fact indicates that external ultrasonic influence increases the distribution
density of CB[6] on the HA surface.

Moving on to potential applications in the field of personalized medicine, there is the
problem of fixation of CB[n] with incorporated biological substrates on composite materials,
which will be subsequently used in medicine and medical practice. The fundamental issue
that needs to be addressed is to ensure that the components are held together by non-
covalent interactions. Since the preparation of CB[n]-based host-guest complexes as solid
products involves mixing hosts and guests in the appropriate stoichiometry, isolation of
the complexes in solid form using either lyophilization [35], co-solvent treatment [36], or
ball milling [37] is needed. However, the resulting complexes may be inert and not fixed
on the surface of the material. Studies of the processes of obtaining biocomposite materials
help to choose the necessary and optimal method for obtaining these biomaterials.

4. Conclusions

Summarizing the above, it should be noted that, depending on the method of applying
CBI6] to the surface and inside the HA scaffold, it is possible to adjust the composition and
structure of the target composite materials. Different application methods in turn increase
the variability of the potential applications of composites depending on the practical
application. The use of ultrasonic influence increases the surface coverage of HA and
reduces the number of conglomerates of CB[6] molecules, which is apparently due to
better wettability of the HA surface and disintegration of CB[6] conglomerates under
the determined conditions. Methods for applying CB[6] to the surface of HA have been
proposed, which opens the way to functional composite materials based on CB[6] and
encapsulation products (host-guest complexes).

The proposed methods for applying CB[6] to the surface of HA impart biodiversity
to the latter and provide affinity for the body’s environment when creating new func-
tional composite materials, including the use of supramolecular systems based on the
CBIn] family.

Author Contributions: Conceptualization, A.U. and T.B.; data curation, ZM. and D.A.; formal
analysis, D.A., LK. and M.I; funding acquisition, S.A., M.I. and Z.S.; investigation, T.B., Z.M. and
D.A.; methodology, A.B. and R.Y.; project administration, T.B., A.B. and R.Y,; resources, Z.S., LK.,
M.I and S.A,; software, A.U. and Z.M.; supervision, A.U., A.B. and R.Y,; validation, I.K,, S.A. and
Z.S.; visualization, T.B., M.I. and Z.M.; writing—original draft preparation, T.B., LK. and D.A.;
writing—review and editing, T.B., A.U. and D.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by Russian Science Foundation, grant RSF 24-43-20044 ((to LK.)).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.
Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Vikhrov, S.P; Kholomina, T.A.; Begun, PI.; Afonin, PN. Biomedical Materials Science; Hotline-Telecom: Moscow, Russia, 2006.

2. Williams, D.E. Tissue, biomaterial interactions. J. Mater. Sci. 1987, 22, 3421-3445. [CrossRef]

3. Laurencin, C.T.; Elgendy, H. The biocompatibility and toxicity of degradable polymeric materials: Implication for drug delivery.
Site Specif. Drug Deliv. 1994, 12, 27-46.


https://doi.org/10.1007/BF01161439

Materials 2024, 17, 4995 13 of 14

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mikos, A.G.; MclIntire, L.V.; Anderson, ].M.; Babensee, ].E. Host response to tissue engineered devices. Adv. Drug Deliv. Rev. 1998,
33, 111-139. [PubMed]

Langer, R. Drug delivery. Drugs on target. Science 2001, 293, 58-59. [CrossRef]

Santos, A.; Aw, M.S.; Bariana, M.; Kumeria, T.; Wang, Y.; Losic, D. Drug-releasing implants: Current progress, challenges and
perspectives. . Mater. Chem. B 2014, 2, 6157-6182. [CrossRef]

Kulinets, I. Biomaterials and their applications in medicine. In Regulatory Affairs for Biomaterials and Medical Devices; Woodhead
Publishing: Sawston, UK, 2015; pp. 1-10.

Antoniac, I.V. Handbook of Bioceramics and Biocomposites; Springer: Berlin, Germany, 2016; ISBN 978-3-319-12461-2.

Suchanek, W.; Yoshimura, M. Processing and properties of hydroxyapatite-based biomaterials for use as hard tissue replacement
implants. ]. Mater. Res. 1998, 13, 94-117. [CrossRef]

Dorozhkin, S.V. Calcium orthophosphates in dentistry. J. Mater. Sci. Mater. Med. 2013, 24, 1335-1363. [CrossRef]

Sun, H.; Su, EZ; Nj, J.; Cao, Y.; He, H.Y.; Fan, K.N. Gold supported on hydroxyapatite as a versatile multifunctional catalyst for
the direct tandem synthesis of imines and oximes. Angew. Chem. Int. Ed. Engl. 2009, 48, 4390—4393. [CrossRef]

Ong, J.L.; Chan, D. Hydroxyapatites and their use as coatings in dental implants: A review. Crit. Rev. Biomed. Eng. 1999, 28,
667-707. [CrossRef]

Dey, A.; Bomans, P; Miiller, FA.; Will, J.; Frederik, PM.; With, G.; Sommerdijk, N. The role of prenucleation clusters in
surface-induced calcium phosphate crystallization. Nat. Mater. 2010, 9, 1010-1014. [CrossRef]

Dorozhkin, S.V. Calcium orthophosphate deposits: Preparation, properties and biomedical applications. Mater. Sci. Eng. 2015, 55,
272-326.

Yuan, Y.; Huang, P; Peng, Q.; Zhang, C.; Weng, J. Osteogenesis of porous bioceramics scaffolds consisted of hydroxyapatite
spherules after implanted in different non-osseous sites. Mater. Sci. Forum 2009, 610-613, 1335-1338. [CrossRef]

Engin, N.O.; Tas, A.C. Manufacture of macroporous calcium hydroxyapatite bioceramics. J. Eur. Ceram. Soc. 1999, 19, 2569-2572.
[CrossRef]

Hou, Y.; Morrison, C.J.; Cramer, S.M. Classification of protein binding in hydroxyapatite chromatography: Synergistic interactions
on the molecular scale. Anal. Chem. 2011, 83, 3709-3716. [CrossRef]

Niimi, M.; Masuda, T.; Kaihatsu, K.; Kato, N.; Nakamura, S.; Nakaya, T.; Arai, F. Virus purification and enrichment by
hydroxyapatite chromatography on a chip. Sens. Actuators 2014, 201, 185-190. [CrossRef]

Feng, D.; Shi, ].; Wang, X.; Zhang, L.; Cao, S. Hollow hybrid hydroxyapatite microparticles with sustained and pH-responsive
drug delivery properties. RSC Adv. 2013, 3, 24975-24982. [CrossRef]

Kim, B.I; Jeong, S.H.; Jang, S.O.; Kim, K.N.; Kwon, H.K,; Park, Y.D. Tooth whitening effect of toothpastes containing nano-
hydroxyapatite. Key Eng. Mater. 2006, 309-311, 541-544.

