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HHPOPMAIIUA AJI1 ABTOPOB

CoopHuK HayuyHbBIX TpyaoB «HaHocucremu, nanomarepiaau, HaHorexHoJorii» (HHH) ny6iaukyer emé
Heony6JINKOBaHHbIE I HE HAXOAAIIMECH HA PACCMOTPEHHUN [JId ONyOJUKOBAHUSA B MHBIX N3TAHUAX HAyY-
Hble 0030PBI ¥ OPUTHMHAIbHEBIE CTATHY, COJEPIKAIIe U XapaKTePU3YIOllie Pe3yIbTaThl SKCIePUMEHTAb-
HBIX U TEOPETUYECKUX MCCJIEJOBAaHMUIL B 001acTu GUSUKHU, XMMUU, METOOB CUHTE3a, 00Pa00TKHU U JUATHO-
CTHKU HAHOPa3MEPHBIX CUCTEM M HAHOMACIITAOHBIX MaTepHUasoB: KJIACTEPOB, HAHOYACTHUIL], HAHOTPYOOK,
HAHOKPHUCTAJJIOB U HAHOCTPYKTYP (AmATUTONORXOGHBIX ¥ ApP. OuocucreM, aMOPOHBIX M KOJUJIOUJHBIX
HAHOPa3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IJIEHOK ¥ IOKPBITHIT, HAHOIIOPOIIIKOB M T.A.).

CraTbu MyOJINKYIOTCA HAa OAHOM M3 JBYX A3BIKOB: aHIVIMHCKOM MJIN YKPAUHCKOM.

CraTbu, B 0hOPMJIEHNY KOTOPBIX HE COOJIIOEHEI cieayolye npasuia qid mybaukamuu 8 HHH, Bos-
BpaII[aloTCA aBTopaM 6e3 pacCMOTPEHUA IO cyinecTBy. ([laToit mocTymieHnsa canTaeTca JeHb IOBTOPHOTO
IPeJCTABJIEHUS CTATHY IIOCJIE COOJIIONeHUsI YKAa3aHHBIX HIKe IIPABUIL. )

1. CraTps 10/sKHA GBITH MOANIMCAHA BCEMU aBTOpPaMu (C yKa3aHueM MX aJpPecoB 3JIEKTPOHHOM [10YThI);
ciaenyeT ykasaTh (paMuUINIO, UMA U OTYECTBO aBTOPA, C KOTOPHIM pefaKnusa OyAeT BeCTU IEePENuCKy, ero
TIOYTOBRIH aspec, HoMep TesredoHa (hakca), agpec 3JIeKTPOHHOM ITOYTHI.

2. NanoskeHne NOJIKHO OBITH SICHBIM, CTPYKTYPUpPOBaHHBIM (paszenamu «1. Begenue», «2. Jkcue-
puMeHTasnbHasA/TeopeTnueckas MeTOguKa», «3. PesysnbTaTsl u ux obcyxaeHue», «4. BerBogsl», «Iluru-
POBaHHAS JUTEPATYPa»), COKATHIM, 6e3 AJIMHHBIX BBEAEHUN, OTCTYILIEHUN U IIOBTOPOB, AYOJUPOBAHUSA B
TeKCTe JAaHHBIX TabJIUIl, PUCYHKOB U MOANNCEH K HUM. AHHOTAI[UA U pasnes « BoIBOABI» HOJKHEI He 1y0-
JIMPOBATH APYT Apyra. YucaoBble JaHHbIE CJIeLYeT IPUBOAUTDH B OOIIEIIPUHATHIX eUHUIIAX .

3. 06BéMm craThu noKeH ObITH He 60s1ee 5000 cJI0B (¢ y4ETOM OCHOBHOT'O TEKCTA, TaGJINI], IOLIUCEH K
PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6osiee 9000 ciooB u 30 pucyHkoB), pemarmTca penxosurerneiit HHH Ha ocHOBaHWYM IpeABapUTEIHLHO
IIpeoCTaBIeHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PaGOTHL.

4. B pefaknuio mpegocTaBiasiercsa 1 9K3eMILIADP PYKONNCH € MIIIOCTPATHBHBIM MaTepuajoM, Haleda-
TaHHBIA Ha Oymare ¢popmara A4 yepes JBOITHOI HHTEPBAJ B OAMH CTOJIOE] C OLHOI CTOPOHBI JINCTA.

5. B pemaxknuio o0a3aTeqbHO IpefocTaBidercs (1o e-mail min Ha KoMIakT-gucKe) Gaila pykomucu
craTbu, HaOpaHHBINA B TeKCTOBOM pegakTope Microsoft Word 2003, 2007 mixu 2010 ¢ HagBaHUEM, COCTO-
AmuM us haMuIny IepBoro aBTopa (JaTuHuIei), Hanpumep, Smirnov.doc.

6. IleuaTHBII BapUAHT PYKOIIUCHU U €€ 3JIeKTPOHHA A BEPCUS JOJKHBI ObITH HACHTUYHBIMU U COAEPIKATH
5—7 ungexcos PACS (8 mocnexnneit pegaknuu ‘Physics and Astronomy Classification Scheme 2010’ —
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammio (200—-250 cioB)
cratbu (BMecTe ¢ 5—6 KiaroueBbIME ciIoBaMu). TeKCTHI YKPAaWHOSASBIYHBIX CTATell JOJKHBI TaKXKe COLep-
JKaTh 3arJyiaBre CTaTby (BMeCTEe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEeKAEHMHIt), pac-
mupensyto annoranuio (300—350 cioB), KIOUEBHIE CI0BA, 3aTOJIOBKY TA0IUI] U ITOAIINCH K PUCYHKaM Ha
aHIIMIICKOM s3bIKe. KpoMme TOro, cogepixkaHusi aHHOTAUM HA YKPAMHCKOM U aQHIJIMMCKOM S3BIKAX
A OJIXKHBI 6]:1’1‘]: UJIEHTUYHBIMU 110 CMBICJIY.

7. PucyHKH (TOJIBKO 4Y€pPHO-0ejIble WJIN MOJYTOHOBbIE ¢ IPaJanueil ceporo) mIpeJocTaBIA0TCA Ha OT-
[eJIbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuInu IepBoro aBropa. Bce puCyHKY JOJKHBI OBITH
JIOIIOJTHUTEJIBHO IIPEICTaBJIEHBI B BUle OTAEIbHBIX (haiiioB (IIPeAIOUTUTENbHO B rpadudeckux ¢popmarax
TIFF, EPS nau JPEG) c HagBaHusaMu, cocToAIuMY 13 (GaMUINU IIePBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo manrocrpaimii (B ToM Yucje IOJTYTOHOBBIX) LOJIKHO
obecreunBaTh X BocupousBegenue ¢ paspemenrem 300—600 Touek Ha groiiM. [[OTOJIHUTEIBHO PUCYHKY
IIpeoCTaBIAATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hapnucu Ha pucyHKax (0COO€HHO Ha IOJIYTOHOBBIX ) HaZI0 110 BOBMOYKHOCTY 3aMEHUTb OYKBEHHBIMU
o6o3HaueHNAMU (HaOpaHHBIMU HA KOHTPACTHOM (hoHE), a KpUBbIe 0003HAYNTD IH(PaMU UJIN PASINIHOIO
THUIA TUHUSMYU/MapKepaMu, PasbsACHAEMBIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BETA U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPDOM3BEEHNUsI B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMmas IIMpPWHA pucyHKa — 12,7 cm).
CHUMKHU [OJIKHBI OBITh YETKUMU U KOHTPACTHBIMY, & HAANUCHU U 0003HAUEHUS JOJIKHBI HE 3aKDPHIBATH
CYII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HCIIOJIB30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMYEHUs [IPU CHEMKE JKeJIaTeIbHO IPOCTaBUThH MaciITad (Ha KOHTpacTHOM (oHEe) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moAnucy K 0CsiM, BBIIOJHEHHbIE HA A3BIKE CTAThH, JOJDKHBI COJEPIKATD
0003HaueHns (NI HANMEHOBAHU ) OTKJIAJbIBA€MBIX BEJIUUNH U Yepe3 3alsTYI0 UX eIUHUIIbI U3MEDPEHU .

9. ®opMmyasI B TEKCT HEOGXOJUMO BCTABIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosrocThIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. Pucynku, a Tak:ke TaGJIUIbI U IIOJCTPOUYHbIC MPUMeYaHUA (CHOCKM) JOKHBI UMETh CILJIOIIHYIO
HyMepaIuio II0 BCeil craTbe.

11. CepLKu Ha JUTEepaTypPHBIE NCTOUHUKY CJIEAYET JaBaTh B BHE IOPAAKOBOIO HOMEpPa, HaledaTaH-
HOT'O B CTPOKY B KBaApPaTHBIX CKOOKax. CIIMCOK JUTepaTyphbl COCTABIAETCS B IIOPSAIKE IIEPBOT0 YIIOMUHA-
HUS UCTOUYHUKA. IIpuMepsl 0POPMIIEHUs CCHLIOK IPUBEEHbI HUYKe; IPOCUM 00paTUTh BHUMAaHNE Ha II0-
PANOK CJIeJOBAHWUA MHUIMAJIOB U (PaMUINi aBTOPOB, 6ubinorpadMuecKuX CBEAEHUN U HA Pasfe/UTelb-
Hble 3HAKU, a TaKyKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTHPOBAHHON paboTH U (B KOHIE
KasKI0i cchliku) eé nudposoro nuaentuduraropa DOI, ecsiz TaKoBOII MMeeTCA Y COOTBETCTBYIOIIEH Iy6-
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nukanuy (1 yKasaH Ha €€ MHTePHeT-CTPaHNIle U3JaTeIbCTBA):

1.T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian).
https://doi.org/10.15407 /ufm.09.01.001

2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012).
https://doi.org/10.1103/PhysRevB.86.035418

3. A. Meisel, G. Leonhardt, and R. Szargan, Rontgenspektren und Chemische Bindung [X-Ray Spectra
and Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in Ger-
man).

4.J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moscow: Mir:
1974) (Russian translation).

5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Al-
loys.V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.

6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds.

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington,
D.C.: U.S. Govt. Printing Office: 1964).

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25-31,
1999 ) (Kiev: RVV IMF: 2000), vol. 2, p. 113 (in Russian).

8. T. M. Radchenko, Vplyv Uporiadkuvannya Defektnoyi Struktury na Transportni Vlastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the Mixed
Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for Metal
Physics, N.A.S.U.: 2015) (in Ukrainian).

9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov
Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Published
November 21, 1979) (in Russian).

10. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metalli-
cheskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, B22
F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).

11. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashchenij [On the Nature
of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. No.
1, 1998) (in Russian).

CiepyeTr IpUMEHSTH O0LIEeIPUHATHIE COKPAIeHUsI HA3BAHUH KYPHAJIOB ¥ COOPHUKOB TPYAOB:
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf;
http://images.webofknowledge.com/WOK46P9/help/WOS/A abrvjt.html;
http://www.ams.org/msnhtml/serials.pdf

OGs3aTeIbHBIM TPEOOBAHMEM ABJISETCS IPESOCTaBIeHIe JOIIOJHUTEILHOTO CINCKA IIUTUPOBAHHOM JuTepa-

Typs! (References) B matunckoit rpancanrepanun (cuicrema BGN/PCGN; pekoMeHAyeMble TPAHCIUTEPATO-

poi: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). ITocse Tpamc-

JINTEPUPOBAHHBIX HA3BAHUM KHUT, JUCCEPTAINIA, TATEHTOB U IIP. HAJ0 IPUBOAUTEL B KBaAPATHBIX CKOOKAX

UX aHIJIOA3BIYHBIH mTepeBos. IIpu Tpancaurepamuu crareit us HHH nHamo ncnosbsoBats Hanucauue @ .1.0.

aBTOPOB, IIPUBEAEHHOE TOJIBKO B AHIJIOA3BIYHOM OIJIABJIEHUU COOTBETCTBYIOIIETO BBIIIYCKA, ¥ O(PUIUATIBHOE

TPaHCINTEPHPOBAHHOE HadBaHNe COOPHUKA (CM. TAKIKe CaiiT).

12. Koppekrypa aBToOpaM MOXKeT GbITh BBICJIAHA 9JIEKTPOHHON ouToi B Buze pdf-daiiia. Ha nposepky
KOPPEKTYpPBl aBTOPaM OTBOAATCA 5 paboumx mHEH, HAauWHAs CO AHsA, CJHEAYIOIIEero 3a JAaTOM OTIPABKU
KOppeKTypsl. ITo ncTeueHNN YKasaHHOTO CPOKA CTAThd aBTOMATUYECKU HAIPABJISETCS B TeyaTs. Vicmpas-
JIGHUA CJIeLyeT OTMETUTb U IPOKOMMEHTHPOBaTh B caMoM pdf-aiise au6o opopMUTH B BUAE IEePEUHS
WCIIPABJICEHUH U Iepecarh (0T UMEeHHU YIOJHOMOUEHHOT'O MIPEACTaBUTEINSA KOJIJIEKTIBA aBTOPOB) II0 JIeK-
TPOHHO¥ II0YTE B aJJpeC PeJaKIIUH.

TleuaTHbIe Bepcuy PYKOINCHU HAIPABJAIOTCA HEIocpeACcTBeHHO B pegaxkuuio HHH mo mouroBoMy azpe-
cy: oyasBap Akan. Bepuaackoro, 36, ka6. 210; 03142 Kues, Ykpauna 1160 4ieHY peJaKIIMOHHOMH KOJLIe-
ruu (COCTaB PEKOJIIIETNH YKa3aH Ha 2-i cTpaHuIle 00J0KKY). JIEKTPOHHBIN BAPUAHT CTATHU HAIIPABJIS-
erca 110 e-mail: tatar@imp.kiev.ua (¢ Temoit, HaunHaOmEiicA CIOBOM ‘nano’).

B cooTBeTcTBUU ¢ NOr0OBOPEHHOCTHIO Mexkay penakiueit HHH u yupenurensimu cO0pHUKA, PeTaKI[AA
CUNUTAET, YTO aBTOPHI, ITOCHLIAA € PYKONNCH CTaThbU, IEPeJaloT YUPEeJUTEJsAM UM PeAKOJJIErHU IIPaBO
Ony6INKOBATE 3TY PYKOIINCH HA AHTVIMICKOM (YKPAUHCKOM) A3BIKE, ¥ IPOCUT aBTOPOB CPa3y MPUKJIALEI-
BaTh K PYKOIIMCH

CorsanreHnue o nepegaye aBTOPCKOro mpasa

MbI, HUKEIOAIINCABIINECS aBTOPHI DYKOIIMCH « », IepefaéM yIPEJUTENISAM U PeJKOJLIET I

cOopHUKa Hay4YHBIX TPYAOB «HaHocucTeMu, HaHOMATEPialN, HAHOTEXHOJIOTiI» IPAaBO OMYOJINKOBATH 9Ty

PYKOIIMCH HA aHTJINNCKOM (YKPAMHCKOM) si3bIKe. MBI MOATBEP:KJaeM, UTO 9Ta TyOJUKAI[UA He HapyIliaeT

aBTOPCKOI'0 IIpaBa JPYTUX JIUIL NN OPraHU3aIUHA.

Ilommuen aBTOPOB: (®.1.0., gara, anpec, Tel., e-mail)

IIpu aToM 3a aBTOpaMM COXPAaHSAIOTCA BCE OCTAJbHBIE IPaBa KaK COOGCTBEHHHKOB DTOM PYKOIIHCH.

ABTOpBI MOT'YT IIOJIYUYUTH ONYOJMKOBAHHBIN BBIIIYCK CO CBOEI CTATHEN B peJaKIuKM COOPHUKA II0 BBIIIE-

ykasanHomy azpecy (tes. NeNe: +380 44 4229551, +380 44 4249042, +380 44 4241221), a Tax:xe 3arpy-

suth pdf-aiin craTeu ¢ caitra coopuuka: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.
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HU3OTATEJIBCKAA 9TUKA
M IIPEJOTBPAIIEHUE HEJOBPOCOBECTHOM ITPAKTHKH ITYBJIAKAITUIA
Penaxkuunonnas Kojierns cGOPHUKA HAYUYHBIX TPYAOB « Hanocucmemu, Hanomamepiaiu, HaHome-
XHOJ02Il» CJefyeT 9TUUEeCKUM HOPMAaM, IPUHATHIM MEXKIYHAPOAHBIM HAYYHBIM COOOIIECTBOM, U
IesaeT BCE AJIs TPeJoTBpaIlleHus JI0ObIX HapyIIeHuil nx. B cBoell feATeIbHOCTH pefaKIiusA Omupa-
eTcs Ha pekoMeHzanuy Komurera mo sTuke HayuHbIx nyoaukamnuii (http://publicationethics.org).