Shpinyak, S.P. Experimental study of antimicrobial activity of hydroxyappatite and metal nanoparticles in vitro. Mod. Probl. Sci.
Educ. 2015, 6, 75-84.

Kolesnichenko, I.V.; Anslyn, E.V. Practical applications of supramolecular chemistry. Chem. Soc. Rev. 2017, 46, 2385-2390.
[CrossRef]

Xie, X.M,; Li, X.L.; Luo, H.H,; Lu, H].; Chen, FF; Li, W. The adsorption of reactive blue 19 dye onto cucurbit[8]uril and
cucurbit[6]uril: An experimental and theoretical study. J. Phys. Chem. 2016, 120, 4131-4142. [CrossRef]

Li, X.L.; Xie, X.M.; Luo, H.H.; Li, L.; Li, Z.; Xue, Z.Y.; Li, W. Adsorption of reactive yellow X-R G and reactive brilliant red X-3B
onto cucurbit[8]uril and cucurbit[6]uril: Effect factors, adsorption behavior and mechanism study. J. Colloid Interface Sci. 2017, 498,
31-46. [CrossRef] [PubMed]

Luo, H.H.; Huang, X.Y,; Luo, YH,; Li, Z,; Li, L.; Gao, C.; Xiong, J.Y.; Li, W. Adsorption behavior and mechanism of acidic blue 25
dye onto cucurbit[8]uril: A spectral and DFT study. Spectrochim. Acta Part A 2018, 193, 125-132. [CrossRef] [PubMed]
Burkhanbayeva, T.; Ukhov, A.; Fedorishin, D.; Gubankov, A.; Kurzina, I.; Bakibaev, A.; Yerkassov, R.; Mashan, T.; Suyundikova, F;
Nurmukhanbetova, N.; et al. Development of New Composite Materials by Modifying the Surface of Porous Hydroxyapatite
Using Cucurbit[n]urils. Materials 2024, 17, 2041. [CrossRef]

Marchenko, E.; Luchsheva, V.; Baigonakova, G.; Bakibaev, A.; Vorozhtsov, A. Functionalization of the Surface of Porous Nickel-
Titanium Alloy with Macrocyclic Compounds. Materials 2023, 16, 66. [CrossRef]

Zhumabayeva, G.; Turebayeva, P.; Ukhov, A.; Fedorishin, D.; Gubankov, A.; Luchsheva, V.; Kurzina, I.; Bakibaev, A.; Ryskaliyeva,
R.; Abdullina, G.; et al. Development of novel composite biocompatible materials by surface modification of porous inorganic
compounds using bambus[6]uril. Materials 2023, 16, 7257. [CrossRef]

Rasskazova, L.A.; Korotchenko, N.M.; Zeer, G.M. Microwave Synthesis of Hydroxyapatite and Physicochemical Study of Its
Properties. Phycicochemical Stud. Technol. 2013, 86, 691-695. [CrossRef]

Bardelang, D.; Udachin, K.A ; Leek, D.M.; Margeson, J.C.; Chan, G.; Ratcliffe, C.I; Ripmeester, ].A. Cucurbit[n]urils (n = 5-8): A
Comprehensive Solid State Study. Cryst. Growth Des. 2011, 11, 5598-5614. [CrossRef]

Gerasko, O.A.; Sokolov, M.N.; Fedin, V.P. Mono- and polynuclear aqua complexes and cucurbit[6]uril: Versatile building blocks
for supramolecular chemistry. Pure Appl. Chem. 2004, 76, 1633-1646. [CrossRef]

Ling, X.; Saretz, S.; Xiao, L.; Francescon, J.; Masson, E. Water vs. cucurbituril rim: A fierce competition for guest solvation. Chem.
Sci 2016, 7, 3569. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/10837656
https://doi.org/10.1126/science.1063273
https://doi.org/10.1039/C4TB00548A
https://doi.org/10.1557/JMR.1998.0015
https://doi.org/10.1007/s10856-013-4898-1
https://doi.org/10.1002/anie.200900802
https://doi.org/10.1615/CritRevBiomedEng.v28.i56.10
https://doi.org/10.1038/nmat2900
https://doi.org/10.4028/www.scientific.net/MSF.610-613.1335
https://doi.org/10.1016/S0955-2219(99)00131-4
https://doi.org/10.1021/ac103336h
https://doi.org/10.1016/j.snb.2014.04.011
https://doi.org/10.1039/c3ra44609c
https://doi.org/10.1039/C7CS00078B
https://doi.org/10.1021/acs.jpcb.6b03565
https://doi.org/10.1016/j.jcis.2017.03.043
https://www.ncbi.nlm.nih.gov/pubmed/28315583
https://doi.org/10.1016/j.saa.2017.12.006
https://www.ncbi.nlm.nih.gov/pubmed/29223457
https://doi.org/10.3390/ma17092041
https://doi.org/10.3390/ma16010066
https://doi.org/10.3390/ma16237257
https://doi.org/10.1134/S1070427213050145
https://doi.org/10.1021/cg201173j
https://doi.org/10.1351/pac200476091633
https://doi.org/10.1039/C5SC04475H

Materials 2024, 17, 4995 14 of 14

33.

34.

35.

36.

37.

Xiao, X.; Zhang, Y.; Zhu, Q.; Xue, S.; Tao, Z. Host-guest complexes of a water soluble cucurbit[6]uril derivative with some
dications of 1,w-alkyldipyridines: 1H NMR and X-ray structures. Sci. China Ser. B-Chem. 2009, 52, 475-482. [CrossRef]

Maslii, A.N.; Grishaeva, T.N.; Kuznetsov, A.M.; Bakovets, V.V. Quantum chemical study of the structuring of water in the cavity
of cucurbit[6]uril. ]. Struct. Chem. 2009, 50, 413-418. [CrossRef]

Zhao, Y.; Buck, D.P,; Morris, D.L.; Pourgholami, M.H.; Day, A.L; Collins, J.G. Solubilisation and cytotoxicity of albendazole
encapsulated in cucurbit[n]uril. Org. Biomol. Chem 2008, 6, 4509-4515. [CrossRef] [PubMed]

Blanch, R.].; Sleeman, A.J.; White, T.]J.; Arnold, A.P,; Day, A.I. Cucurbit[7]uril and o-carborane self-assemble to form a molecular
ball bearing. Nano Lett. 2008, 2, 147-149. [CrossRef]

Walker, S.; Kaur, R.; McInnes, EJ.; Wheate, N.J. Synthesis, processing and solid state excipient interactions of cucurbit[6]uril and
its formulation into tablets for oral drug delivery. Mol. Pharm. 2002, 7, 2166-2172. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s11426-009-0089-9
https://doi.org/10.1007/s10947-009-0059-2
https://doi.org/10.1039/b813759e
https://www.ncbi.nlm.nih.gov/pubmed/19039358
https://doi.org/10.1021/nl015655s
https://doi.org/10.1021/mp100191b
https://www.ncbi.nlm.nih.gov/pubmed/20669974

publisher.agency
Czechia

Prague, Czechia

9-10.1.2025

International
Scientific
Conference

Research
Reviews



Proceedings of the 8th International Scientific Conference

UDC001.1
P97

Publisher.agency: Proceedings of the 8th International Scientific
Conference «Research Reviews» (January 9-10, 2025). Prague, Czech

republic, 2025. 144p

ISBN 978-5-6145-9366-7
DOI 10.5281/zenodo.14651747

Y“ﬂ?
67>

36

I“B‘N“Hﬂ‘bm‘al
9 "785614"53

Editor: BoZena Kavkova, Professor, University of Prague

International Editorial Board:

Vasy| Bobek

Professor, Palacky University of Olomouc
Filip Karban

Professor, Technical University of Ostrava
Miroslav Peterka

Professor, Brno University of Technology
Radomir Voracek

Professor, Masaryk University in Brno
Stépan Balaz

Professor, Mendel University Brno

David Fabian

Professor, University of Pardubice

Pavel Stefan

Professor, University of West Bohemia

Lubo$ Melichar

Professor, University of Ostrava

Natalie Tvrda

Professor, University of Silesia, Opava
Lukas Trnka

Professor, Technical University of Liberec
Viktor Jonas

Professor, University of Hradec Kralové
Veronika Vrbova

Professor, Tomas Bata University in Zlin
Adéla Kariova

Professor, Law University in Prague

Emil Stejskal
Professor, Prague German University

editor@publisher.agency
https://publisher.agency/



«Research Reviews» (January 9-10, 2025). Prague, Czech republic

Table of Contents

Economic Sciences

THE IMPORTANCE OF MARKETING MODELS IN DIGITAL MARKETING ......ccoiiiiiiiiiiiiiicc i 5
NINO TCHANTURIA

RUSUDAN DALAKISHVILI

YMNPABJTEHNE PUCKAMW OPTAHU3ALUMN B YCNOBUAX HECTABMTBHOCTM ... 10
KYPEHBEK TEMM LLIbIHIbIC BATBIPXAHY/1bI

COBEPLIEHCTBOBAHWE OPTAHM3ALIMN YIIPABNEHNA PUCKAMM B AEATENBHOCTU OPTAHMBALUMN ..o 13
KYPEHBEK TEM LLIbIHIBIC BATHIPXAHY/IbI

TECHNOLOGICAL INNOVATION AND THE EFFICIENCY OF SMALL AND MEDIUM ENTERPRISES........ccccooiiiiiiiiiiiiiiicn 16
LI GAOYANG

DEVELOPMENT AND IMPLEMENTATION OF A HUMAN RESOURCE MANAGEMENT STRATEGY .....ccooviiiiiiiiiiiciicccccccc 24
GUO HONGYING

COMPARATIVE ANALYSIS OF IFRS 9 IMPLEMENTATION IN KAZAKHSTAN AND OTHER EMERGING ECONOMIES .........ccoovviiiiiins 28

AIGERIM SAIDULLA ABDULLAKYZY
ALIYA MIYAZHDENOVA NURGALIYEVA

STRATEGIC HUMAN RESOURCES MANAGEMENT IN MEDICAL EDUCATIONAL INSTITUTIONS: NEEDS ANALYSIS AND AN

INTEGRATED APPROACH ..ottt et ettt ekttt et h ekt eh et et b e bkt eb e eh et ettt b sttt en et ettt eseenean 42
YESHOVA GULZHAMILA

Technical Sciences

WNCCNEAOBAHUE CENCMOCTOMKOCTW BE3PUTENIbHBIX }KEJE3OBETOHHbIX KAPKACHbIX 3AAHUIA MOHOIMTHOM
KOHCTPYRLIMM .o bbb bbb 48

HyPCEWTOB LLI.O.
MAMBITA/MEB 6.4].
EPUMBETOB 5.T.
LIVVICEHBEKOB b.K.
AYBAKMPOBA ®.X.
AJIbAHOBA K. Y.