O0s3aHHOCTH peJaKIuu

e Bce mpejcTaBeHHBIE CTATHU PELEH3UPYIOTCS 9KCIIEPTAMU B JAaHHON 00JIaCTH.

o Ilpu paccMOTpeHHU CTaThbM YUHUTHIBAIOTCS €€ COOTBETCTBHE IIPEeIMETHOM 00JacTu, 00OCHO-
BaHHOCTb, 3BHAYMMOCTb, OPDUT'NHAJIbBHOCTB, LII/ITa6eJII>HOCTI> " A3BIK.

o Ilo pesynabTaTaM peleH3WPOBAHUSA CTAThbs MOYKET OBITh HPUHATA K ONYOJMKOBAHUIO 6e3
IopaboTKMU, IPUHATA ¢ JOPAOOTKON WM OTKJIOHEHA.

e OTKJOHEHHBIE CTATHU IIOBTOPHO HE PEIEeH3UPYIOTCS.

e CraTbu MOryT OBITH OTKJIOHEHBI 0e3 PeleH3WU, €CJU OHU OYEBUAHBIM 00pa3oM He MOAXOMAT
UL TyOJUKaAIUN.

e Pepaknusa npuHUMAaeT pelleHWe O MyOJIMKaIUi, PYKOBOJACTBYSCH MOJUTHUKON KypHAaja, C
Y4ETOM [eiCTBYIOIIEro 3aKOHOAATEJBCTBA B 00JIaCTH aBTOPCKOTO IIpaBa.

e He gomyckaerca K nyOoaukamuy nHGOpPMAIUS, €CJIU MMEeTCSd AOCTATOYHO OCHOBAHWI moOJa-
raTh, YTO OHA ABJISETCA ILJIAarUaTOM.

ITpu BHanmuumum Kaxkux-au60 KOH(MIMKTOB MHTEPecoB ((pMHAHCOBBIX, aKaJAeMUUYECKUX, JIUUHBIX)

BCe YYACTHUKU IIPOIecca PeleH3NPOBAHUA AOJKHBI COOOIIUTEL 00 9TOM peAKoJuiernu. Bee crmop-

HbIE BOIIPOCHI PACCMATPUBAIOTCS HA 3aCETAaHUN DEeIKOJIIErUN.

IIpuHATHIe K ONYOJMKOBAHUIO CTAThU PAa3MEIAIOTCSI B OTKPBITOM JAOCTYIle Ha caiiTe cOOpPHUKA;

aBTOPCKHUE IIPAaBa COXPAHSIOTCA 34 aBTOPAMU.

BTuqecmne MNPUMHUMIIBI B JE€ATEJbHOCTH PEIeH3€HTOB

o PeleH3eHTH OLIEHUBAIOT CTATHHU [0 WX COAEP:KAHUI0, 6E30THOCUTENbHO K HAIMOHAIBHOCTH,
IOJIy, CEKCYAJbHOM OPUEHTAIUY, DPEJIUTMO3HBIM YOeKACHUSIM, STHUUECKOU NPUHAIJIEMHKHO-
CTH WX MOJUTUYECKUM YOeKIEeHUAM aBTOPOB.

o COTpyJHUKU DENAKIMU He AO/KHBI COOOIIAaTh KaKyI0-In60 MHMOPMAIUIO O IOCTYHIUBIINX
CTaThbAX JIWIAM, He ABJIAIINMCA PeleH3eHTaMM, aBTOPAMHU, COTPYAHUKAMU PefaKIuud U
U3aTeIbCTBA.

e PeneHsun IOKHBI OBITh IIPOBENEHBI 00BEKTUBHO. IlepcoHaNIbHAA KPUTHKA AaBTODPA HEIPHU-
emisieMa. PeleH3eHTHI 0653aHBI 000CHOBBIBATEH CBOIO TOUKY 3PEHUA YETKO M O0OBEKTUBHO.

o PenensupoBaHue IMOMOTaeT M3JATENI0 IPUHUMATDL PEIIeHNe W IIOCPEJCTBOM COTPYIHUYECTBA
C PeleH3eHTaM!U U aBTOPaMU YJIYUYIIUTH CTATBIO.

e Marepuaibl, HOJyYeHHBIE MJIA PELEH3UN, ABAAITCA KOHPUICHINAIbHEIMYA JOKYMEHTAMU U
PeLeH3UPYIOTCH aHOHUMHO.

e PemensenT Takke 00s43aH 00palaTh BHUMAHNME PEJAKTOpPA HA CYIIECTBEHHOE WM YaCTUUHOE
CXOJICTBO IIPEJCTABJEHHON CTAaThU C KAKOM-I100 MHOM paboToi, ¢ KOTOPOIl PeleH3eHT HeIo-
CPEeICTBEHHO 3HAKOM.

IIpUMHIUIBI, KOTOPHIMM JOJIKHBI PYKOBOACTBOBATHCS ABTOPHI HAYYHBIX ITyOJIUKAI[MI

e ABTOpHI cTaTell MOJKHBI IIPEACTABJATH TOUHBIM OTYET O BBIIIOJIHEHHON paboTe U OOBEKTUB-
HOe 00CY:KJeHne eé 3HAUNMOCTH.

e ABTOpHI CTAThU JOJIYKHBI IPEJOCTABIATL HOCTOBEDPHBIE PE3YJILTATHI IIPOBENEHHOrO 0030pa U
aHaJIM3a WCCIeNOBaHMUi. 3aBeIOMO OINNO0YHBbIE MU CHATbCUDUIIMPOBAHHLIE YTBEDPIKICHUA
HEIIPUEMJIEMBI.

o CraTbs JOKHA COAEPIKATH AOCTATOUHOE KOJIMYECTBO MHMOPMAIUY AJA IPOBEPKHU U IIOBTO-
peHUA SKCIEPUMEHTOB WJIM PACUETOB APYTUMHU HccaenoBarensaMu. MolleHHUYeCKUe MU 3a-
BEOMO HeIpaBANWBbIE 3asBJICHUS MPUPABHUBAIOTCA K HEITUYHOMY IMOBEAEHUIO U SIBJISIOTCS
HENPUEeMJIEMBIMHU.

e ABTOpBI MOTYT MPEAOCTABJIATH OPUTHHAJbHBIE PEryJsipHble U 0030pHBIE padoTel. Ilpu wuc-
TOJIb30BAaHUY TEKCTOBON MM rpaduyecKoil wH(popMamuy, MOJYyYeHHOH U3 PaboT APYTUX
Ui, 00A3aTeJbHO HEOOXOAUMBI CChLIKM HAa COOTBETCTBYIOIME NMYyOJIMKAIMU HJIU MHUCHbMEH-
HOe paspellleHre X aBTopa.

e TIlomaua craTbu Gojiee yeM B OAWH JKYPHAJ pAaCIleHUBAeTCs KaK HEITUUHOe IIOBeJeHue U
ABJIAETCSA HEIPUEMJIEMOI.

e ABTOpPCTBO [JOJKHO OBITH OIPDAHMUYEHO T€MHU, KTO BHEC 3HAUUTENHHBINA BKJAA B KOHIIEIIUIO,
pa3paboTKy, UCIIOJHEHNE MM WHTEPIPETAIIUIO 3asBJICHHOTO UCCIeLOBaHUA.

o UVcrTouHuKM (pMHAHCOBOM HMOALEP:KKU MyOIMKYEeMOTro HCCIEeOBAHUA MOT'YT OBITH YKa3aHBI.
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The biochemical markers as creatinine, creatine phosphokinase, lactic acid
and lactate dehydrogenase, thiobarbituric acid reactive substances, hydrogen
peroxide, reduced glutathione, and catalase activity are analysed in rat blood
after skeletal muscle (soleus muscle) injury and with aqueous colloidal solu-
tion of Cgp-fullerenes’ application. As shown, 1 mg per kg of animal weight is
the most optimal therapeutic dose of Cg,-fullerene intramuscular injection to
restore muscle functioning after injury. The studied rats’ blood biochemical
parameters positive changing compared to the control confirms the water-
soluble Cg,-fullerenes effectiveness, as powerful antioxidants, to correct
muscular system pathological conditions from trauma.

IIpoananizoBano piBHI Takux 0ioxeMiUuHMX MOKa3HUKIB KPOBi IITypiB K Kpea-
TUHiH, KpeaTuH(}pochoKiHasza, MOJOUHA KHUCJIOTA Ta JaKTaTIerigporeHasa, pe-
AKTUBHIi peuOBUHU Tio6apOiTypOBOiI KMCJIOTH, ITEPOKCU BOIHIO, BiTHOBIEHUN
TJIyTaTiOH Ta aKTUBHICTHh KaTaJas3! IIic/JIA TPABMATHUYHOTO IMOIITKOAMKEHHS CKe-
JerHoro M’sasa (soleus muscle) 3a gmii BomHOrO KoJOimHOTO pPO3UUHY Cgf-
¢ynnepenis. Beramosiaeno, mo 1 Mr Ha Kr Macu TBAPUHHU € HAHOITHMAJIbHI-
11010 TEPAIEeBTUUYHOIO 03010 BHYTPIIIHBOM’ 130BOT0 BBegeHHs Cqo-Qyiiiepeny
IJIs1 BITHOBJIEHHS aKTHUBHOTO (PYHKI[IOHYBAaHHS M’ s34 Imicad TpaBmu. Ilosutu-
BHA 3MiHa AOCJiIKyBaHUX O0ioXeMiUYHMX MOKa3HUKiB KPOBi migmocaigHux mry-
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PiB MOPiBHAHO 3 KOHTPOJEM HiATBEPIKYE eDEKTUBHICTD BOZOPO3UNMHHUX Cgq-
QynnepeHiB, AK DOTYKHUX aHTHOKCHUIAHTIB, KOPUI'YBATU IIATOJOTiUYHi CTaHU
M’ A30BOI CUCTEMU, 110 BUHUKAIOTh 32 TPABM.

Key words: Cq, fullerene, muscle trauma, dynamics of muscle contraction,
biochemical analysis of blood, rats.

Karouori croBa: Cy,-dyieper, M’ sa30Ba TpaBMa, AUHAMiIKa M’ sI30BOTO CKOPO-
YyeHHsd, 6ioxeMiuHa aHaIiza KpoBi, Iypu.
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1.INTRODUCTION

Understanding the mechanisms of muscle injury development at the
molecular, cellular and tissue levels underlies their specific therapy, in
particular, is of great importance for the development and application
of new drugs with effective anti-inflammatory activity. Once the mus-
cle injury has been initiated, the inflammatory process begins with
damage to the integrity of muscle tissue and sarcolemma. This leads to
extracellular calcium entry into damaged cells, calcium-dependent
proteases and phospholipases activation, which in turn activate calci-
um-dependent necrosis [1]. As a result, the muscle fibres are in an
overstressed state. Proteins that get into blood from damaged tissue,
in particular creatine kinase, present in the cytosol of muscle cells and
usually appear only in blood samples after mechanical stress or muscle
degenerative diseases [2]. As a result, muscle tissue loses its ability to
generate and retain the contraction force.

Usually, mechanical injuries cause damage to the connective tissue,
which results in necrosis, hematoma and inflammatory processes [3].
Effective regeneration ensures optimal muscle regeneration over time
so that it can resume its optimal functional activity. At the same time,
exacerbation of inflammatory reaction worsens muscle recovery and
leads to pathological displacement of homeostasis [4].

It is known that, because of muscle injury, products of incomplete
oxygen oxidation (reactive oxygen species (ROS)) are formed: free rad-
icals, oxygen ions, etc. [5]. It has been shown that lipid peroxidation
(LPO) reduces the content of unsaturated fatty acids and forms vari-
ous fatty acid derivatives, in particular such metabolites as malondial-
dehyde and hydroperoxide [6]. Excessive accumulation of ROS (oxida-
tive stress) leads to serious functional disorders, because different
components of cells are damaged [6]. An example is LPO of biological
membranes, contributing to the disturbance of their structure and in-
creasing permeability [7]. Cell protection against such damages is pro-
vided by the antioxidant system. Recently the influence of exogenous
antioxidants on various manifestations of ROS in muscle tissues has
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been intensively studied [8—10]. Therefore, Mach et al. [8] used a pyc-
nogenol as an antioxidant. It has been found that its use is accompa-
nied by an increase in the level of both oxidized and reduced NAD" in
the blood serum, as well as increased muscle endurance.

The ability of Cq, fullerenes and their derivatives to inactivate ROS
was first demonstrated by Krustic et al.[11]. It has been shown that Cg,
fullerene is more effective than a natural antioxidant—vitamin E in
preventing LPO, preventing damage to membrane integrity, and thus
contributing to the maintenance of membrane potential. Water-soluble
Cqo fullerenes show dose-dependent protective effect against skeletal
muscle ischemic pathologies [12—-14].

Experimental data show that water-soluble Cg, fullerenes at low con-
centrations do not have toxic effects in vitro and in vivo systems [15,
16]. Thus, toxic effects of aqueous colloidal solutions of Cg, fullerenes
in vivo experiments are not detected at total doses up to 25 mg/kg [17].
It has been established that intra-abdominal injection of Cg, fullerenes
(2.5 g/kg) during 8 weeks into mice does not lead to death of animals or
disturbance in their behaviour [18].

So, water-soluble Cg4, fullerenes do not cause acute and chronic tox-
icity in normal cells, at least at low concentrations, which contributes
to the potential possibility of their biomedical application. Considering
the accumulated data on the powerful antioxidant properties of Cg,
fullerenes [19, 20], it is important to study their influence on the
course of free-radical oxidation processes in damaged skeletal muscles.

2. EXPERIMENTAL
2.1. Animals

For experimental studies, 30 male rats of the Wistar inbred line at the
age of 150 days were used. The research protocol was approved by the
Commission on Bioethics of ESC "Institute of Biology and Medicine",
according to the rules of the "European Convention for the Protection
of Vertebrate Animals Used for Experimental and Other Scientific
Purposes” and the norms of biomedical ethics, according to the Law of
Ukraine No.: 3446-IV 21.02.2006, Kyiv, "On protection of animals
from cruelty” with medical and biological research.

To register the skeletal muscle contraction force, an original strain
gauge device created at the Department of Biophysics and Medical In-
formatics of the ESC "Institute of Biology and Medicine” was used.
The device is a complex consisting of the following components: force
and length sensors, synchronous pulse generator, thermal control sys-
tem, oscilloscopes, ACC—CAC complex [21]. The muscle was stimulated
by electric pulses of rectangular form with the duration of 2 ms, which
were formed by pulse generator controlled by ACC through platinum
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electrodes. The duration of the stimulation signal was 6 s [22].

Anaesthesia of animals was performed by intra-abdominal admin-
istration of nembutal (40 mg/kg). The muscle injury was caused me-
chanically by clutching the muscle for 1 min at an applied pressure of
3.5 kg/cm?[28]. The technique of Crush Syndrome was applied, which
led to the systemic manifestation of pathological changes in the skele-
tal muscle, in particular, the release of muscle cell components (crea-
tine kinase, lactic acid, myoglobin, etc.) in the extracellular environ-
ment, which served as a marker of muscle injury.

2.2. Nanomaterials

An original method based on the transfer of C, molecules from toluene
into water with subsequent ultrasound treatment was used to produce
a Cg, fullerene aqueous solution (C4FAS) [24, 25]. The obtained C4;,FAS
is a typical colloidal solution containing both single Cg, molecules
(~ 0.72 nm) and their nanoaggregates 1.2—100 nm in size. In addition,
CsoFAS was stable for 12 months at +4°C.

CosoFAS was administered once intramuscularly in a dose of 0.5, 1 or
2 mg per kg animal weight.

2.3. Biochemical Analysis

The level of enzymes content in the blood of experimental animals, as
markers of muscle injury, was determined using clinical diagnostic
equipment—a haemoanalyser [26].

2.4. Statistical Analysis

The statistical processing of the results was carried out using the
methods of variation statistics using the Origin 9.4 software. Bio-
chemical data are expressed as the means =SEM for each group. The
differences among experimental groups were detected by one-way
ANOVA followed by Bonferroni’s multiple comparison tests. Values of
p < 0.05 were considered significant.