OPUTAMW ToCINNIH KNIMAEPAIH, KYNTENEHTEH SNIEMEHTEPIH OPbIHOAYAA KOJTOARY L. 55

YCEHBEKOB M.
HyPBAV C.K

MONYHEHME MUNLLEBBIX BOJTOKOH 3 BUOOTXOLOB TPAHATA ... 62

TA®1308 CAMUP [APUE OF/1bl

MPEMMYLLECTBA N SOPEKTUBHOCTb BHEAPEHNA LIM®POBOTO PAOMOBELLAHNA B PECMYB/IMKE Y3BEKUCTAH.................. 70

XAXAMWA0B

Legal Sciences
MODERN LEGAL MECHANISMS FOR GLOBAL FOOD SECURITY: A FOCUS ON GRAIN.............oooooooeeeoeeoeoooeoeeoe 73

ASSEM AKHMETOVA

Psychological Sciences

PROFESSIONAL MANAGEMENT SKILLS AND LEADERSHIP iN DYNAMIC ENVIRONMENTS: STRATEGIES FOR SUSTAINABLE SUCCESS

QAFAROVA SIMUZOR MURVST QizI

HOW TO INTEGRATE SOCIAL EMOTIONAL LEARNING TO INSTRUCTIONAL LEADERSHIP TEAM OF SCHOOLS? ... 83

PERI FAKHRADDIN NAGIZADEH

Architecture
PLASTICITY OF KAZAKH ORNAMENT IN BIONIC PRINCIPLES OF ARCHITECTURAL FORM FORMATION ... 86

KALYKOVA AZIZA SAGYNTAEVNA

Pedagogical Sciences
JMHIBOKY/NIbTYPOIOTMA ®PAIEONOTMYECKMX EANHMLL B PASPE3E TPEX ASBIKOB ......ooooeeveeeeeeeeee e 90

YMBETBEKOBA KY/IALL MYKAPAMOBHA
SKAKMNOBA MVPA HYP3AIMHOBHA

PROJECT METHOD IN CHINESE LANGUAGE LESSONS ..ottt ettt ettt et h et e ettt e et e bt e e s et e eteeenteeaneeenaean 95
GANZHA KHADI LOM-ALIEYVNA
GLUCHSHENKO YEKATERINA




Proceedings of the 8th International Scientific Conference

Philological Sciences

FEATURES OF PHRASEOLOGICAL SYSTEMS OF ENGLISH AND KAZAKH LANGUAGES ...t 99
KISMETOVA G.N.
ZIYEDENOVA R.K

TEXTOLOGY ACTIVITY OF MAMMADAGHA SULTANOV ..ottt s 102
MAHARRAMZADA TAMILLA

IRONIC DISCOURSE IN THE WORKS OF ABISH KEKILBAEV ...t 105
ADILET KABYLOV

THE CASE STUDY METHOD IN TEACHING FOREIGN LITERATURE ....coiiiiiiiiiiiiicc s 108

CHSHERBOVSKIKH IRINA GENNADIEVNA
SERALIEVA NAILYA ZHUMAGALIEVNA
URAZBEKOVA AKZHAN KHAZISKYZY

Medical Sciences
MODERN CONCEPTS OF THE ETIOLOGY AND PATHOGENESIS OF ATHEROSCLEROSIS OF CENTRAL VESSELS .v...ooveeeeeeeeeesreeeonn, 114

OSPANOVA ATINA DULATOVNA
KARPBAEVA ENLIK SERIKOVNA

PROBLEMS AND PROSPECTS OF DEVELOPMENT OF MEDICAL CARE FOR PATIENTS WITH RESPIRATORY DISEASES........ccccoovevnne 120

OSPANOVA ATINA DULATOVNA
KARPBAEVA ENLIK SERIKOVNA

Biological Sciences

ANIMATbI KANTACbIHAAFbLI ABTOKO/TIKTIH TOMbIPAKKA, ©CIMAIKKE IHE TOMbIPAK OMbIPTKACBI3AAPLIHA 9CEPI ........... 124
AB3ANTAA.

MYXATAEA H.H.

THE IMPACT OF GENE THERAPY ON TREATING GENETIC DISORDERS.......ciiiiiiiiiiiiiiiicci i 135

NYSHAN ULPAN DINMUHAMMEDHANOVNA

Chemical Sciences

SYNTHESIS AND STUDY OF A NOVEL SUPRAMOLECULAR "HOST-GUEST' COMPLEX BASED ON CUCURBIT[6]URIL AND 1,4-BIS(2-
HYDROXYETHYL)PIPERAZINE DIHYDROCHLORIDE .......ccuiiiiiiiiiicieiete et 138

TOLKYNAY BURKHANBAYEVA
RAKHMETULLA S. ERKASOV

Historical Sciences

THE AGREEMENT OF THE CENTURY — AN INTERNATIONAL PROJECT THAT TURNS AZERBAIJAN INTO AN INTEGRAL PART OF THE
GLOBAL WORLD ECONOMY ...ttt 139

HUSEYNOVA NURANA AHLIMAN



I Proceedings of the 8th International Scientific Conference

Chemical Sciences

Synthesis and Study of a novel
supramolecular 'host-guest' complex based
on cucurbit[6]uril and 1,4-bis(2-
hydroxyethyl)piperazine dihydrochloride

Tolkynay Burkhanbayeva

Department of Chemistry, Faculty of Science, L. N. Gumilyov Eurasian National University
Rakhmetulla S. Erkasov

Department of Chemistry, Faculty of Science, L. N. Gumilyov Eurasian National University

A novel supramolecular complex CasH71Cl2N26022 (CB[6]@Pipa-2HCI) of the "host-guest"
type has been synthesized. It is based on cucurbit[6]uril (CB[6]) with dihydrochloride 1,4-bis(2-
hydroxyethyl)piperazine (Pipa-2HCI) localized within the portals of the macrocycle. Based on *H
NMR and X-ray crystallography, the host-guest ratio in the complex under the specified conditions
was determined to be 1:1. Further evidence of complex formation was observed through IR
spectroscopy, where a splitting and shift in the absorption band of carbonyl vibrational
frequencies of cucurbit[6]uril by 36 cm™ and 12 cm™ towards the side of smaller wave numbers
was detected in CB[6]@Pipa-2HCI compared to the original CB[6]. TGA/DSC analysis results
indicated an increase in thermal stability by 55°C for the obtained CB[6]@Pipa-2HCI complex
compared to the initial 1,4-bis(2-hydroxyethyl)piperazine dihydrochloride. The structure of the
synthesized CB[6]@Pipa-2HCI complex was confirmed using single-crystal XRD
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N8 MOPPOSIOrMYEeCKOM HACTPOMKM ero
MOBEPXHOCTM B MPOLECCE NONYYEHNSA
KOMMO3MLIMOHHbIX MaTEPMANOB

TonkbliHal bypxaHbaeBa

Kadeapa xmumnu, akynbTeTa eCTeCcTBEHHbIX HayK, EBPa3nMIMCKOro HauMoHanbHOro
yHuBepcuteTa um. J1.H.l'ymmnnesa

PaxmeTynna Epkacos

Kadeapa xmmmm, bakynbTeTa eCTeCTBEHHbIX HayK, EBPa3aniMCKOro HauMoHaAbHOro
yHuBepcuteTa um. J1.H.'ymmnnesa

B coBpemeHHyt 3Moxy NepcoHaNM3MpPOBAaHHOM MeAMUMHbI CyLEecTBYeT 3HauMTe/bHas
NoTpebHOCTb B CO3/aHMM HOBbIX MaTepPWanoB A4 MMMNIAHTATOB, KOTOPble AO0/KHbI 06/13a4aThb
onpeaeneHHbIMN XapakTepUcTMKamn. [Ana ycnewHoro npuMeHeHna B MEANUMHCKUX LLeNAX Takne
MaTepwmanbl 4OMKHbI MMETb ONTUMA/IbHOE COYeTaHMe Pa3/IMYHbIX CBOMCTB.

KNntoueBbIMM XapaKTEPUCTUKAMM KOMMO3MLIMOHHbIX BMOMaTePManoB ABAAIOTCA MX COCTaB,
dopma, cTpykTypa, Mopdoaorns NoBePXHOCTU U MEXaHMYeCcKMe CBOMCTBA. BarKHbIM acnekTom
TaKMX MaTePManoB ABAAETCA X BUOCOBMECTMMOCTb, TO €CTb CNOCOBHOCTb B3aMMOAENCTBOBATD C
OKPY*KaOLWMMM TKaHAMM 6e3 BbI3bIBaHUA HEXKeNaTe IbHbIX PeaKkLMn nan BocnaneHnin. Kpome Toro,
enaTenbHo, YTobbl Takne maTepuasnbl CTUMYMPOBAAN POCT COCYA0B MM KOCTEN BOKPYT HUX,
CNoCcOBCTBYA 3aXKMBIEHWNIO M BOCCTAHOB/IEHNIO MOBPEXKAEHHbIX TKAHEN.

B cnyyae ¢ vmnnaHTaTamMM WAM MaTepuanamm ANs NeYeHUsas paH BCe 3TM CBOWCTBA
onpeaenAtT CnocobHOCTb MmaTepuana B3aMMOAENCTBOBATb C  OKPYKAKOWMMM  TKAHAMM.
BMOaKTMBHbIE MaTepuasbl MOTYT CAYKWUTb OCHOBOM A/11A POCTa HOBbIX TKAHEM, Hanpumep, AnA
YCKOpEeHMa pereHepauum nospexaeHun. Takmm obpas3om, pa3paboTka TakMx MaTepuasnos
ABNAETCA KNHOYEBbLIM ACMEKTOM B YAYYLWEHUM KAyecTBa MeAMUMHCKOW MOMOLLM M MOBbIWEHMM
3QPEKTUBHOCTM NeyeHnA. Ycnex NepcoHaM3MPOBAHHON MeAMUMHbBI B 3HAYMTENbHOW CTEMeHU
3aBMCUT OT Nporpecca B 061acTh pa3paboTKM HOBbLIX MaTeEPMANOB AN1A UMMNNAHTATOB, 0613 4at0LLMX
BCEMW HEOOXOAMMbBIMM XapaKTEPUCTUKaMKN Ans 6e3onacHoro n adpdeKTMBHOro B3aMMoAeNCTBUA
C BMONOTNYECKMMM TKAHAMU. MHHOBaUMKM B 3TOM 0BNACTM OTKPbLIBAKOT HOBbIE FOPU3OHTLI ANA
NeyeHna pasNnyHbIX 3aboneBaHnin U nospexkaeHW, obecneynsaa nauneHtTam Honee bHobicTpoe
BOCCTAHOB/IEHME W YNYYLLIEHNE KAYeCTBa KU3HM.

C Opyroi CTOPOHbI, MaTepuanbl, KOHTAKTUPYIOLLME C BHYTPEHHEN Cpeaol opra-HuM3ma,
[ONKHbI ObITb MAaKCMMaNbHO HETOKCUMYHBIMU ANA KNETOK M TKaHeh. OHAaKO MHOTMe BeLLecTBa,
obnagatolime BbICOKMMM aHTUOAKTEPMANbHBIMW CBOMCTBAMM, YAaCTO OKa3blBAKOTCA AOCTAaTOYHO
TOKCUYHbBIMW, YTO NPUBOAMUT K HU3KOM BMOCOBMECTMMOCTU. BMOCOBMECTMMOCTb OonpeaenaeTca
XapaKTEPOM M CTeneHblo B3aMMOLENCTBMA Mexay buomaTepuanamMm U TKaHAMM OpraHu3ma u
ABNAETCA OAHOW W3 BaxHeMWMnx npobnem B nccnefoBaHWAX bBuomaTepuanos. OHa BKAtOYAET
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MMMYHHOE OTTOPXKEHWE UMM BOCNANUTENIbHYIO PEAKLMIO OKPYKatoLWMX TKaHEeM Ha NpUCyTCTBUE
MHOPOAHOrO TeNa B OpraHM3me.

B cBA3KM C 3TUM, KO BCEM BUOMEANLMHCKMM YCTPOMCTBAM MPeabaBAsOTCA Ype3BblYaliHO
BbICOKME KAWHMYEcKMe TpeboBaHMA. MNepes MMNNaHTaumen B OpraHM3M 4enoBeka TpebyeTcs
TWATENbHbIA  MPOUECC MOAUPUKALMM  MOBEPXHOCTM MaTepnanoB AN  MNOBbIWEHMA KX
buocosmectumoct.  CosagaHme  MaTepuanoB,  KOTOpble  OAHOBPEMEHHO  SABAAKOTCA
H6ruocoBMecTMMbIMW 1M 0b6naaatoT cneundryeckon 6MONOrMYecKor akTMBHOCTbIO, NpeacTaBaseT
cobon HeTpMBMaNbHYIO 3a4a4y.