3. RESULTS AND DISCUSSION

Figure 1 shows mechanograms of the injured musculus soleus contrac-
tion by electrostimulatory irritation lasting 6 s. It can be concluded
that muscle soleus dysfunction after the initiation of its injury leads to
the complete inability of the muscle to maintain a constant value of
force during tetanic contraction. After the therapeutic application of
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CeoFAS, the dynamics of muscle contraction tended to increase the
maximum power responses of the muscle. As can be seen, the injection
of C¢FAS in a dose of 0.5 mg/kg has almost no effect on the power re-
sponse of the damaged muscle; with increasing the dose of C4iFAS to 1
mg/kg, the muscle response rate increases by almost 17% . Finally, as
the dose of Cy,FAS increases up to 2 mg/kg the muscle contraction
force continues to increase, but no more than 6% . Therefore, an in-
crease in the effective dose of C4FAS from 1 to 2 mg/kg (for 100%)
leads to a negligible therapeutic effect.

Changes of animal blood biochemical indicators in the development
of inflammatory process after the initiation of muscle injury allow us
to assess the therapeutic effect of the applied drug on the studied pa-
thology.

Selected blood parameters have a pronounced upward tendency in
the inflammatory process development in damaged muscle tissue. One
of the well-known markers of pathological processes in skeletal muscle
is changes in concentration of creatine phosphokinase—an enzyme
from the skeletal muscle energy supply system, which catalyses the
transfer of phosphate group from ATP to creatine molecule with the
formation of high-energy product—creatine phosphate, which is used
by the body as an energy substance with increased physical activity.
Creatine phosphokinase is an enzyme that is present in high concentra-
tions in skeletal muscles. In case of mechanical muscle damage, the re-
lease of the enzyme from the cells is observed and, consequently, the
increased activity of creatine kinase in the blood. The increase of crea-
tine phosphokinase fraction by induction of muscle injury (Fig. 2)
from 500 (norm) to 2700 Units/I is the result of nonspecific physiolog-
ical destruction of myocytes with partial yield of enzymes in the extra-
cellular space [27]. However, with intramuscular injection of C;,FAS
at the doses of 0.5, 1 and 2 mg/kg (Fig. 2) the level of creatine phos-
phokinase decreases to 2480, 2120 and 20180 Units/1, respectively. It

Fig. 1. Musculus soleus force contraction curves, induced by 50 Hz stimula-
tion and 6 s duration, 1 h after initiation of muscle injury (control) and with
CeFAS injections at 0.5, 1 and 2 mg/kg, respectively: injury+Cg, 0.5 mg/kg,
injury+Cg, 1 mg/kg and injury+Cg, 2 mg/kg.
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Fig. 2. Changes in creatinine, lactate dehydrogenase, creatine phosphokinase
and lactic acid activity in rat blood after induced muscle injury with C4,FAS
injections at doses of 0.5, 1 and 2 mg/kg, respectively: injury+Cg, 0.5 mg/kg,
injury+Cg, 1 mg/kg and injury+Csq, 2 mg/kg; *p < 0.05 compared with norm
group; **p < 0.05 regarding the injury group.

is important to note that with a 2-fold increase in dose (from 1 to 2
mg/kg), the creatine phosphokinase level decreased only by 7% . This is
an indication of the minor therapeutic effects of C4,FAS in this case.

The change of lactate dehydrogenase level (Fig. 2)—an enzyme that
catalyses oxidation of lactic acid (the end product of glucose metabo-
lism in cells during prolonged physical activity) allows to estimate the
state of functional activity of injured muscle [28]. The increase in the
enzyme activity from 210 (norm) to 900 Units/l (after injury) is evi-
dence of the development of significant dysfunctions of the separate
neuromuscular system associated with the development of inflamma-
tory process. With the C4(FAS intramuscular administration in doses
of 0.5, 1 and 2 mg/kg, a lactate dehydrogenase activity was reduced to
870, 790 and 680 Units/I, respectively. As one can see, with a 2-fold
increase in the C4 FAS dosage (from 1 to 2 mg/kg) the activity of this
enzyme changed only by 8% .

In musculus soleus, as in muscle with high levels of myoglobin, most
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metabolic and biochemical processes occur under anaerobic conditions,
regarding that, muscle accumulates a large amount of lactate, which
does not have time to oxidize behind long-term muscle stimulation. An
increase in lactic acid levels in the active muscle indicates that its in-
take to the cells exceeds oxidation and withdrawal levels. The increase
of lactate dehydrogenase fraction in the blood is the result of both
physiological destruction of myocytes and increase of lactate content
in long-term muscle activation [29]. The decrease of this enzyme from
intramuscular therapeutic administration of C¢,FAS indicates both a
decrease in mechanical damage to muscle fibres and a decrease in lac-
tate concentration in the muscular system as a whole.

Changes in the level of creatinine, a product formed in muscles when
intramuscular structures are destroyed, allow us to estimate the level
of myocyte damage. From Figure 2, one can see that this indicator in-
creases from 50 (norm) to 250 uM/1 (after injury). The protective ef-
fect on these processes of Cg4, fullerene, in contrast to previous indica-
tors, is shown at all three concentrations used. The reduction of creati-
nine was 230, 200 and 180 uM/I at C;,c.FAS doses of 0.5, 1 and 2 mg/kg,
respectively. So, Cg4, fullerenes effectively protect the membranes of
skeletal muscle cells from non-specific free-radical damage, absorbing
ROS in the concentration dependence.

Biochemical tests revealed an increase in the secondary products of
LPO and changes in the level of endogenous antioxidants in rat blood
after muscle injury. The obtained data clearly demonstrate increased
levels of peroxidation marker and oxidative stress TBARS (thiobarbi-
turic acid reactive substances) and H,0, (hydrogen peroxide) after
muscle injury (Fig. 3): this increase was statistically significant and
was 332% (p < 0.05) for TBARS and 380% (p < 0.05) for H,0, in rela-
tion to the intact muscle (norm). At the same time, endogenous antiox-
idants were activated in the injured muscle: the level of GSH (reduced
glutathione) tripled (p < 0.05) and the activity of the enzyme CAT
(catalase) increased significantly (Fig. 3).

After therapeutic injections of C4, fullerenes, a decrease in peroxi-
dation and oxidative stress markers was revealed (Fig. 3). Thus, the
CAT activity was reduced from 4.5 (1.2 in norm) to 4.2, 4 and 3.8
uM/min/ml for the introduction of CgzFAS in doses of 0.5, 1 and 2
mg/kg, respectively. The change in TBARS activity occurred within
the following limits: from 7.8 (2.3 in norm) to 7.4, 6.2 and 6.1 uM/ml
for administration of C4FAS in doses of 0.5, 1 and 2 mg/kg, respec-
tively. The H,0, concentrations were characterized by the following
values: 4.8 for injury (0.9 in norm) and 4.5, 4.2 and 4.1 uM/ml for ad-
ministration of C;,FAS in doses of 0.5, 1 and 2 mg/kg, respectively.
Finally, the GSH activity was following: 6.3 for injury (1.9 in norm)
and 5.8, 4.5 and 4.2 uM/ml for administration of C; FAS at 0.5, 1 and
2 mg/kg doses, respectively. So, there is a clear tendency of described
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Fig. 3. Indicators of pro- and antioxidant balance in rat blood after caused
muscle injury. The CAT activity and concentrations of H,0,, TBARS and GSH
indicated with C4,FAS injections in doses of 0.5, 1 and 2 mg/kg, respectively:
injury+Cg, 0.5 mg/kg, injury+Csy, 1 mg/kg and injury+Cg, 2 mg/kg; *p < 0.05
compared with norm group; **p < 0.05 compared with injury group.

biochemical parameters to decrease by about 10-15% for the thera-
peutic introduction of water-soluble Cg4, fullerenes.

The results demonstrate compensatory activation of Cgq, fullerenes
of the endogenous antioxidant system in response to long-term stimu-
lation of the damaged muscle. Thus, C4, fullerene is able to prevent
muscle dysfunction by keeping it within the physiological norm during
the activation process.

Inflammatory processes occurring immediately after muscle injury
are the source of ROS, which contributes to the intensification of LPO
processes [30]. The presence of such metabolites usually prevents the
muscles from performing their functions adequately and significantly
increases their recovery time. Decrease in the content of these oxygen
metabolites due to the therapeutic introduction of water-soluble Cg,
fullerenes allows improving the motor commands of the CNS in the



THE CHANGE IN THE BIOCHEMICAL PARAMETERS OF THE RAT BLOOD 457

muscular system and helps reduce inflammation [31].

So, positive changes of investigated biomechanical parameters of
muscle contraction and biochemical parameters of rat blood under the
therapeutic action of C4FAS in a dose of 1 mg/kg indicate a high effi-
ciency of the use of this substance in injured skeletal muscles antioxi-
dant therapy.
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XankonoBi karmikc[4]aperu C-138, C-137, C-1023 ta C-1011 y KoHmeHTpaIii
10 MxM 3aseXHO BiJ KiTbKOCTH XaJKOHOBUX 3aMiHHUKIB raJbMyIOTh OKHC-
HeHHa NADH ta FADH, B eJIeKTPOHHO-TPAHCIIOPTHOMY JIAHITIO31 i30J1bOBAHUX
MiToxoHAPi# riameHbKoro m’s3a matku. Karmikce[4]aperu C-1023 Tta C-1011,
110 MaoTh 3 Ta 4 3aMiHHMKM BiAIIOBiAHO, MOCHIIOIOTH I'eHepallil0 aKTUBHUX
dopm Oxcureny B miToxouapiax. ansmyBauus okucHenHsas NADH ta FADH,
B MiTOXOHIpifAX BimoOpakae MOMKJIMBICTD MOAYJIAIl IXHBOI eHepreTUKH Ta,
BifmoBigHO, pyHKIioHyBaHHA Ca?-TpaHCIOPTYBATBLHIX CHCTEM.

Chalcone calix[4]arenes C-138, C-137, C-1023, and C-1011 at a concentration
of 10 uM inhibit the oxidation of NADH and FADH, in the electron-transport
chain of isolated uterine smooth-muscle mitochondria, depending on the
amount of chalcone substitutes. Calix[4]arenes C-1023 and C-1011, having 3
and 4 substituents, respectively, enhance the generation of reactive oxygen
species in the mitochondria. The inhibition of the NADH and FADH, oxida-
tion in the mitochondria reflects the possibility of modulating their energy
and, consequently, the functioning of Ca?*-transport systems.

Karouosi cmoBa: xamkoHOBI Kamikc[4]apeHu, miToxoHApPii, akTuUBHI Gopmu
Oxcureny, eJIeKTPOHHO-TPAHCIIOPTHII JAHITIOT, TVIAJeHbKUH M’ A3.

Key words: chalcone calix[4]arenes, mitochondria, reactive oxygen species,
electron-transport chain, smooth muscle.
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1. BCTYII

CTBOpeHHA Ta IMiATPUMAHHA TPAaHCMeMOpPAaHHOTO eJIeKTPUUYHOTO IIOTEH-
IMifgJy Ha BHYTPiIIHiNA MeMOpaHi MiTOXOHIApPi#l BHACIIMTOK OKMCHEHHS
opramiuHmx cyocTpaTiB i po60TH eJIeKTPOHHO-TPAHCIOPTHOIO JIaHITIOTa
€ OJHUMM 3 KJIOUOBHX JIAHOK (PYHKIiOHyBaHHsA opraHen axk Ca’'-
akymyaoBanbuoi cuctemu [1]. Ilomyk edexTopis, mo smaTHi Moaudi-
KyBaTH piBeHb MOJIpHU3aIlii BHyTPimHbOI MiTOXOHAPiliHOI MeMOpany i
akTuBHicTH Ca? -TpaHCIOPTYBATBHUX CHCTEM Y Hiil, € HaraJbHUM IIH-
TaHHAM Oioxemiunoi memOpanoJsorii. Pamimie 6y10 mokasaso, 1o xaJ-
KOHBMicHI KaJikc[4]apeHu 3MiHIOIOTL IIOJSIPHU3AIliI0 MiTOXOHAPiHHOI
MeMOpaHu Ta 3a IXHBOI IPUCYTHOCTH 3POCTa€E PiBeHb MoHizoBamoro Ca B
MaTpukci oprauen [2]. OgHuM i3 migxomiB 11010 BU3HAUEHHA e(DEeKTUB-
HOCTU (HPYHKITIOHYBaHHS €JIeKTPOHHO-TPAHCIIOPTHOTO JIAHITIOTA € aHaJli-
3a 3MiH (parroopectieHIrii agenimoBux HykJeotunis (NADH/FAD), aki
BimoOpaskaioTh ixHi# pemokc-ctau [3], Ta DCF-duoopectienii miToxo-
HApiii, 1110 BigasepkaJaioe yrBopeHHsa akTuBHuX GopM Okcureny (APO).

3 MeTOI0 BCTAHOBJIEHHA 0i0XeMiUHUX 3aKOHOMipPHOCTEN BIJIMBY XaJi-
KOHBMiCHMX KaJikc[4]apeHiB Ha (QYHKI[IOHYBaHHA eJIeKTPOHHO-
TPAHCHIOPTHOIO JIAHIIIOTA MU mociimzuau miro cmoanyk C-138, C-137, C-
1023 ra C-1011, aki marots 1, 2, 3 Ta 4 XaIKOHOBI 3aJIUINKY BigIIOBiIHO
Ha HIKHLOMY BiHmi xamikc[4]apeHoBoi uari, Ha (GII0OPECIeHITiI0 eH-
morennux mykJgeotuniB NADH i FAD it iHTeHCUBHICTS IPOAYKYBaHHS
A®DO B i301p0BaHUX MiTOXOHAPiAX MioMeTpida IIypiB.

2. EJJEMEHTH EKCIIEPUMEHTAJIbHOI METOJIUKHA

IIpenapat isonb0BaHMX MIiTOXOHJPil oflep:KyBau i3 MioMeTpia HIypiB
3a JIOIIOMOTOI0 CTAHAAPTHOTO IifXOAy i3 3acTOCyBaHHAM Au(epeHIiii-
Horo TeHTpudyrysaudsa [4]. Bmict mporeiny y dpakiii BusHayaau 3a
3araJIbHOIPUMHATOI0 MeTomoio Bradford M.M. maBaHTaxKeHHA MiTOXO-
Hapith APO-uyrauBuM (uitoopeciieHTHUM 30HA0M DCF-DA y KOHIIEHT-
paitii 25 mxM npoBoauau y cepemoBuiili, axe mictuio 10 MM Hepes (pH
7,4, 25°C), 250 MM mykpo3sy, 0,1% Ouuaumii cupoBATKOBUU aIbL0yMiH
nporarom 30 xB. npu 25°C. [Ina nosinieHHA TpoIlecy HaBaHTAKeHHSA
amimmyBaau GapBHuk i3 Pluronic F-127 (0,02%). YrBopeuus ADPO
(aminu DCF-droopectieHIiii) B i30//bOBAHNX MiTOXOHADPifAX BUBUAJIHU i3
BUKOPUCTAHHAM METOAU MPOTOKOBOI ITMTOMIIOPUMETPil Ha IPOTOUHO-
my nuTomerpi COULTER EPICS XL™ (Beckman Coulter, CIITA), mio
obmamHaHUM aproHosuM Jasepom (A, =488 um, A,,=515 um (FI1 ka-
Hau)) i3 nporpamauM 3abesneuenaam SYSTEM II™ Software (Beckman
Coulter, CIITA). CepenoBuiiie inky6airii (2 ma) mamo ckaazn (MmM): 20
Hepes (pH 7,4, 25°C), 2 raniii-pocharauii 6ydep (pH 7,4, 25°C), 125
KCl, 25 NaCl, 5 mipysar, 5 cykiiuHar.

PeecTpartiito BigHOCHUX 3HAUEHDb PiBHA BJIACHOI (DIIIOOPECIEHITI] HYK-
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JEOTHUIIiB Yy MAaTPUKCI i30/IbOBAaHNX MITOXOHAPill MioMeTpisa 3mificHIOBa-
au Ha cuexTpoduioopuMmerpi Quanta Master 40 PTI. ocaimxenns
IPOBOANJIN B CEPENIOBUIII BUIe3a3HAYEHOT0 CKJIaAy. PeskuM MipaAHHA:
NADH (A,s= 350 M, Ay, =450 EM), FAD (A ,5= 450 5M, X)), = 533 HM).