MOMMMO 3TOro, COBPEMEHHbIE KAMHUYECKMEe MeTOoAdbl JIeYEeHUss 4acTO OCHOBaHbl Ha
nepopasbHOM WAW BHYTPMBEHHOM BBEAEHUM JIEKAPCTBEHHbIX CPeACTB. TakKoW noaxo
obecrneymBaeT BbICOKUM YPOBEHb NpenapaTa B KPOBM Cpasy Nnoc/ie BBeAEHUS 103bl, HO 3aTEM ero
KOHUEHTPaLMA ObICTPO CHUMKABTCA HUXKE TepaneBTUYEeCKOro OKHA. ITO MOXET MPUBECTU K TOMY,
YTO KOHLEHTpauusa npenapaTa CHavyana A0CTUraeT TOKCMYECKOro YPOBHS, a 3aTeM MadaeT HUKe
TepaneBTUYECKOrO, Aenas Tepanunio meHee 3dGEKTUBHOMN.

CnepoBatenbHO, pa3paboTka HOBbIX OMOMaTepuanoB M MeToAO0B  AOCTaBKM
NeKapCTBEHHbIX CPeACTB TpebyeT pelleHns MHOKeCTBa CNOXKHbIX 3a7a4. Heobxoanmo co3aaBatb
MaTepuranbl, KOTOpPble HE TONbKO MWHMMANbHO TOKCMYHbI M BUMOCOBMECTUMbI, HO U 0bnazatoT
HeobxoAMMON OMONOTMYECKOM aKTUBHOCTbIO Aas obecnevyeHna 3PPeKTUBHOMO eYeHus.
MHHOBALMOHHbIE NOAX0Ab! B 3TOM 061aCTU MOTYT 3HAYUTENBHO YAYYLIUTL KA4eCcTBO MeANLMHCKOM
NOMOLLM, NPeaoCTaBNAEMON NaLUMeHTaM, M MNOBbICUTb IGDEKTUBHOCTb NleYeHUA Pa3NUYHbIX
3a601eBaHU U NOBPEKAEHUN.

IMnnaHTaTbl, BbiCBOOOXAAtOUIME /IEKAPCTBEHHblE CPEACTBa, CTaAM NepPCneKTUBHOMN
aNbTePHATUBOM TPAAMLMOHHBIM METOZaM NepopasbHOroO U BHYTPMBEHHOIO BBEAEHWUA NEKAPCTB
ONA WMPOKOro CMeKkTpa KAMHWYECKMX NPUMEHEHW. B HacToAllee BpemsA WM3BECTHbI TaKue
mMaTepuanbl,  MCNonb3lyemble  ANA  pa3paboTKM  MMMNAHTATOB  C  KOHTPOJIMPYEeMbIM
BbICBODOXKAEHNEM NEKAPCTB, KaK TUTAHOBble HAHOTPYOKM, MOPUCTbIA KPEMHWUI, NOAMMEpPHI U
Pa3/IMYHbIE MUKPOTEXHONOMUN.

IMnnaHTbl BbiIcBOOOXKAAOLWIME NEKAPCTBEHHbIE CpeaCcTBa, 061a4at0T PAAOM YHUKANbHbIX
npeumyulects. OHM MmoryT obecneymBaTb YCTOMYMBOE, AMCTAHUMOHHO KOHTPOJIMPYEMOE,
Nporpammmpyemoe 1 IOKaIM30BaHHOE BbICBODOXKAEHNE TeKAPCTB HEMOCPEACTBEHHO B HYKHOM
MmecTe. ITO gdenaeT Tepanuio Honee 3dPEKTUBHOM, CHMXKAA PUCK NOBOYHbLIX addeKToB ANA
NauneHToB. TakMe BO3MOXHOCTU TPYAHO A0CTUYb NPK 0ObIYHOM CUCTEMHOM BBEAEHNM TIEKAPCTB.

Ocoboe MecTo cpean MMMAAHTATOB 3aHMMaloT OMOaKTMBHbIE mMaTepuanbl, CNocobHble
CTUMYIMPOBATb POCT HOBOM TKaHM BOKPYT cebs. ITO NO3BOASET 3HAYUTENbHO YYYLINTb MPOLLECChI
3aXKNB/IEHUS N BOCCTAHOB/IEHMNSA, YTO OCODEHHO BaXKHO B MEANUMHCKMUX MPUMEHEHNAX, CBA3AHHbIX
C NleYeHMeM paH U MOBPEXAEHWI. BMOaKTMBHbIE MaTepuasibl MOTyT YCKOPSTb pereHepaumio
TKaHEeM, YTo AenaeT X He3aMeHMMbIMN B MeAMLIMHCKON NpaKTUKe.

Bce XapaKTepUCTMKM  MaTepuanoB A48  MMMAAHTAaTOB, MO3BOJANOWME NpUAATb
61MONOA0OHOCTL UrpaloT Ba)KHYD POJb B WX MPUMEHEHUUM B MeauuMHe. MccnenoBaHus U
pa3paboTkM B 3TOM 06/1aCTM MNOCTOAHHO NPOABMIAlOTCA Brepes, CTPEeMACb HalTu Nyy-lue
MaTepuanbl, KOTOpble yAO0BNETBOPAOT BCeM TpeboBaHMAM U obecneymBaloT ONTU-MasibHble
pesyabTaTbl AN NauMeHToB. MHHOBALUMKW B pa3paboTKe TaKMX MaTepuanosB MOTyT MPUBECTU K
3HAUYUTENbHbIM YAYULLEHMAM B IeYEHUN Pa3nYHbIX 3a001eBaHMN 1 NoBpexaeHM, obecnednsas
6onee ObicTpoe 1 3pPEKTMBHOE BOCCTAHOBEHME NALMEHTOB.