Cunresy XaJKOHBMicHUX KaJjikc[4]apeHiB OyJo smificHeHo y Bigmimi
ximii dochopaniB InctTuryry opramiunoi ximii HAH Vkpainu. Hoci-
IKYBaHi CIIONYKY po3umuAau B numeruiadopmamini (DMFA) Ta BHOCH-
Ju 0e31ocepeSHBO 10 CePeIoBHUINa iHKyOaIrii.

3. PE3YJIBTATH TA IX OBTOBOPEHHS

Kanikc[4]apenu — mosidheHOAbHI MaKPOIUKJIIIUHI CIIONYKY, AKi YTBO-
PIOIOTH Y PO3UMHAX HAHOYACTUHKY. BOHM € MAaJOTOKCUYHUMH, a BUOpa-
Hi 1IpeAcTaBHUKU [HOBOJI crenmm@iyHi IMOJ0 MOAYJIAIil HOH-
TPAHCHOPTYBAJbHUX CHUCTEM CYOKJIITHHHUX CTPYKTYp [5]. XapakTep-
HOIO 0CO0JIMBiCTIO OyIOBY XaJIKOHBMIiCHUX Kasikc[4]apeHiB € HaABHICTH
KiTbKOX XaJMTKOHOBUX 3aJUINKIB (Bif 1 10 4 y BUIIaAKY JOCTiIKyBaHUX
CIIOJIYK) IO HUJKHBOMY BiHITIO KaJrikc[4 ]JapeHoBoi uariri, 1110 mepeabauae
eheKTUBHY B3a€MO/Jil0 3 MEMOPAHHUMHU CTPYKTYPaMU Ta MOMKJIUBICTH
BILIMBY Ha MeMOpPaHO0ACOI[ii0BaHi TPAHCIIOPTHI 1 eHepreTUYHi IIPoIecH.
Ax moBoai rigpodobHi cmomyku, Kajikc[4]apeHu 3maTHI NIPOHUKATH B
KJIiTUHY Ta B3a€eMOAiATU 3 MiToxouApiaMu. CTpyKTypHi dopmyau xaJi-
KOHBMIiCHUX KaJikc[4]apeHiB, AKi MaroTh pisHY KinbKicTh (1—4) xamxKo-
HOBUX 3aJUINKIiB Ha HUMKHBOMY BiHIII KaJliKcapeHOBOI ualili, HaBeaeHO
Ha puc. 1.

1A mocATHEHHA CTaHy eHeprisallii MiTOXOHAPIN y cepeloBUIIE iHKY-
oamii BHOCcuIM 5 MM mipyBat Tta 5 MM cykmuHat. @roopectienitia NADH
3 YacoM IIOHMKYEThCS 3a MPUCYTHOCTU cyOcTpariB muxanusa. Ilopax is
muMm, Bmict FADH, magae, i, BigmoBigHo, 30iabmIyeThess (roopeciieHItisa
Bix FAD (puc. 2). Kanikc[4]aperu C-138, C-137, C-1023 ta C-1011 saute-
JKHO BiJf KiTbKOCTH 3aMiHHUKIB y KoHIleHTpaIlii 10 MKkM raabMyioTs OKH1-
cuaerasa NADH i FADH, B eJIeKTPOHHO-TPAHCIOPTHOMY JIAHITI03i (puc. 2).

Kanikc[4]aperu C-1023 ta C-1011, 110 maioTh 3 Ta 4 3aMiHHUKHY Bia-
TOBiTHO, icTOTHO 36iybIIYyIOTH yTBOpeHHA ADPO B MiTOXOHApPiAX (pHC.

Puc. 1. CTpyKTypa JOCIi3KyBaHNX XaIKOHOBUX Kadikc[4]apenis.!
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Puc. 2. 3minu duaoopecrieniii NADH i FAD B i301p0BaHUX MiTOXOHAPiAX Mi-
oMeTpid 3a mpucyTHOCTHU Kadikc[4]apeHiB. PeayIbTaTi THIOBOTO AOCTifLy. >

Puc. 3. 3minu durroopecieniii DCF B isonpoBaHUX MiTOXOHIPiAX MioMeTpid 3a
IPHCYTHOCTH XaJKOHOBUX Kajikc[4]aperis. PesyabraTu Tumosoro gocriny.?

3). Bupaxene ranomyBanua okucHenua NADH i FADH, B miToxoHapi-
X BimoOparkae MOMKJIUBICTE MOAYJIAIIl iIXHBOI €HepreTUKU Ta, BiAIOBi-
nHOo, pobotu Ca* -TpaHCIOPTYBATLHUX CHCTEM.

HMuuamirka Ca®'-curaagiHI'y KOHTPOIIOETLCA TAKUMYU CYOKJIITHHHIMEI
cucremamu, axk Ca’'-kamanu, nomnu it oOMiHHUKM, AKi 3a0e3IeUyIOTh
TPAHCIOPT KaTioHa Kpi3h IjasMajeMy Ta MeMOpaHW BHYTPiIIIHbOKJIi-
THHHUX KOMIIAPTMEHTiB, 110 BUKOHYIOTh (PyHKIi0 memo Ca®’, a came,
€HJIONIJIa3MaTUYHOTO PETUKYAyMy Ta MiToxouapi# [1]. CupoMoKkHiCTH
MiToxoHApift HakonuuyBaTu Ca®" € BU3HAUANIBHOIO NI DYHKIIIOHYBaH-
HA KJITUHU B IiJIOMY, OCKiIbKY TMpoAyKyBauHa HUMU AT® zameKurth
BiJl KOHIIEHTpPAIlil JaHOTO KaTioHa B MATPUKCI, 110 3yMOBJIEHO crerudi-
KO0 po0OTH BigmoBimHMX gderimporenas. Pasom 3 mum Ca*-
IepeBaHTAKEeHHA MiTOXOHADPINA € TPpUI'epPOM BiAKPUBAHHA IOPU Iepexi-
JIHOI TPOHUKHOCTH Ta PO3BUTKY aIlomnTo3y. B Toii jKe yac BiJ aKTUBHOC-
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T TUXAJLHOTO JIAHITIOTA Ta 30iJbIITeHHA/3MeHIIIeHH 38 MOAYJIEM MeM-
OpPaHHOTO IOTEHIIIANY BHYTPINIHLOI MEMOPaHU MiTOXOHAPil 3aJIe:KUTD
eeKTUBHICTE PYHKI[IOHYBAHHSA crcTeM TpaucmopTy Ca B MiTOXOHAPiAX
[1]. Biporigae nmpuraiueHHsa iHTeHCUBHOCTH OKKMCHOTO (pochopuaoBaH-
HA 3a Oil XaJKOHOBUX KaJikc[4]peHiB Moike BOIMHYTH Ha (PyHKITiOHA-
JbHUI B3a€MO3B’ A30K MijK MiTOXOHAPiAMM Ta CapKOILJIa3MaTUUYHUM pe-
TUKYJIYMOM i/a00 MiToxouapii—miaasmMaTnuHa MemMOpaHa IJIAXOM 3MiH
y mocrauanui AT® mya akTrBHOrO TpaHCIOPTY KaTtiowis (Ca?’, Na', K")
OPOTH TI'pPamieHTy IXHBOI KOHIEHTpAIlii, a Taxkoxx wmoxyxadAmnii Ca-
TPaHCIIOPTYBAJbHUX CUCTEM Y CAMUX MiTOXOHAPiAX.

Takum unHOM, XaJIKoHBMicHI Kasdikc[4 |peru (C-138, C-137, C-1023 ta
C-1011) 3 pisHOIO eheKTUBHICTIO TaJbMYIOTh OKMCHEHHS €HIOTreHHUX
HYKJIEOTHUIIB B €JEeKTPOHHO-TPAHCIOPTHOMY JAHITIO31 3a IPUCYTHOCTHU
cyOcrpariB guxaHHsa. [cToTHe mocunerHA reHepaiii APO cnocrepiraers-
cq 3a mpucyTHocTH Kajdikc[4]apenis C-1023 Ta C-1011, 110 Mmoke mpuBe-
cTHu 10 iHTeHcu@ikaIii OKMCHUX IIPOIleCiB Y MiTOXOHAPiAX Ta OIOCEpPE-
KoBanoro A®O moHMKeHHA iHTeHCHMBHOCTH OKUCHOTO (hochopuoBaH-
H.

PoboTy BUKOHAHO 3a PaXYHOK KOIITiB O0omxerHol mporpamu «IIiaT-
PUMKaA PO3BUTKY IIPiOPUTETHUX HANPAMIB HAYKOBUX MOCJiIKEHD»
(KIIKBK 6541230).

4. BAICHOBRH

Or:xe, BuOpaHi XaJIKOHBMiCcHI Kasikc[4]apeHru raibMyOTh OKUCHEHHSA
NADH ta FADH, B eJIeKTPOHHO-TPAHCIIOPTHOMY JIAHI[I03i Ta ITOCUJIIO-
IOTB I'eHepallio ak TuBHUX opM OKCUT'eHy B MiTOXOHAPiAX 3aeKHO Bix
KiIbKOCTM XaJKOHOBMX B3aMiHHUKIB 10 HM)XHBOMY BiHI[IO Ka-
Jaixkc[4]apenoBoi uarri. 'ansmyBanua okucHenHss NADH ta FADH, B
MIiTOXOHIPiAX BimoOpaskae MOMKJIUBICTH MOIYJIAIIl iIXHBOI eHEPTETUKU
Ta, BiAmoBigHO, (yHKHmioHyBaHHA Ca’'-TPaHCIOPTYBAJBLHHUX CHCTEM.
ITocunennsa rereparii akTuBHUX opm OKcureny, AKe CIoCTepiraeTbea
3a mpucyTHocTu Karikc[4]apeniB C-1023 ta C-1011, moxke TaKkoXK IIpU-
BeCTH 10 iHTeHcU(DiKallil OKUCHUX IIPOIECiB ¥ MiTOXOHAPIAX.
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! Fig. 1. Structure of the investigated chalcone calix[4]arenes.

2 Fig. 2. Fluorescence changes of NADH and FAD in isolated myometrial mitochondria in the
presence of calix[4]arenes. The results of a typical experiment.

3 Fig. 8. Changes in DCF fluorescence in isolated myometrial mitochondria in the presence of
chalcone calix[4]arenes. The results of a typical experiment.
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Kanaikc[4]apenn C-107 i C-90 BOynoByroThcA y JimigHuii 6imap
IIa3MAaTUYHUX MeMOpaH i 3MiHIOIOTH IXHIO CTPYKTYPY

T. O. Bekaiu!, O. A. Illxkpa6ax’, P. B. Poxik?, B. I. Kaabuenko?,
C. O. Kocrepin'

Tnemumym 6Gioximii im. O. B. ITannadina HAH Ykpainu,
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01030 Kuis, Ykpaina

Incmumym opzaniunoi ximii HAH Ykpainu,
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02660 Kuis, Ykpaina

Ha ¢parmii nrasmaTuuHnX MeMOpaH IVIafeHbKOM S30BUX KJITHH 0yJIO IMOKa-
3aHo, 110 Kajaikc[4]apeuu C-107 i C-90, aki cemeKTuBHO iHTiOYIOTH, BiATIOBif-
Ho, Na*, K-ATPasy ta Ca?', Mg?'-ATPasy miasMaTuIHOi MeMOpaHHU, racaThb
daroopectienItito memopauuoro 3ouny AHC, 1o Biz6yBaeTheA 3a paXyHOK IIO-
HIKEeHHA MaKCcUMaJbHOI (urroopectientii 3oy (B 1,5 pasu) 6e3 icToTHUX 3MiH
CcIIOpigHeHOCTH MeMOpaH J0 30HIY, TOOTO 0e3 KOHKYPYBaHHA KajliKcapeHiB i3
AHC za 3B’sa3yBaHHA 3 MeMOpaHoo. Omep:kaHi pesyabTaTu BKa3yoOTh HA BOY-
moByBaHHA Kadikc[4]apeuiB C-107 i C-90 y miasmaTuuHi MmeMOpanu Ta sMiHT
iXHBOTO PIAVMHHOKPUCTAJIIYHOTO CTAHY Ta/ab0 IOBEPXHEBOTO 3apAAY i MOKJIM-
BicTb B3aemomii KamikcapeHiB 3 TpancmemOpanHuMu gomeHamu Na', K'-
ATPasu ta Ca?", Mg?-ATPasu, a inri6yBannd ix Moke 6yTH omocepefKOBaHE
yepeas JIiITigHEe OTOYEHHS.

Using plasmatic membrane fractions of smooth-muscle cells, it is shown that
calix[4]arenes C-107 and C-90, which selectively inhibit Na*, K*-ATPase and
Ca?", Mg?-ATPase, respectively, quench the fluorescence of the membrane
probe ANS that is caused by decreasing of the maximum fluorescence of the
probe (by 1.5 times) without significant changes in the affinity of the mem-
branes to the probe, i.e., without the competition of calixarenes with the ANS
for binding to the membrane. The obtained results indicate the incorporation
of calix[4]arenes C-107 and C-90 into plasmatic membranes and changes of
their liquid-crystalline state and/or surface charge that means the possibility
of calixarene interaction with the transmembrane domains of Na', K'-
ATPase and Ca?",Mg?"-ATPase, and their inhibition by respective calixarenes
can be mediated through the lipid environment.

Kmrouogi ciosa: Ca?, Mg?"-ATPasa, Na“, K'-ATPaza, niasmarnuna MeM6pa-
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Ha, MioMmeTpiii, kKanikc[4]apenn.

Key words: Ca%", Mg?*-ATPase, Na", K*-ATPase, plasmatic membrane, my-
ometrium, calix[4]arene.
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1. BCTYII

VY momepenHix mociimzax Mu mokasasu, 1o Karikc[4]apen C-90 eperTu-
BHO npurHiuye Ca®’, Mg*-ATPasny aktusaicTs (I, ;= 21 MxM) i mpax-
THYHO He BILIMBAE Ha eHsuMaTnuHi aktuBHOCTi Na*, K'-ATPasu i «6a-
sanbpHOI» Mg?-ATPasu nnasmaruunoi memOpanu (IIM) mionuris mart-
ku. IIpore mexanism fioro mii € Hes’sacoBanuM. Tak caMo 3a HeBigoMUM
MexaHi3zMoM BifOyBaeThesa iHrioyBanHa Na', K'-ATPa3HOI aKkTUBHOCTH
mimasMatuuHoi MemOpanm Kajikc[4]apenom C-107. Ilpm mpomy iioro
BILIIUB € BUCOKOe(heKTUuBHUM (I, 5 = 54 HM) i cesleKTUBHUM BiZlHOCHO iH-
mux ATPas naasmaruusoi MmemOpanu. Ockimbku ax Ca®', Mg?'-
ATPasa, tax i Na‘', K'-ATPagza ¢ iHTerpanbHIME OiJIKaMu ILIa3MaTH4-
HOI MeMOpaHM, He BUKJIOUEHO, 110 KaTiKc[4 |apeHy 3aTHI BIIMBATA HA
BKasaHi eH3MMHU OIIOCEPETKOBAHO Uepes JIilli/THe OTOUeHHS.

Mertoto 1iei poboTu 6yJa0 HOCHiAuMTH MeMOPAHOTPOHHUM BIJINB Ka-
aikc[4]apeniB C-90 Tta C-107.

2. EJJEMEHTH EKCIIEPUMEHTAJIbHOI METOJIUKHA

Kanixc[4]apeuu C-90 (5,11,17,23-rerpa(TpudTop)Merni(derincyabdo-
HUIiMiHO)-MeTHIaMino-25,26,27,28-TeTpanponokci-kanike[4]apew) Ta
C-107 (5,17-gu(dpochono-2-mipuauamerni)amino-11,23-1u-TpeT-0yTHII-
26,28-gurigpoxcu-25,27-gunponokcukanikc[4]apen) (puc. 1) 6yau cu-
HTe30BaHi 1 oxapaKkTepusoBaHi i3 Bukopucranaam meron SIMP ra ing-
pauepBOHOI crieKTpocKomii y Bigaimi ximii ocdopaniB IncTuTyTy opra-
miunoi ximii HAH Vkpainu (3aB. Bigginy — axkagemik HAH VYkpainu
B. 1. Kanbuenko). MeToguKy cUHTe3HU 3a3HaUeHUX KaJikc[4]apeuis 0y-
JIo omucaHo pagirre [1].