Takmm 06pa3om, Co3daHMe U NPUMEHEHME  MMMAAHTATOB, BbICBOOOXKAAOLLIMX
NeKapCTBEHHbIe CPeCTBA, OTKPbLIBAOT HOBbIE TOPMU3OHTbI B MEAMLIMHCKOMN HayKe 1 NpakTKe. OHK
He TO/NIbKO MOBbIWAT 3PPEKTUBHOCTb TEPANUM, HO N 3HAYUTENbHO YYYLLIAIOT KAa4eCTBO KMU3HM
NauMeHTOB, MUHMMU3MPYA MNobo4YHble 3ddeKkTbl ©n  obecneymBaa 6Honee TOYHOE MU
LileNeHanpaBaeHHOe NeYeHune.
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B coBpemeHHyt0 3Moxy NepcoHaNM3MpPOBAHHOM MeAMUMHbI CyLLeCcTBYeT 3HauMTe/bHas
noTpebHOCTb B CO3aHMM HOBbIX MaTepPWanos ANA MMMNIAHTATOB, KOTOPble A0MKHbI 061aaaTh
onpeAeneHHbIMN XapakTepmucTUkamn. [na ycnewHoro NpUMeHeHnA B MEAUUMHCKMUX LLeNAX Takne
MaTepmanbl LOMKHbI MMETb ONTUMA/IbHOE COYeTaHMe Pa3/IMYHbIX CBOMCTB.

KNntoueBbIMM XapaKTePUCTMKaMM KOMMO3ULMOHHbIX BMOMaTepmnanos ABNAOTCA MX COCTaB,
dopma, cTpykTypa, Mopdoaorns NoBepPXHOCTU M MEXaHMYEeCKMe CBOMCTBA. BarKHbIM acnekTom
TaKMX MaTePMasnoB ABAAETCA X BUOCOBMECTMMOCTb, TO €CTb CNOCOBHOCTb B3aMMOAENCTBOBATD C
OKPY*KaOLWMMM TKaHAMM 6e3 BbI3bIBaHUA HEXKeNaTe IbHbIX PeaKLMN nAK BocnaneHnin. Kpome Toro,
enaTenbHo, YTobbl Takne maTepuasnbl CTUMYIMPOBAAN POCT COCYA0B MM KOCTEN BOKPYT HMX,
CNocoBCTBYA 3aXKMBIEHNIO M BOCCTAHOB/IEHNIO MOBPEKAEHHbIX TKAHEN.

B cnyyae ¢ vmnnaHTaTamM WAM MaTepuanamm AN NeYeHus paH BCe 3TM CBOWCTBA
onpeaenAtT CnocobHOCTb MmaTepuana B3aMMOAENCTBOBATb C  OKPYXKAKOWMMM  TKAHAMM.
BMOaKTMBHbIE MaTepuasbl MOTYT CAYKWUTb OCHOBOM A/11A POCTa HOBbIX TKAHEM, Hanpumep, ANA
YCKOpEeHMA pereHepauum nospexaeHun. Takmm obpas3om, pa3paboTka TakMx MaTepuasnos
ABNAETCA KIHOYEBbLIM ACMEKTOM B YAYYWEHUM KAyecTBa MeAMUMHCKON MOMOLLM M MOBbIWEHMM
3ddEKTMBHOCTN NedeHns. Ycnex nepcoHam3npoBaHHOM MeAMLUMHbI B 3HAYMTE/IbHOM CTeneHu
3aBMCUT OT Nporpecca B 061acTy pa3paboTKM HOBbLIX MAaTEPMANOB A/1A UMMIAHTATOB, 0613 Aat0LIMX
BCEMWN HEOBXOAMMBIMU XapaKTEPUCTUKAMK Ana 6e30nacHoro n agpPpeKTMBHOro B3aMMOAENCTBASA
C BMONOTMYECKMMM TKAHAMU. MHHOBAUMKM B 3TOM 0BNACTM OTKPbLIBAIOT HOBbIE FOPU3OHTLI A8
NeyeHna pasNnyHbIX 3aboneBaHnin U NospexkaeHW, obecneynsaa nauneHtTam Honee bHoicTpoe
BOCCTAHOB/IEHME W YNIYYLLIEHNE KAYeCTBa KU3HM.

C Opyroi CTOPOHbI, MaTepuanbl, KOHTAKTUPYIOLLME C BHYTPEHHEN Cpefol opra-HuM3ma,
[ONKHbBI ObITb MAaKCMMaNbHO HETOKCUMYHBIMUK ANA KNETOK M TKaHeWh. OHAaKO MHOrMe BeLLecTBa,
obnagatolime BbICOKMMM aHTUOAKTEPMANbHBIMW CBOMCTBAMM, YAaCTO OKa3blBAKOTCA AOCTAaTOYHO
TOKCUYHbBIMW, YTO NPUBOAMUT K HU3KOM BMOCOBMECTMMOCTU. BMOCOBMECTMMOCTb OonpeaenaeTca
XapaKTEPOM M CTeMeHblo B3aMMOLENCTBMA Mexay buomaTepuanaMm U TKaHAMM OpraHuM3ma u
ABNAETCA OAHOW W3 BaxHeMWMnx npobnem B nccnefoBaHWAX BuomaTepuanos. OHa BKAOYAET
MMMYHHOE OTTOPXKEHWE MM BOCMANNTENbHYIO PEAKLMIO OKPYMKAIOLWMX TKaHel Ha NpucyTcTBMe
WHOPOAHOrO TeNa B OpraHM3me.
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B cBA3KN C 3TUM, KO BCEM BUOMEAMLIMHCKMM YCTPOMCTBAM NPeabABASKOTCA Ype3BblYaiHO
BbICOKME KAWHUYECcKMe TpeboBaHMA. MNepes MMNNaHTaumMen B OpraHM3mM 4enoBeka TpebyeTcs
TWATENbHbIA  MPOUECC MOAUPUKALMM  MOBEPXHOCTM MaTepuanoB AN  MNOBbIWEHMA  UX
bunocosmectumoctn.  CosagaHme  MaTepuanoB,  KOTOpble  OAHOBPEMEHHO  SABAAKOTCA
H6ruocoBMecTMMbIMW M 0b6naaatoT cneundryeckon 6MONOrMYecKom akTMBHOCTbIO, NpeacTaBaseT
cobon HeTpMBMaNbHYIO 3a4a4y.