Bioxemiuni gocaim:xkeHHs Oysu ImpoBedeHi y Bigmini 6ioximii m’as3iB
Imcturyty 6ioximii im. O. B. Ilannagina HAHY (sasB. Bigminy — akaze-
mik HAH Yxkpaiuu C. O. Kocrepin).

ExcnepumenTu O0yiau BuKoHaHi Ha ppaxiii IIM, o6pobaeniii 0,1% po-
3YMHOM [JUTiTOHiHYy. ®PpakIlilo MJIasMaTUYHUX MeMOpaH TJaJeHb-
KOM’A30BUX KJITUH BUILIAIN 3 MioMeTpid cBMHi, AK OyJIO OIICAHO pa-
mimre [2]. BmicT 6inka B MmemOpauHiii Gpakiiii BusHauaaum meTomoo M.
Bredford[3].

IarerncuBHicTb toopectientrii 3ouay AHC BusHauaan Ha CIieKTPogJIo-
opuMetpi Quanta Master 40 PTI (Kauaza) 3a 37°C y cepenoBuiiii (06’eM —
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a 0

Puc. 1. CTpyKTypHi ()OpMYIN JOCTiIKyBaHIX PEYOBHH.'

2 mi), axe mictuio (MM): 1 ATP, 3 MgCl,, 25 NaCl, 125 KCl, 1 EI'TA, 20
Hepes-tris-oydep (pH 7,4), 1 NaN,. KinbkicTs 6inKy MeMOpaHHOI (paKITii
B 1Ipo6i — 75—150 MKT.

CoouaTky Oy BU3HAUEHi MOBMKUHU XBUJIb MAKCUMYMiB y CIeKTpax
30ymxenHAa Ta Qaroopectienirii AHC. Makcumywm ¢urtoopectienttii AHC y
BOJZHOMY CepeIOBUIIi CTaHOBUTEL 520 HM, a MaKcUMyM 30yakeHua — 380
HM (maHi He HaBemeHO). BHeceHHs y cepemoBHUIlle MeMOpPAaHHOI (paKIrii
icToTHO 36iJBITyBAIO KBAaHTOBUM BUXiA (JIIOOPECIeHIlii 30HAY Ta Bigoy-
BaBCs 3CYB MaKCUMYMiB (urroopectieHnii i 36y mxenns 1o 485 um i 394 um
BigmoBigHO. OCKiNIBKY Hac IIiKaBUTHL ()JIIOOPECIIeHTHA BilIOBiAL 30HIY,
3B’sI3aHOT0 3 MeMOPAaH0I0, MU BUKOPUCTOBYBAJIH [IJIsS MOAAJIBIIIOI aHaIi3n
3HAUYEHHS iHTeHCUBHOCTH (WJIIOOPECIIEHITiI caMe 3a ITNX TOBYKUH XBUJIb.

CraTuCTUUYHY aHAJII3y OJEep:KaHuX MaHUX IIPOBOIWJIU i3 3aIyYeHHSIM
3araJbHOBimOMUX cTaHmapTHUX MeTon. KiHeTuuHi Ta cTaTHCTHUYHI pos-
PaxyHKHU 3[iHiCHIOBAJIY B PE;KMMIi IIporpamMHoro 3abesneuenusa MS Excel.

3. PE3YJIBTATH TA IX OBTOBOPEHH

s mocaimgxenHsa MeMOPaHOTPOITHOTO BILIUBY KaJikc[4]aperis C-90 Ta
C-107 mu BuKopucTanu duioopecuenTHuii sous 1,8-AHC. Moro ¢duroo-
peciieHIria icToTHO 30iJbITyeThCA IPU B3aEMOil 3 MemOpanamMu Ta 3a-
JIEKUTh Biji MOJAPHOCTH MeMOPAaHHOTO MiKpPOOTOUEHHS Ta ITOBEPXHEBO-
r'o 3apAny MeMOpaH.

PiguaHOKpUCTATiUYHMY cCTaH MeMOpaH, AK i CKJIaJ aHTyJIAPHUX JiMigiB
MeMOpaHHUX OiJKiB, MOKe iCTOTHO BILIMBATH HA IXHE PYHKIIOHYBaHHSI,
10 Bigomo came a1a Na*, K'-ATPazu. Tomy crodyaTky 0yJI0 JOCTiIKeHO
MemOpaHoTponHuii BIiuB Kadikc[4]apena C-107, axkuii € Bucoxoedek-
TUBHUM i ceslekTuBHUMH iHriGiTopoM Na', K- ATPa3Hoi ak TMBHOCTH.

Bukopucranua GJIIOOPECIIeHTHUX 30HAIB AJIA BUBUEHHSI MeMOPaHOT-
POITHOTO BILIMBY KaJliKCcapeHiB € HEIIPAMOIO METOAO0I AOCTimKeHHd, i
TOMY He MOKHA BUKJIOUYATH 6e3IocepeIHbOTO BILIUBY KajliKcapeHiB Ha
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drroopeciieHItiio 30HAY. 14 mepeBipKu IIbOT0 IPUITYIITeHHA HaMu 0YJI0
Tociimxeno BuauB Kamikce[4]aperny C-107 ma drroopeciieHITio 30HIY 3a
BimcyTHOCTH MeMOpaH. 1K BUAHO 3 puc. 2, a GhJIHOOpeCIleHIlid 30HAY 3a
BiicyTHOCTH Ta IPpUCYTHOCTH Kadikcaperny C-107 y koumenTpaiiiax 50 i
100 mxM wmaii)ke ogHaKoBa y IINPOKOMY JiAMAa30HI KOHIEHTpAIliii
AHC. Tobto raaikcapen C-107 6e3mocepefHBO He BILJIMBAaE Ha (Jrroope-
cuenniro AHC 3a BUKOpHUCTaHUX YMOB, i TOMY JaHWI 30HI MOKe OyTH
BUKOPUCTAHUN AJIA JOCTIIKeHHSI MeMOPaHOTPOIIHOTO BILINBY KaJlikca-
pery C-107.

Ia Toro 1106 oxapaxkTepusyBaTu B3aemozaio AHC 3 mem6pamamu Ta
BILJIMB KaJIiKCApeHiB Ha I[I0 B3A€EMO/il0, MU BU3HAYAJN CHEKTPU (PJII0O-
peciienirii 3a pisuux KoumeHTpailiit AHC i pospaxoByBasu xapakrepuc-
TUYHI ITapaMeTpu, a came, YABHY KOHCTAHTY Aucolriaiii K, 1o 1eMoH-
CTPY€E CIIOPiAHEeHiCTh 30HAY 10 MeMOpaH, Ta MaKcUMAaJbHY (DJIIOOpecIie-
HIifo F .., IIT0 BKa3dye Ha MAaKCUMAaJbHY KiJIbKicTh caiiTiB 3B’ A3yBaHHSA
AHC Ha moBepXHi MeMOpaHu.

Ax BupHo 3 puc. 2, 6, 3a npucyTHocTu Karikc[4]apeny C-107 BigOy-
BaeThbcA racinmuga (QuroopecienIrii souny AHC 3a pisHuUX #10ro KOHIIEHT-
pamiii. Ilpu mboMy BUKOpPUCTAHHA ABOX KoHmeuTpariit 50 i 100 mxM
kKaiikc[4]aperny C-107 3yMOBIIIOBAJIO MaliyKe OTHAKOBUI e(heKT.

PospaxoBaHi 3HaueHHA yABHOI KOHCTAHTH aucoIiamnii K, BKasymoTb Ha
HeicTOoTHI 3MiHu cnopigHeHocTr MeMbOpaH 1o AHC. HartomicTs Makcuma-
JBbHUU PiBeHBb (PJII0OpECcIHeHITii 30HAY IMOHUIKYETHCA 3a IIPUCYTHOCTUA Ka-
aixkc[4]apeny C-107 y 1,5 pasiB. 3asHaueni smMinu BKasyOTh Ha IIOHU-
JKeHHA KiJIbKOCTU IIeHTPiB B3ae€MO/Iii 3 30HIOM Ha MOBEPXHi MeMOpaHH,

a 0

Puc. 2. Buius xanikcapeny C-107 ma sanexuicTs (aroopectienirii souay AHC
Bix ioro KoHueHTparii 3a npucyrHocTu (@) Ta BiagcyTHOCTH (6) MeMOpaHHOI
(dbparmii (TumoBuii ekcieprMenT). 2
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IIT0 MOJKe OyTU 3yMOBJIEHO I1epe0y/I0BOI0 MeMOPaHHOI CTPYKTYPU TAKUM
YUHOM, IT0 Big0yBaeThCcA 3aKPUBAHHS IIEBHOI KiTLKOCTHU CAHTIB B3a€MO-
nii 3 AHC 06e3 3MiHM CIOPiZHEHOCTM PEIITH cauTiB A0 30HAY. MorKHA
MIPUOYCTUTH 3MiHU MOJAPHOCTH Ta/ab0 IIOBEPXHEBOTO 3apAmIy Il mieio
Kamikc[4]apeny C-107.

AnajoriuHuM umHOM OyJIM IIPOBEJEHI HOCTiMKeHHsa MeMOpPaHOTPOII-
HUX BJacTuBocTel Kaimikce[4]apery C-90. OckinbKu BILIUB KaJiKcapeHy
C-107 y pisHMX KOHIIeHTpaIliAxX Ha (JIIOopecIieHIlil0o OyB MaiixKe oqHA-
KOBUM, y Bunaaky karixc[4]apeny C-90 Mu BUPiIIUIN BUKOPUCTATH Y
JOCJHiM)KeHHAX MOoro JHIle OAHY MaKCHUMaJbHY KoOHIeHTpaliro 100
MkM. Ha Bigminy Big xamikc[4]apeny C-107, kamnixkc[4]apen C-90 sgar-
HU 6esmocepenuno BIIuBaTu Ha Guaioopecienirizo AHC 3a BigcyTHOCTH
MeMOpanuoi ppakiii (puc. 3).

IIpore naHuit BOJIUB € HEICTOTHUM ITOPiBHAHO 3 hJIIOOPECIIEHITIEI0 30-
HIY, 3B A3aHOro 3 MeMOpaHaAMM, i TOMy MU MOYKEMO HEXTYBATH HHUM.
Kpim Toro, mna migcuiaenHa piskHUINL y GJIroopeciieHIlii 3B’ 13aHOTO Ta
BiJTbHOTO BOHIIB OyJyio 30iJbIIEHO Yy ABa pasu KijgbKicTh MeMOpaHHOI
dpaxkIii y mocaimKyBaHUX 3paskax. BiporigHo, 1110 A o6cTaBuHAa IPU-
BeJIa TAKOMK [0 3MIiHM BeJINUYNH XapaKTePUCTUUYHNX IIapaMeTPiB B3aEMO-
Iii souny 3 membpamamu (maui He HaBeneHo). [Ipore, y 6yab-aKOMYy BHU-
MMaaKy IMOPIBHAHHS IX MU IPOBOIMJIN JIMIIIE 38 AHAJOTMIYHUX YMOB.

Ax BugHO 3 puc. 3, BrauB Kajdikc[4]apery C-90 € momgioHuM A0 BILIM-

Puc. 3. Bunus kanikcapeny C-90 ma sanexkHicThb (uroopectenirii sougy AHC
Bij fforo KOHIeHTpaIlii (TunoBui ekcepumMenT).?
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By Kauikc[4]apery C-107 (puc. 2). IIpu iboMy 3MiHM YABHOI KOHCTAaHTHU
nucomniamnii K, BiacyTHi, a MmakcumMaabHa (OJIIOOPECIEHIliA 30HAY ITOHU-
JKyeThed TaKoK y 1,5 pasu minm BmimBom Kagikc[4]apery C-90. Tomy
IJISI TIOSICHEeHHS TaKoro e)eKTy TAKOK MOYKHA BKas3aTH aHAJOTIUHi IIpu-
OYIeHHsA CTOCOBHO 3MiH MeMOpPaHHOT0 MiKPOOTOUEHHS MicJad B3aeMOIil
3 xaiaikc[4]aperaom C-90.

Ogep:xaHi pes3yabTaTH BKAa3yOTh HA MOMKJINBI 3MiHM AK PigmHHO-
KPHCTATIUHOIO CTAHy MeMOpaH, TaK i IXHLOT0 IIOBEPXHEBOT'0 3apAny IIif
BILIMBOM BHCOKUX KOHIleHTparii kaimikc[4]apeui C-107 i C-90, o, B
CBOIO uUepry, MOKe oIocepefkoBaHo BimBatu Ha Na', K'-ATPazy Ta
Ca?', Mg?*-ATPagy Bigmosigso. IIpoTe HaBefeHi JaHi TaKOK BKAa3yIOTh
Ha 3B’sI3yBaHHA 3 MeMOpaHaMu 000X Karik[4]capeHiB, afke BKasaHi 3Mi-
HU MOMKYTbH BimOyBaTucsa JIMIlle BHACTIZOK 3MiH CKJagy MeMOpaH, OCKi-
JIBKY PeITa IapaMeTpiB, 3JaTHUX BUKJINKATHA oAi6HI ederTu (pH, Tem-
mmepaTypa TOIII0), € CTAJIUMHU AJA Bcix gociaimiB. TobTo kamikce[4]apenu C-
107 i C-90 BOymoByIoThbCSI B MeMOpaHU i TAKMM YMHOM BUKJINKAIOTH OIIH-
caHi aminu. MoKJInBO, IIT0 caMe TaKa 3B’sg3aHa 3 MeMOpaHoio (hopMa Ka-
gikc[4]apeniB inribye BigmoBigHi ensmmm. Came TaKMM YWHOM Ka-
aixc[4]aperu C-107 i C-90 Mo:KyThb B3a€EMOAIATU He JIUIIE 3 II03aMeMO0-
PaHHUMU TOMEHaMHU iHTerpajJbHUX OiNKiB, a i 3 iXHiMU TpaHCMeMOpaH-
HuMu ginaakamu. Ockineku ax Na*, K'-ATPaga, tak Ca®’, Mg*-ATPasza
€ iHTerparbHUMU OiTKaMM, V BUIAAKY iHTiOyBaHHA iX, BiZmoBigHo, Ka-
aixc[4]apenamu C-107 i C-90, BKazauuit MexaHisM IXHbOI B3aeMoaii Mo-
JKe TaKOMK peasidoByBaTHUCA Ta 6YTH OCHOBOIO iHTiGiTOpHOrO edeKTy Bia-
moBigHUX Kadikc[4]apeHis.

TakuM UYMHOM, Pe3yJabTaTH Iliel pobOTH MOKYTH OYTH KOPUCHUMU
I po3pobKu Ha ocHOBi Kamikcaperis C-107 i C-90 epexTuBHUX iHTi6i-
topiB Na*, K'-ATPaszu ta Ca*’, Mg®*"-ATPasu Bigmosigno. Bkazani inri-
O0iTopu MaTUMyTh BaXKJINBe 3HAUEHHS AJdA 3’ ICYBaHHSI MeMOpaHHUX Me-
XaHi3MiB KaTioOHHOTO OOMiHY y IJIaJeHbKHX M’ d3axX, 30KpeMa IIig uac
BuBUYeHHA poJi [IM y 3abe3neueHHi eIeKTPOMEXaHIYHOTO CIIPSAKEHHS B
HUX, a TAaKOXK B Per'yJidilii HOHHOTO roMeoCTa3y B IJIaJeHbKOM’ A30BUX
kiaiTuHax. Kpim toro, ramixcapenu C-107 i C-90 € mepcrneKTUBHUMU
IJIs CTBOPeHHA (phapMaKOJIOTIUHMX ITpeliapaTiB Ha iXHi# ocHOBi, 3marT-
HUX MOIYJIOBATH aKTUBHICTh 3a3HAUEHWX €H3UMIiB i BigmoBigHMX (hisi-
oJioTiuyHUX (PYHKITiH 3a MaTOJOTIYHUX CTaHIB.

4. BAICHOBRH

Kanxikc[4]aperu C-107 i C-90 moumxyoTh (roopecieHirito sougy AHC
y IJIa3MaTUYHNX MeMOpaHax riaJeHbKOM A30BUX KJIITHH.

ITouu:xenns duroopectieniii 3oaay AHC mig BinBoM KajiKcapeHis
BiZOyBa€eThCA 3a PAXYHOK MOHMMKEHHS MaKCHMAaJbHOI (PIroopeciieHIrii
30HIY 0e3 icTOTHUX 3MiH cHopigHeHOoCTH MeMOpaH A0 30HIY, TOOTO 0e3
KOHKYypyBaHH#A KasikcapeHiB 3 AHC 3a 3B’sa3yBanHsa 3 MeMOpaHOIO.
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Kanikc[4]aperau C-107 Tta C-90 BOyZOBYIOTBCS V IIJIa3MaTUUYHI MeM-
OpaHU Ta 3MiHIOIOTH IXHIO CYIPaMOJIEKYIAPHY CTPYKTYPY.
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3 Fig. 3. The effect of calix[4]arene C-90 on fluorescence dependence on the ANS probe con-
centration (representative result).
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Calixarenes are supramolecular compounds with a unique three-dimensional
structure, the biological activity of which is determined by the chemical groups
on the upper or lower rim. As shown in the previous works, using isolated mi-
tochondria and digitonin-permeabilized myometrium cells, the calix[4]arene
chalcone amides modulated the levels of both mitochondria-membrane polari-
zation and Ca?" concentration in the myometrial mitochondria matrix. As
shown, the incubation of the mitochondria with calix[4]arene chalcone amides
is accompanied by changes of the average hydrodynamic diameter of mito-
chondria. The aims of this study are as follow: to investigate the kinetics of the
mitochondria diameter changes under the effects of calix[4]arenes with two
and four chalcone amide groups; find out whether or not calix[4]arene chalcone
amides penetrate into the cell and whether the polarization of the mitochondria
membranes undergoes alterations at the incubation of the primary myometri-
um-cells’ culture with these compounds. Experiments are conducted on two
biochemical models: isolated myometrial mitochondria and primary myome-
trium-cells’ culture. The hydrodynamic diameter of mitochondria is investi-
gated using the dynamic light-scattering method with the use of a laser corre-
lation spectrometer Malvern Instruments ‘ZetaSizer-3’ (United Kingdom).
Polarization of mitochondria membranes is investigated using confocal laser
scanning microscope LSM 510 META Carl Zeiss. The calix[4]arene chalcone
amide C-1070 fluorescence spectrum is studied using the QuantaMaster™40
spectrofluorimeter (Photon Technology International). As shown: the hydro-
dynamic diameter of the mitochondria depends on the composition of the incu-
bation medium, and in the presence of ATP, it is smaller than in its absence;
the hydrodynamic diameter of the mitochondria increases in time at the incu-
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bation of mitochondria with calix[4]arene chalcone amides; calix[4]arene chal-
cone amides’ effect on the hydrodynamic diameter of the mitochondria in-
creases with an increase in the number of chalcone amide groups in the struc-
ture of calix[4]arenes; calix[4]arene chalcone amides’ effect on the hydrody-
namic diameter of the mitochondria depends on the composition of the incuba-
tion medium, and at the presence of ATP, it is smaller than at its absence. Us-
ing calix[4]arene chalcone amide C-1070 (as fluorescent equivalent of C-1011),
it is proved that these compounds penetrate the myometrial cells. The modula-
tory effects of calix[4]arene chalcone amide with two chalcone amide groups on
the polarization of the mitochondria membranes is shown using primary my-
ometrium-cell culture and potential-sensitive probe JC-1. Medical statistics
indicate that uterine fibroids are widespread pathology. The search for com-
pounds, which can reduce the volume of the tumour, is extremely important.
The results allow suggest that calix[4]arene chalcone amides are promising
compounds in the further study of their effect on the viability of the undesira-
ble cells due to the launch of apoptosis of mitochondrial pathway.

Kanikcapenn — Iie MaKpPOIUKJIIUHI MOJEKYJIN 3 YVHIKAJIbLHOIO TPUBUMIPHOIO
CTPYKTYPOIO, 6iosIoriuHa aKTUBHICTH AKUX BU3HAUYAETHCA X€MiUHUMHU T'pyHa-
MU Ha BEpXHLOMY a00 HM)KHLOMY BiHIIi. ¥ momepenHiX po60oTax 3 BUKOPUCTAH-
HaAM (pakrnii MiToxoHAPiIH i mepdopoBaHUX AUTITOHIHOM KJIITUH MioMmeTpisa
OyJi0o TIOKaszaHo, M0 Kajikc[4]apeHXaJlKOHAMiAM MOAYJIIOIOTH HOJIAPU3AITiI0
MeMOpaH MiTOXOHApPIiN i piBeHs HioHizoBaHoro Ca y MaTpuKci MiTOXOHAPiH Mi-
omeTpis. BecraHoBieHo, mio iHKyOamia miToxouapiit 3 Kamikc[4]apeHXamaKoOH-
aMiJaM¥ CyIIPOBOAKYETHCSA 3MiHAMU CEePeqHBOI0 I'iIPOAMHAMIYHOrO AigaMeTpa
MiToxouapiii. MeToro mamoi poboTHu €: AOCAiANTH KiHeTUKY 3MiH mAigameTpa Mi-
TOXOH/Pili ImiJ BIIMBOM Kajikc[4]apeHXaJKoHaAMiLiB 3 TBOMa Ta YOTUPMa Xa-
JKOHOBUMHU TIpynamu; 3’ACyBaTH, UM ITPOHMKAIOTHL Kajikc[4]apeHXa KoH-
aMigu y cepeqUHY KJITHHHN Ta YW 3a3HAE 3MiH piBeHb ImoJapusaiii memOpaH
MiTOXOHAPiN 3a iHKyO6amii mepBUHHOI KYJLTYPH KJIITHMH MiomMeTpis 3 IuMu
cnoaykamu. Jlocaigyu IpoBOAATHCA HA NBOX O0ioxeMiuHMX MOAENAX — Ha izo-
JIbOBAHUX MITOXOHIPiAX MioMeTpif Ta MepPBUHHIN KyJbTYpi KJIITMH MioMmeT-
pida. PyHKIiA pos3noAiy MITOXOHADPIN 3a POo3MipoM BU3HAUAETHCA METOHOIO
OUHAMIiYHOTO PO3CiI0OBAaHHA CBiTJIa 3a JOIOMOIOIO JIA3€PHOTO KOPEeJIAIiAHOTO
cuexkrpomerpa Malvern Instruments ‘ZetaSizer-3’ (Benmurobpurauist). Mem-
OpaHHUil IMOTEeHIIiAI MiTOXOHAPIN MOCHIAKYEThCS i3 BUKOPUCTAHHAM KOHOO-
KaJbHOTO JIa3ePHOT0 cKaHyBaJbHOro Mikpockomna LSM 510 META Carl Zeiss.
Cuoextep durroopeciienItii kanikc[4]apeuxankonaminy C-1070 BusHauaeThCA
Ha crekTpodaoopumerpi QuantaMasterTM 40 komnanii Photon Technology
International. Omep:xaHi pesyabTaT BKa3yOTh Ha HACTYIIHE: TigpogmHaMiu-
HUH gisMeTep MiTOXOHIPIiH 3aJeKUTh Bil CKJIaLy cepedoBUINa iHKyOarIrii, i 3a
HagBHocTu ATP BiH Menmuii, Hixk 3a il BigcyTHoOCTH; rigzpogrHaMiuyHUNA did-
MeTep MiTOXOHApi# 306imbIIyeThbca y daci 3a imKyOarlii miToxoHApiii 3 Ka-
Jixc[4]apenxanKoHaMitamMu; BIJIUB KaJlikc[4]apeHXaJIKoHaMiZiB Ha rigzpogu-
HaMiuHU# AisMerep MiTOXOHAPi# 30inbIyeThCA 3i 30iMBHIEHHAM KiJIBKOCTU
XaJKOHOBUX BaJIMIIKIB y CTPYKTYpi Kasikc[4]apeny; BonamB kamikc[4]apen-
XaJIKOHAMIZIB Ha TiApoAWMHAMIUHUN IigMeTep MITOXOHIAPIN B3aJIeKUTh Bin
CKJIany cepemoBuina iHKyOairii, i sa Hagsuoctu ATP Bim Menmnmii, HixK 3a il
BimcyTHOCTH. 3 BUKOpPUCTAHHAM Kasikc[4]aperxanxkonamigy C-1070 (droo-
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peciieaTHoro anajgory C-1011) goBemeHo, IO IIi CIIOJYKY IIPOHUKAIOTh Y KJIi-
TuHU MioMerpida. Ha mepBuHHIN KyJbTypi KJIITUH MioMeTpisa Ta 3 BUKODUC-
TaHHAM IIOTEeHITiAI0oUyTINBOTO 30HIa JC-1 MOKa3aH0o MOAYJIIOBAJILHUM BILIUB
Karmikc[4]apeHxalKkoHaMiZy 3 ABOMAa XaJIKOHOBUMHU I'PyIIaMH Ha MOJAPU3AIlii0
MeMOpaH MiToxoHApili. MeamuHa CTATHCTHUKA CBIAUUTH, IO MioMa MATKHU €
IIUPOKO POSIIOBCIOMKEHOI0 ImaTosorieio. IlomyK cnoayK, 3faTHUX 3MEHIIIUTHI
00’eM TyXJWHU, € BKpall BakaumBuM. OmepskaHi HaMH pe3yJbTaTH CBiguaTh
Ipo Te, 1110 Kajikc[4]apeHXaJIKoHaMiu € IepCIeKTUBHUMU CIOJYKaMU Y TIO-
JaJIBITIOMY AOCJiMKeHHI IXHBOT0O BILIMBY Ha KUTTE3AATHICTL HebaKaHUX KJTi-
TUH Yepe3 3aIlyCK alloIITO3Y 3a MiTOXOHAPIHHUM HIJITAXOM.

Key words: calixarenes, mitochondria membrane potential, myometrium.

Karouosi ciioBa: KarikcapeHu, MeMOpaHHUI HOTEHITi A MiTOXOHAPiM, MioMeTpiti.
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1. INTRODUCTION

Calixarenes are supramolecular compounds with a unique three-
dimensional structure, which have a biological activity determined by
the chemical groups on the upper or lower rims. Calixarenes are widely
investigated in bioorganic chemistry and biochemistry [1, 2, 3, 4]. Due
to its hydrophobic features, they are able to dissolve in cell lipids,
which make them an important biologically active compounds carrier.
Besides, it is possible to bind to the calixarenes functionally active
groups in various amounts. One of these groups can be flavonoids,
which have a wide range of biological activities[5, 6, 7, 8, 9].

In the previous works, using mitochondria fraction and myometrium
cells perforated with digitonin, we have shown that calix[4]arene chal-
cone amides are able to influence both the level of membrane polariza-
tion of mitochondria membrane [10] and the level of Ca®>" concentration
in the myometrial mitochondria matrix [10]. It was also studied that the
incubation of mitochondria with calix[4]arene chalcone amides for 5
minutes was accompanied with changes of average hydrodynamic diam-
eter of mitochondria. Thus, the aim of this work was to investigate the
kinetics of mitochondria diameter change under the influence of ca-
lix[4]arene chalcone amides with two and four chalcone groups, as well
as to study on a primary cell culture, whether calix[4]arene chalcone am-
ides enter the cell and whether the level of mitochondria membrane po-
larization is being changed after the incubation with these compounds.

2. MATERIALS AND METHODS

Synthesis of calix[4]arene chalcone amides was described in our previ-
ous work [10]. Structural formulas of calix[4]arene chalcone amides C-
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137,C-1012, C-1011 and C-1070 are given in Fig. 1.

Calix[4]arene chalcone amide C-137 has two chalcone groups on a
lower rim, which are distal-placed, and two free phenolic hydroxyls.

Calix[4]arene chalcone amide C-1012 has two chalcone groups,
which are proximal-placed. Two other hydroxyls are replaced be propyl
groups.

Calix[4]arene chalcone amide C-1011 has four chalcone groups.

Calix[4]arene chalcone amide C-1070 has four chalcone groups and
two azophenyl groups on an upper rim.

Investigations were conducted on two biochemical models: isolated
myometrium mitochondria and primary cell culture of myometrium.

Non-pregnant rat myometrium mitochondria were isolated with a
differential centrifugation method [11]. The obtained sample was sus-
pended in a solution with the following composition: 10 mM Hepes (pH
7.4), 250 mM sucrose, 1 mM EGTA, 0.1% bovine serum albumin. The
protein concentration of the mitochondria fraction was determined by

C-137 C-1020

C-1011 C-1070

Fig. 1. Structural formulas of calix[4]arene chalcone amides C-137, C-1012,
C-1011 and C-1070.
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Bradford assay [12]. Concentration of mitochondria protein in a sam-
ple was 25 ng/ml.

The function of mitochondria differentiation by the size was investi-
gated with the dynamic light scattering method [13] using laser correla-
tion spectrometer Malvern Instruments ‘ZetaSizer-3’ (UK) with a He—
Ne laser LGN-111 (P =25 mW, L =663 nm). Registration of laser emis-
sion, dispersed (RI = 1.33) from mitochondria suspension, was made for
30 sec with a temperature +22°C and a dispersion angle 90°. The data
was calculated using an application software PCS-Size mode v1.61.

Myocyte suspension was isolated from non-pregnant rat myometrium
with collagenase method [14]. Isolated cells were suspended in Hank’s
solution (without salts of Mg and Ca) with a following composition:
136.9 mM NaCl, 5.36 mM KCl, 0.44 mM KH,PO,, 4.5 mM NaHCO,, 0.26
mM Na,HPO,, 5.5 mM glucose, 10 mM Hepes (pH 7.4). Calculation of
cell amount was conducted using haemocytometer. Test on viability of
isolated cells was made using trypan blue dye; over 95% of cells had
green colouring that proves the wholeness of plasmatic membrane.

For experiments with cationic JC-1 dye, an aliquot of cell suspension
with JC-1 dye (5 png/ml) was put in chambers for confocal microscopy.
For experiments with calix[4]arene chalcone amides C-1070, an aliquot
of cell suspension with calix[4]arene chalcone amide C-1070 (10 M)
was put in chambers for confocal microscopy. After attachment of cells
to the glass, the chambers were washed with Hank’s solution. The time
of cell attachment in chambers was 120 min. During this time, cells
strongly attach to the chamber surface, which can be visualized with a
light microscope.

The membrane potential of mitochondria on the model of intact
uterus myocytes was investigated using the confocal laser-scanning
microscope LSM 510 META Carl Zeiss with modern system of data
storage and image processing, and a principle of spectrum differentia-
tion based on motorized inverted luminescent microscope. Investiga-
tions were conducted in MultiTrack mode with a detector META,
which allows registering the fluorescence on a set range of wavelength.
For fluorescent dye JC-1 excitation (A, =490 nm, A, =527 and 590
nm), the laser line with wavelength 488 nm of argon laser (30 mW) was
used and fluorescence in ranges 518—550 nm and 572—-625 nm was de-
tected. The lens was Plan-Apochromat 63x/1.4 Oil DIC.

Fluorescence of myometrium cells dyed with calix[4]arene chalcone
amide was also investigated using a confocal laser-scanning micro-
scope LSM 510 META Carl Zeiss. Fluorescence of calix[4]arene chal-
cone amide was excited with diode laser (30 mW, A =405 nm). For reg-
istering the fluorescence, an emission filter LP 420 was used.

Absorption spectrum of calix[4]arene chalcone amide C-1070 was
registered on spectrometer CF-2000.

Fluorescence spectrum of calix[4]arene chalcone amide C-1070 was
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registered on spectrofluorimeter QuantaMaster™ 40 by Photon Tech-
nology International.

In the study, the following reagents were used: EGTA, Hepes, D-(+)-
sucrose, ATP (by ‘Sigma’, USA), cationic dye JC-1 (by ‘Invitrogen’,
USA), and other chemicals of domestic production of analytical or rea-
gent grades.

3. RESULTS AND DISCUSSIONS

In the previous work, it was shown that incubation of mitochondria
with calix[4]arene chalcone amides led to a diameter change of mito-
chondria: mitochondria average hydrodynamic diameter was decreas-
ing after incubation with calix[4]arene chalcone amides C-1012, C-
1021, and C-1023, and was increasing after incubation with C-1011
[10]. This time we aimed to investigate the kinetics of the calix[4]arene
chalcone amides with 2 and 4 chalcone groups influence on the diame-
ter of myometrium mitochondria. Studies were made in Mg?*'- and
Mg?", ATP-containing solutions. Earlier, we have shown that general
Ca®" accumulative activity of myometrium mitochondria in Mg?",
ATP-containing solution was higher than in Mg? solution [15].