MOMMMO 3TOro, COBPEMEHHbIE KAUHUYECKMEe MeTOoAdbl /IeYEeHMss 4acTO OCHOBaHbl Ha
nepopasbHOM WAW BHYTPUMBEHHOM BBEAEHWM JIEKAPCTBEHHbIX CPeACTB. TakKoW noaxo
obecneymBaeT BbICOKMM YPOBEHb NpenapaTa B KPOBM Cpasy Nnoc/ae BBeAEHUA 103bl, HO 3aTEM €ro
KOHUEHTPaLMA ObICTPO CHUMKABTCA HUXKE TepaneBTUYEeCKOro OKHA. ITO MOXET MPUBECTU K TOMY,
YTO KOHLEHTpauusa npenapaTa cHavyana AOCTUraeT TOKCMYECKOro YPOBHS, a 3aTeM NadaeT HUKe
TepaneBTUYECKOrO, Aeas Tepanunio meHee 3dGEKTUBHOMN.

CnepoBatenbHO, pa3paboTka HOBbIX OMOMaTepuanoB UM METOAO0B  AOCTaBKM
NIeKapPCTBEHHbIX CPEACTB TpebyeT pelleHns MHOMKECTBa CA0MKHbIX 3a4a4. Heobxoammo co3aaBaTtb
MaTepuasnbl, KOTOPble HE TONbKO MWHUMANbHO TOKCMYHbI M BUMOCOBMECTUMbI, HO U 0ONaaatoT
HeobxoAMMON OMONOTMYECKOM aKTUBHOCTbIO A1 obecnevyeHna 3PPeKTUBHOMO eYeHus.
MHHOBALMOHHbIE NOAX0Ab! B 3TOM 061aCTU MOTYT 3HAYUTENBHO YAYYLIUTL KA4eCcTBO MeANLMHCKOM
NOMOLLM, MNPeaoCTaBNAEMON NauUMeHTaM, W MNOBbICUTb 3GDEKTUBHOCTb NleYeHUA Pa3NUYHbIX
3a6001eBaHN U NOBPEKAECHUN.

IMnnaHTaTbl, BbiICBOOOXAAtOUIME /NIEKAPCTBEHHblE CPEACTBa, CTaAM NepCneKTUBHOMN
aNbTePHaATUBOM TPAAMLMOHHBIM METOZaM NepopasbHOrO U BHYTPMBEHHOMO BBEAEHWUA NE€KAPCTB
ONA  WMPOKOro CMeKTpa KAMHWYECKMX NPUMEHEHW. B HacToAllee BpemsA WM3BECTHbI TaKue
mMaTepuanbl,  MCNonb3lyemble  AnA  pa3paboTKM  MMNNAHTATOB  C  KOHTPOJIMPYEeMbIM
BbICBODOXKAEHNEM NEKAPCTB, KaK TUTAHOBble HAHOTPYDOKM, MOPUCTbIA KPEMHWUI, NOAMMEpPbI U
Pa3/IMYHbIE MUKPOTEXHONOMUN.

IMnnaHTbl BbIcBOOOXKAAOLWIME NEKAPCTBEHHbIE CpeaCcTBa, 061a4at0T PAAOM YHUKANbHbIX
npemmyulects. OHM MmoryT obecneymBaTb YCTOMYMBOE, AMCTAHUMOHHO KOHTPOJIMPYEMOE,
nporpammmpyemoe 1 N0Kan3oBaHHOE BbICBODOKAEHNE NEKAPCTB HEMOCPEACTBEHHO B HYKHOM
MecTe. ITO genaeT Tepanuio Honee s3dPEKTUBHOM, CHUNKAA PUCK NODOYHLIX addeKToB ANd
NauMeHToB. TakMe BO3MOXHOCTU TPYAHO A0CTUYb NPK 0ObIYHOM CUCTEMHOM BBEAEHNM TIEKAPCTB.

Ocoboe MecTo cpean MMMAAHTATOB 3aHMMalOT OMOaKTMBHbIE maTepuanbl, CNocobHble
CTUMYIMPOBATb POCT HOBOM TKaHM BOKPYT cebs. ITO NO3BOASET 3HAYUTENbHO YYYLINTb MPOLECChI
3aXKMB/IEHNSA N BOCCTAHOB/IEHWSA, YTO OCODEHHO BaXKHO B MEANUMHCKUX MPUMEHEHMNAX, CBA3AHHbIX
C NleYeHMeM paH U MOBPEXAEHWI. BMOaKTMBHbIE MaTepumasibl MOTyT YCKOPSTb pereHepaumio
TKaHeW, YTo AenaeT X He3aMeHMMbIMN B MeAMLIMHCKON NpaKTUKe.

Bce XapaKTepUCTMKM  MaTepuanoB A48  MMMAAHTAaTOB, MO3BOJANOWME NpUAATb
61MONOA0OHOCTL MrpaloT Ba)KHYD POJb B WX MPUMEHEHUU B MeauuMHe. MccnenoBaHus U
pa3paboTkM B 3TOM 06/1aCTM MOCTOAHHO NPOABMIAtOTCA Brepes, CTPEeMACb HalTW Nyy-liue
MaTepuranbl, KOTOpble yAO0BAETBOPAOT BCeM TpeboBaHMAM K obecneymBaloT ONTU-MasibHble
pe3ynbTaTbl ANS NauMeHToB. MHHOBALUMKW B pa3paboTKe TaKMX MaTepuanosB MOTyT MPUBECTM K
3HAYUTENbHbIM YAYULLEHMAM B IeYEHUN Pa3nYHbIX 3a00/1eBaHMN 1 NoBpexaeHM, obecneynsas
6onee bbicTpoe 1 3pPeKTMBHOE BOCCTAHOBIEHME NALMEHTOB.

Takmm  06pa3om, Co3daHMe U NPUMEHEHME  MMMAAHTaTOB, BbICBOOOXAAOLLIMX
NeKapCTBEHHble CPeCTBaA, OTKPbLIBAOT HOBbIE TOPMU3OHTbI B MEAMLIMHCKOM HayKe 1 NpakTKe. OHK
He TO/NIbKO MOBbIWAT 3PPEKTUBHOCTb TEPANUM, HO U 3HAYUTENbHO YYYLLIAIOT KAa4eCTBO KMU3HM
NauMeHTOB, MUHMMM3MPYA Nobo4YHble 3ddekTbl ©n  obecneymBaa 6Honee TOYHOE MU
LileNeHanpaBaeHHOe NeYeHune.
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