As it can be seen from the results in Fig. 2, hydrodynamic diameter
of mitochondria (control) was higher after incubation in Mg?*'-

Fig. 2. Kinetics of the calix[4]arene chalcone amide’s C-1012 and C-1011 in-
fluence on hydrodynamic diameter of myometrium mitochondria. M + m,
n=>5.
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containing solutions in comparison with Mg®’, ATP-containing solu-
tion. Although this number almost did not change after incubation in
both solutions for 20 min. Incubation of mitochondria with 10 uM ca-
lix[4]arene chalcone amides C-1012 and C-1011 for 20 min was accom-
panied with an increasing of hydrodynamic diameter of mitochondria
in comparison with control. Calix[4]arene chalcone amide C-1011 (four
chalcone groups) had a bigger impact on size change of mitochondria in
comparison with both control and calix[4]arene C-1012 (two chalcone
groups). It is worth to mention that the influence of studied ca-
lix[4]arenes on mitochondria diameter also depends on the solution of
incubation: in absence of ATP, the hydrodynamic diameter was higher
after both incubations with C-1012 and C-1011.

Thus, mentioned results show that: 1) hydrodynamic diameter of
mitochondria depends on the incubation solution, and in presence of
ATP, it is smaller than in its absence; 2) hydrodynamic diameter of mi-
tochondria lifts with time after mitochondria incubation with ca-
lix[4]arene chalcone amides; 3) an effect of calix[4]arene chalcone am-
ides on hydrodynamic diameter of mitochondria goes up with an in-
crease of chalcone groups amount in the structure of calix[4]arene; 4)
an effect of calix[4]arene chalcone amides on hydrodynamic diameter
of mitochondria depends on the incubation solution, and in presence of
ATP, it is smaller than in its absence.

On the one hand, a change of mitochondria volume can significantly
influence its physiology [16]. On the other hand, an increase of mito-
chondria hydrodynamic diameter can be an indicator of mitochondria
swelling, which happens during depolarization. So, further investiga-
tions were directed to study the kinetics of calix[4]arene chalcone am-
ide’s influence on mitochondria membrane polarization.

In previous works, we have shown that calix[4]arene chalcone am-
ides, after short incubation with permeabilized myometrium cells, are
able to hyperpolarize mitochondria membrane [2, 3]. The experiments
were conducted on flow cytometer using a potential sensitive dye
TMRM. This time effects of calix[4]arenes on mitochondria membrane
polarization were studied with confocal microscopy on intact myome-
trium cells, which were loaded with cationic dye JC-1. Nevertheless,
before investigating this question, we had to be sure that calix[4]arene
chalcone amides are entering cells. That is why calix[4]arene C-1070
was synthesized. It is an analogue of C-1011, so it contains four chal-
cone groups and two azophenyl groups on an upper rim. Chromogenic
azo aromatic compounds are often added to calixarene for getting dyed
and fluorescent compounds [17, 18]. Using spectrophotometer, we
studied the absorption spectrum of synthesized calix[4]arene. As it can
be seen on the results shown in Fig. 3, we have a domed dependency
graph of absorption and wavelength with maximum at 330 nm.

After that, using spectrofluorimeter, we recorded a fluorescence
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Fig. 3. Spectrum of absorption of calix[4]arene chalcone amide C-1070.

Fig. 4. Fluorescence spectrum of calix[4]arene chalcone amide C-1070, A,, = 330 uM.

spectrum of calix[4]chalcone amide C-1070 at excitation wavelength
330 nm. As shown in Fig. 4, an increase of fluorescence intensity can
be registered at wavelength range 350—450 nm.

Thus, calix[4]arene chalcone amide C-1070, which is an analogue of
C-1011, can fluorescent at excitation wavelength of 330 nm.

Further experiments were directed to study whether calix[4]arene
chalcone amides enter cells. Dyed with calix[4]arene chalcone amide C-
1070 myometrium cells were analysed using confocal microscope. As it
can be seen in Fig. 5, control cells have a low level of autofluorescence;
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a b

Fig. 5. Myometrium cells dyed with calix[4]arene chalcone amide C-1070: a
— control cells; b — cells dyed with calix[4]arene chalcone amide C-1070.
Typical result is presented, n = 5.

fluorescence intensity along the randomly drawn line is not higher
than 1000 relative units. At the same time, the fluorescence intensity
of cells dyed with calix[4]arene chalcone amide C-1070 is couple of
times higher than the one registered for control cells. Thus, ca-
lix[4]arene chalcone amides can enter the myometrium cells.

In previous works, we investigated effects of calix[4]arene chalcone
amides on membrane potential of myometrium permeabilized cells mi-
tochondria using flow cytometer and potential sensitive dye TMRM [2,
3]. Taking into consideration that calix[4]arene chalcone amides enter
cells, we investigated the effects of these compounds on myometrium
primary cell culture using confocal microscopy and cationic dye JC-1.
JC-1 is a cationic dye, which accumulates in mitochondria depending
on mitochondria’s polarization level.

For excitation of JC-1 fluorescence, the laser with the same as for
TMRM wavelength 490 nm is used. However, in comparison with
TMRM, the level of mitochondria membrane polarization influences
the aggregation of dye molecules: at the low polarization level an in-
crease of fluorescence intensity in green region of spectrum (525 nm)
is being registered; at the high polarization level J-aggregates of dye
are being formed and the fluorescence intensity is being increased in
red region of spectrum (590 nm) [19, 20]. Changes in the ratio of red
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a b c

Fig. 6. Intact myometrium cells, loaded with JC-1 dye (section a and b —
fluorescence signal in green and red regions of spectrum; section ¢ — cu-
mulative fluorescence in both green and red regions of spectrum). Typical
result is presented, n =5.

and green fluorescence of JC-1 dye indicate the change of mitochon-
dria-membrane polarization level and do not depend on other factors,
which can influence the signal of dye with one wavelength, like size of
mitochondria, its shape and density [19, 20].

Therefore, we have intact myometrium cells with JC-1 dye. In Fig-
ure 6, myometrium cells with JC-1 dye are presented. Fluorescent sig-
nal is being registered in both the green region of the spectrum (Fig. 6,
a) and the red region (Fig 6, b), which shows the presence of mitochon-
dria in myometrium cells with different membrane polarization level
of these organelles (section ¢ demonstrates cumulative fluorescence in
the green and red regions of the spectrum).

After that, we investigated the effects of calix[4]arene chalcone am-
ide C-137 on mitochondria membrane potential. Loaded with JC-1 dye
myometrium cells were incubated with calix[4]arene chalcone amides
C-137 (10 uM) for 20 min. Mitochondria membrane potential (P) was
analysed by the ratio of fluorescence intensity in the red region of a
spectrum to the one in green region. As it can be seen in Fig. 7, the de-
pendence graph of P and ¢t had linear or domed nature. Earlier, we have
shown that a short incubation of myometrium cells perforated with
digitonin in 10 uM C-137 was accompanied with hyperpolarization of
mitochondria membrane [2]. It should be also mentioned that, in these
experiments, the incubation solution had (2—2.5)-10°/ml myometrium
cells. Nevertheless, a fewer amount of cells are attached to the confocal
chamber glass that results into a different ratio of calix[4]arene chal-
cone amides C-137:cell. In the first case (Fig. 7a), we succeeded in reg-
istering a phase of P increasing, which shows the mitochondria mem-
brane hyperpolarization. The further incubation was accompanied
with decreasing of P, which shows the depolarization. In Figure 7, b,
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a b

Fig. 7. Kinetics of calix[4]arene chalcone amide C-137 influence on myome-
trium mitochondria. Ordinate axis shows the ratio between the fluorescence
intensity in red region of spectrum to the fluorescence intensity in green re-
gion (P); abscissa axis shows the time of incubation in sec ().

hyperpolarization was not registered, just the depolarizing effect of
calix[4]arene chalcone amide C-137 on myometrium mitochondria is
shown (P decreases linearly over time).

Hyperpolarization of mitochondria membrane is known to be a first
stage on the way to depolarization, which leads to cells death [21].
Chalcones belong to the substances, which facilitate the triggering of
apoptosis with the mitochondrial path [22]. On the isolated rat hepato-
cytes, it was shown that cytotoxic effect of hydroxychalcones could be
explained with the collapse of mitochondria membrane potential [23].
Thus, mitochondria, whose main role is providing cells with energy,
can facilitate an apoptosis development in some cases that is to cause a
cell death. Participation of mitochondria in apoptosis is a reason to
search for compounds, which will facilitate death of unwanted cells.
Medical statistics proclaims that uterine fibroids are a widely spread
pathology. Looking for compounds, which would be able to activate
processes of triggering an apoptosis with the participation of mito-
chondria that can lead to a decrease of fibroids size and possible relief
of symptoms [24], is very important.

Therefore, we have shown that mitochondria incubation with ca-
lix[4]arene chalcone amides for 20 min was accompanied with an in-
crease of an average hydrodynamic diameter of mitochondria, which
correlates with depolarizing effect of calix[4]arene chalcone amide C-
137 on myometrium intact cells.
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IToxkasamo 3HaUMMIiCTD Uacy iHKyOAaIlil NyXJIMHHUX KJIITHH 3 riOpUIHUMY HAHO-
kommaekcamu (HK) Ha ocHOBI HaHOYACTHMHOK OPTOBaHAZATIB PiAKicHO3eMeb-
HuxX enemeHTiB GAYVO,:Eu®" i xonecrepury B 3afesmeueHHi edeKTHUBHOCTH
mpurHiyeHHsa pocty ageHokaprnuaomu Epaixa (AKE). Knituau AKE inkyoyBa-
au 3 HK yupomos:x 1, 2, 314 rogus, miciid 4oro OI[iHIOBAJIY iXHE HAKOMMYEHHS
B KJiTMHAX 3a JOIIOMOT0I0 KOH(OKAJbHOTO JasepHoro Mikpockoma LSM 510
META, mokasuuku miToxouapigapHoro nuxauua (MTT-Tect) i KinbKicTh amo-
ITOTUYHUX /HEKPOTUUYHUX KJIITUH. BukoprucranHA KOH(POKAIBHOI MiKPOCKOITi1
YMOJKJINBUJIO BUSHAUNTHY JUHAMIKY Ta CTYIIiHb HakonuueHHa HK B pisHux cy-
ononyasmiax kiaitTuda AKE. Beranosieno, mo HKE 3garwi 3B'a3yBaTucsa auiie 3
okpemumu cybmonyaaiiamu AKE. Iutencusnicts Quroopectiennii HK y k-
tunax AKE mocarama makcuMyMy Ha TPeTIO TOOUHY iHKyOarii. ¥V 1mei Ke Tep-
MiH BCTaHOBJIEHO MaKCcUMaJIbHe ITOPYIIeHHA AUXaJIbHOI QYyHKIII] MiTOXOHAPI i
CTATHUCTUYHO 3HAUYyIIe 301iIbIIIeHH KiJIbKOCTY KJITUH ¥ CTaHi MidHLOTO aImoIl-
to3y (An"/PI") i mexposy (An /PI") B nopiBuanHi 3 KoHTpoaeM. Taki sminu B
kiaituaax AKE in vitro cupusaian MmakcuMaabHiN peanisanii HK npotunyxans-
HOro eeKTy in vivo, CyAAYn 3 MOKa3HUKA iHTibimii pocTy nyxauuu, AKUHA came
micasa TPLOX rOAWH iHKyOallii O0yB MaKCHMAaJbLHHM i ckaazas 6usbko 70%.
BeranosieHo nepesaskHe HakonuuenHsa HK y CD44 -cyononyaanii AKE 3 maz-
BICOKOIO iHTeHCHBHIiCTIO eKcmpecii mboro mapkepa (CD44" €k rituan). e mig-
TBEPIKYE, 1110 peasrisallii antTumnposigeparuBuux BiaacTuocreii riopuguaux HK
MOJKYTb 3[IiliCHIOBATHCSA MLIAXOM iHTi6imil GyHKIIT MyXTuHHENX KJIITHH 3i cTO-
BOypoBuM moTeHmigmoMm. 3gatHicts HK mo ommouacuoi Bisyasisarii Tymopo-
TeHHUX KJIITUH OIyXJUHY i iHri6imii ii pocTy yMOMKJINBIIIOIOTH PO3TJIAAATH IIei
TUI HAHOMATEPiAJIiB Y AKOCTi MEPCIEKTUBHUX TEPAHOCTUUHUX 3aC00iB.
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The significance of an incubation time of tumour cells with hybrid nanocom-
plexes (NCs) based on nanoparticles of orthovanadates of the rare-earth ele-
ments GAYVO,: Eu®" and cholesterol in inhibiting the growth of Ehrlich’s ad-
enocarcinoma (EAC) is shown. The EAC cells were incubated with NCs for 1,
2, 3, and 4 hours, afterwards, their accumulation in cells was evaluated using
a LSM 510 META confocal laser microscope, and there were assessed mito-
chondrial respiration (MTT test) as well as number of apoptotic/necrotic
cells. Using confocal microscopy, it is possible to determine the dynamics and
degree of accumulation of NCs in different subpopulations of EAC cells. It is
established that NCs are able to contact only individual EAC subpopulations.
The fluorescence intensity of NCs in EAC cells approaches the maximum at 3
hours of incubation, which is accompanied by a significant decrease in cell
mitochondrial respiration and a statistically significant increase in late
apoptosis (An*/PI") and necrosis (An /P") cells compared with the control.
Such changes in EAC cells in vitro contributed to the maximum implementa-
tion of the NCs antitumour effect in vivo, judging by the inhibition of tu-
mour growth, were maximal after about three hours of incubation and were
about 70% . The predominant accumulation of NCs in the CD44" subpopula-
tion of EAC with ultrahigh expression intensity of this marker (CD44"¢"-
cells) is established. This confirms that the implementation of the antiprolif-
erative properties of hybrid NCs can be accomplished by inhibiting the func-
tion of tumour cells with stem potential. The ability of NCs to simultaneously
visualize tumour cells and inhibit its growth makes it possible to consider
this type of nanomaterials as promising theranostic agents.

KarouoBi croBa: KiaiTuHu ageHokapunuHoMu Epaixa, HaHOKOMILIEKCH, KOHGO-
KaJIbHA MiKPOCKOITis.

Key words: Ehrlich’s adenocarcinoma cells, nanocomplexes, confocal micros-
copy.

(Ompumano 11 epyduns 2019 p.)

1. BCTYII

OcTanHiM YacoM MeTOAM HaHOO0i0TeXHOJIOTiI 3HANIILIN IITNPOKe 3aCTOCY-
BaHHSA B JIATHOCTHIIL Ta JIKyBaHHi pakKy, II[0 IPHUBEJO A0 PO3BUTKY HO-
BOT'O HAYKOBOTrO HANIPAMY — HAHOOHKOJIOrii. € sarajbHa TeHIEHIIis 10
CTBOpPeHHs 6araToPyHKIIiOHAJIbHUX HAHOKOMIIOSUTIB, IKi IIOETHYIOTh Y
cobi miSTHOCTHYHI Ta TepaleBTUYHI MOKJINBOCTI, ITI0 € OOHIE€I0 3 OCHOB-
HUX 3a/a4 «HAHOTEPAHOCTUKL » .

Mo:xkauBicTs BUuKopuctanua HanouacTuHOK (HY) B TaprerHiit Tepamii
PaKky I'PYHTYEThCA Ha iCHYBaHHI e(peKTy «IIOCUJIeHHS HPOHUKHOCTHU i
yrpumyBaHHad — the enhanced permeability and retention (EPR)
effect» [1]. 3arasbHe MOsICHEHHS MAaHOTO ABUIIA IIOJSATAE B TOMY, IO
aKTHBHA IpoJidepalia IyXJINHHENX KJIITHH CTUMYJIOE€ IMOCUJIEHUN aH-
rioreHes MyXJUHHOTO CAliTy 3a PaXyHOK MHiABUINEHHA IPOAYKYBaHHS
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YUHHUKA POCTY €HJA0TeJil0 CYANH Ta iHIUX YNMHHUKIB pocty. lia karri-
JAPIB OyXJIMH XapaKTepPHi BeJnKi IIopu MiK eHJOTeJisTJIbHUMU KJIiTH-
Hamu (Big 380-780 uM 10 1,2 MKM 3ajJ€KHO Bifl THUIIY MyXJWHU), IO
OPUBOJAUTD 0 IMiABUIEHOI IPOHNKHOCTY MYXJUHHNX KaMiJIAPiB y IOpi-
BHSHHI 3 KamijigpaMu B HopMaJabHUX TKanumHax [1]. Kpim Toro, B TKa-
HUHI TyXJuHU epeKTUBHUN JiMpaTHUHUN ApeHask 3a3BUUYall BimcyT-
Hi#l, 1[0 IPU3BOAUTH A0 CIIOTBOPEHHA JiM(paTHUUHOTO BiATOKY ¥ yTpu-
MaHHA OioMoJerkys B myxJauHHOMY caiiti. Ile € mepegymoBoio BubipKo-
BOTO IIPOHMKHEHHS Ta TapreTHoro Hakonuuenusa HY abo HAHOKOHTEM-
HepiB 3 JiKapchbKUMHU 3aco0aMMU B IMIyXJNHI, COIPUAIOUN peasrisaiii HuMu
OPOTHUITYXJIMHHOI TTii.

3IaTHiCTL OPTOBaHAATIB Ta iHIIINX CIIOJNYK BAHALII0 10 radbMyBaHHSA
POCTy IyXJMHU Ha CHLOTONHINIHINA AEeHb AOBEIEHO AK B €KCIEePHMEHTI,
TakK i B KJiHini. [lo mepeBar cooiyK BaHaIil0 BifHOCATh HUBBKUY MTOKA-
sauk IC50 (mamiBmMaxkcuMaiabHOI iHTiIOyBaJIbHOI KOHITEHTpAaIrii), HasaB-
HiCTh aHTUIIPOJi(hepaTUBHOTO Ta IIPOATIOITOTUYHOTO e()eKTiB, IO IIPO-
IEMOHCTPOBAHO Ha 3JIOAKICHMX KJiTmHaxX mMejanomu [2]. BeranoBieHo
IPOTUNYXJIUHHNYN edeKT KaTioHa Banazgito (y Buraani Bamamgiicyabga-
Ty), a TaKOK aHioHa (OpTOBaHAJATY) IIOJA0 iHTEHCUBHOCTU POCTY JIiHil
remaToMu MIypiB [3], pisHuUX JiHIA KaprnuHOME JIOIUHY (JeTeHiB, HU-
pox, mpocratu) [4].

Iloxinmui BaHaxmito 3maTHI BUKJINKATU CeJeKTUBHE OKVMCHEHHSA ITipuMi-
IWHOBUX OCHOB, IO IIEPEUIKO/KAa€e KOMILJIEMEHTADHOMY CKPYUYYyBaHHIO
JTHEK [5]. Ho 115010 0co0IMBO CXUJIbHI NYXJIUHHI KJIITUHY, SKi XapaKTe-
pusyioThca mopyiieHHAMu cuctemu penapanii [JHK. Iamum #imosip-
HUM MeXaHi3MOM IIPOTUOYXJWHHOI Aii CIIOJIYK BaHAIiI0 € IOPYIIeHHS
MIPOHMKHOCTH MeMOpaH MiTOXOHAPi# NMyXJWHHUX KJIITHUH 3a PaXyHOK
reneparnii aktuBHux opm KucHio (APK) [6]. IIxkinmueuit enaue APK,
IIepIl 3a Bce, IPU3BOIUTE A0 IIOPYIIEeHDb CTPYKTYPH MeMOpaH MiTOXOH/I-
pifi, BuBinbHeHHA HMUTOXpoMy C, IOITKOAMKEHb MiTOXOHAPiAJLHOI Ta
aaposoi [ITHK, mepoxkcupaliii gimigis mirasMaTuyHUX MeMOpaH KJIiTHH.
Taki mecTpykTuBHi 3minu 3 6oky ADPK BimirparoTh OgHY 3 KJIOUOBUX
poieii y pO3BUTKY Ta PeryJsAllii allomITOTUYHOI ITporpaMu 3arubesi KJi-
TuH [7].

Pamnimre B Harmux poboTax 3a JOIOMOT'OI0 METOIa CIIEKTPaJIbLHOI aHAIi3!
Oyso mokasaHo 3maTHicTh HY opToBamazaTiB pigKicHO3eMeIbHUX eJIeMeH-
TiB mo Bigyausisarrii in vitro ctoBOypoBux paxoBux KiaituH (CPK) ageHoka-
puusaomu Epraixa (AKE) [8]. Taxk, chepuuni HY oproBaHamaTy BUABJIAIN
TPOIHICTS 710 MyXauHOIHAYKyBatbanx CD44 -kiaitun AKE, 110 3ymoBmIo
MOKJIMBICTh BUKOPUCTAHHA HAHOCTPYKTYP AJs ifeHTH(hiKaIil TUX KJIiTUH
3 METOIO TiIATHOCTUKHU Ta TAJIbMyBaHHS Ty XJINHHOTO IIpoItecy [8].

HesBarxaoum Ha Te 110 CIIOJYKM BaHAaAil0 i MalOTh epeBaKHY TPOII-
HIiCTB 0 TyXJUHHUX TKAHUH, B PALL PoOiT BKAsyeThCsa Ha TOKCUYHY Iif0
IIUX CIIOJYK He TiJIbKU Ha KJITUHU TYyXJWHU, a 1 Ha 340pOoBi TKauuHM [9,
10]. IligBumenHs TapreTHoro 3B’ A3yBanusa HY nmepeBaskHO 3 KJIiTHHAMUT
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OYXJIUH MOKe OyTH 3AiMCHEHO IILJIAXOM CTBOPEHHS TiOpHUAHMX HAHOKO-
mmiekciB (HK) ma ocroBi HY oproBaHamaTiB pimkicHoseMelbHUX eJie-
menTiB GAYVO,:Eu®" i xomectepuny [11]. Ixeosoris cTBOpeHHA TaKUX
HK 6asyerbcs Ha migBumieHHi IXHLOI MPOTUIYXJIMHHOL Iii 3a paXyHOK
HagBHOCTHU B ckJaani HK xonxecTepuny, AKMHI Ma€ CIIOPiJHEHICTL O MeM-
OpaH DyXJIWHHUX KJIITHH-MillleHeili. Bigmomo, 1o XoJiecTepuH aKTHBHO
«BUJIYUAETHCA» 3 KPOBOTOKY MPOJIi(hepyBaAIbHUMY KJIITUHAMHY Ty XJIUHU
IJs To0ymoBU OioMeMOpaH 3aBAAKY HASIBHOCTI BeJIMKOI KilbkocT SR—
B1- (Bix amru. scavenger receptor, class B type I) i kaBeosiu-1- (Cav-1)
pelenTopiB, SKi MOKYTh 3B’ I3yBaTHCA 3 BLILHUM XoJecTepuroM [12].

Ilonepenwi mocuimsKeHHs JOBEJIN, IITO JOgaBaHHA xojgectepuny 1o HY
nigBuinye e)eKTUBHICTh TapIreTHOI IIPOTUNYXJINHHOI Mil chopMoBaHUX
HK [13, 14, 15]. Oguak uac B3aemomii kiaitua 3 HK B mux mociim:xen-
HAX OyB migiOpaHuii 3rigHO 3 JaHUMU, OJEP;KAHMMU Ha KJIITHHAX 370-
poBoi nmeuinku [16]. IIpu mbomMy Bimomo, 110 e()eKTUBHICTL IPOTUIYX-
JUHHOI i1 HAaHOMAaTEePiANiB 3aJIe:KUTH BiJl pALY IIapaMeTpiB, y TOMY YH-
cJi ¥ yacy imkyo0arrii ix 3 KaiTuHaMu, 10 gocaimKyoTbesa [17].

3’sacyBaHHA muHaMiky HakonuueHHa HK BcepeguHi KJIITHHU MOMK-
JUBE 3a JIOIIOMOTOI0 JIa3ePHOT0 CKaHYBaJIbHOTO MiKpocKomna. Bukopuc-
TaHHA METOIM OINITHYHUX 3Pi3iB i momanbinoi 3D-peKOHCTPYKILil YMOMK-
JUBJIOE IPOAHAJIIByBaTU PO3IOAiJI HAHOMATEPiAJiB B KJIITHHI B IuHa-
MiIIi yacy 3a TpbOMa BUMipaMu: TOB:KHWHA, IINPUHA, riuouma [18].

Kpim Toro, sanurniaerbca He3’ ACOBAHUM IUTAHHSA ITOJ0 IePeBasKHOTO
Haxonuuenua HK B Tilt um immrifi cyOomonyaamii myXJIMHHUX KJIiTHH.
Bupimienusa 1Mp0ro TUTAHHA € HaABAKJIUBUM 3 OTJIAAY Ha Te, 1110 AKE €
reTeporeHHoI0 3a (PeHOTUIIOBUM CKJIAJOM MYyXJNHOI0, KOMKHA i3 cyOIro-
OyJaAmniil KoTpoi 3maTHA J0 peastidarii Bracuux GpyHKIi. Tak, BcTaHOB-
JI€HO, IO IIiABUIIEHWM TYMOPOT€HHUWM IIOTEHI[iAJOM in vivo y IOopiB-
HaHHI 3 3aranpHEUM nyaoMm AKE sosozirors CD44'-gaiturm [15]. € Bei
ImepeyMOBU BBaxKaTH, III0 cepel HUX KJITHHAM 3 HaIBUCOKUM piBHEM
duroopecrientii (CD44"") npuramanni osaaku CPK [15]. Biznosias na
IIi TUTAaHHS YMOMKJIUBUTL HAOJU3UTHCS A0 PO3YMiHHA MexXaHisMy pea-
gisanii mporunyxauaHoro ederty HK.

3 oryALy Ha BUIle3a3HaUeHe MEeTOIO IILOTO JOCIifKeHHsa O0yJI0 BU3HA-
YeHHS 3aJIEKHOCTH XapaKTepy HIPOTHUHYXJIUHHOTO BILIUBY TiOPUIHUX
HEK Big Tepminy ixuboi B3aemopii 8 kiaitTunamu AKE i 3’acyBaHHA MOMXK-
JUBOCTH ceseKTuBHOro HakonuueHHA HK B CD44 " -cyonomyiamii.

2. MATEPIAJIN TA METOAU

ExcnepuMeHTr Oy BUKOHAHI HA BOCBMUMICAYHUX CAMKAaX MUIIIEH JIi-
mii BALB/c. Knituau AKE BBosnIN iHTpanepuToHea bHO B f03i 3-10°
KJiTua/Mumty B 0,3 Ma (isiosoriuHOro po3umHy i KyJbTUBYBAJIU IIPO-
TAroM 7 ni0 in vivo. TBapuHu Oy BUBEIEHi 3 €KCIIEPUMEHTY Mif Jer-
KkuM edipuum HapkosoMm. Kiaituau AKE onep:KyBaiu 3 mepuTOHEAIBHOI
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noposxxkuuHu (I1II) 3a momomoroio mMmpuIla, TKUHA IOIepeIHLO ITIPOMUBA-
JU CTEPUJBbHUM (DiBioJIOTIUHMM PO3YMHOM 3 I'ellapMHOM, Uepe3 TOBCTY
roaky Ne 10 3 BHyTpimaim giamerpom y 2,69 mm.
OpepskaHHA TIOPUIHNX HAHOKOMILIEKCIB. Y po0oTi Oy/Iu BUKOpPHCTAaHI
chepuuni HanmouactTuuaku (HY) Ha ocHOBi opToBamamaTiB pigkicHozeme-
abHUX eneMeHTiB (Gd, Y), aktuBoBanux €spomiem GAYVO,:Eu®’ (kon-
merrpamia HY y posunni 5% ruaroxkosu — 1,3 r/xa), axi Oyau cuHTE30-
BaHi B IHcTuTyTi crimaTHAaniiinux marepianis HAH Vxkpaiuwm 3a omu-
caHo0 paHimie meTogukoo [19]. I'ibpuaHi HaHOKOMILIEKCH, 110 MiCTATD
chepruHi HAHOUYACTUHKY OPTOBAHAATIB PiIKicCHO3eMeJIbHIX eJIEMEeHTiB
GdYVO,:Eu®* (1,3 /1) i xomecrepuxn (0,55 r/x) (Acros organics, Bemis-
ris), omep:;KyBajiu BigmosigHo qo metomuku [10].
Oopoodra kiaitua AKE riopumanvMmym HaHOKOMILIeKcaMu. [HKy6alito Kiri-
muH AKE 3 HK nposoauinu in vitro 3 pospaxyuxky 100 MKJ BOJHOTO PO3-
ypry HK sa 900 Mxa kritur AKE (107 xi/miu y disionoriuromy posun-
Hi) 3a KiMHaTHOI TeMIiepaTypu ynpoaoB:x 1, 2, 31i 4 roxgus. Ilorim KiriTu-
"Hu AKE tpuui BigmMuBaau 5% -po3uymMHOM TJIIOKO3U IIJIAXOM ITeHTPUQY-
ryeauHa (300g). ¥ arxocTi KoHTpoJ0 BuKopuctoByBaiau KiaitTuau AKE,
AKi iHKyOyBasu B po3uuHi 5% -raoKosu 6e3 nomaBanua HE.
Ilopgiiine 3a6apraenua KiaiTuH AKE riopugHuMu HaHOKOMILJIEKCAMM Ta
MOHOKJIOHAJFHUMHY aHTHUTIIaMu 10 CD44-cTtpykTypu. [uKy0artito KiaiTna
AKE 3 HK mpoBoauiu 3rifmo 3 BUINeHABEIEHOIO MeToAuKoIo0. I1o 3akiH-
YeHHIO TepMiHy inKyb6ariii 1o KoxHoi mpobu (100 MKJI) JomaBaIu MOHOK-
gouansHi anturiia CD44 (‘BD Pharmingen’, CIITA, Ne553133, xiou
IMT7) ta BurpumyBaau 30 XBUJIMH 3a KiMHATHOI TeMIlepaTypH 3TiIHO 3
IIPOTOKOJIOM BupoOHHKa. IloTiMm Kiaitmau BigvMusBaaum 5% -po3umHOM
TIII0K03u nLIsaxoM HeHTpudyrysanua (300g). Kaitunu 3 cepenuim 3Ha-
YeHHAM iHTeHCHBHOCTH (rroopecrernmii CD44-mapkepa moran 10° (sa
JIOTAPUTMiYHOIO IITKAaI00) BigHOCHIN Ko CD44"" cy6momy mamii.
InenTudikania riopuganx HY mamoxomnaekcis y kiaituaax AKE. O6-
JiK KiZTbKoOCTH KJIiTHH, 1110 3B’ sa3auauca 3 HE, sgificHioBanam 3a JOIIOMO-
roio KOH(pOKAJIHLHOrO Ja3epPHOro CKaHyBaJbHOro Mikpockoma LSM 510
META (Carl Zeiss, Himeuunna). [aa 30ymxeHHA (IOOpeCIeHIii Oys
BUKOPUCTAHUN AiomAHUII asep 3 JOBXKUHOI0 XBuai y 405 HM moryskHic-
Ti0 y 10 MBT. Jlyig crocTepeskeHHs (III0OpecIieHIlii BUKOPUCTOBYBAJIT
dineTp emicii gua HY 583-636 am. Aneprypna aiadparma (pinhole) —
404 mxM. 300parkeHHs 3aIHCYBaJNCI OJII OJHOTO KOH(MOKAJILHOTO 3Pi-
3y B cepelHill YaCcTUHI KOKHOI KJaiTuHU. [HTeHCUBHiICTE irtoopecIieHILil
HY (ymo0B.0Z.) BU3HAYAJIN 3 BUKOPUCTAHHAM IPOTPaMHOrO0 3a0e3IeueH-
Hs 10 KoH(poKambHOro Mikpockona Axio Examiner (Carl Zeiss, Himeu-
ynHa). KOpoTKO: KJIiTUHYT, IIT0 3HAXOAUJINCA B II0Ji 30py MikpodoTor-
padii, o6BogUINCA KOJIAMU, AK1 00MeKyBaJIU ILJIONUTY KOXKHOI KJIiTUHM;
iHTeHCUBHIiCTD (hJIIOOPECIIEHITI] B MeKaxX II1UX MOJIiB po3paxoByBaJjacs 3a
JTOIIOMOTOIO BiITTOBiTHOTO IIPOTPaMHOTO 3a0e3MeYeHH .

ITicna sakimueHHA TepMiny iHKyOaIii in vitro MpoBOAMIN IIiAPAXYHOK
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HACTYITHUX XapPaKTEePUCTUK:

a) xoHIeuTpaIlii kirituH B cycrnensii AKE, onep:xanoi Ha ¢isionoriu-
HOMY po3uuHi, y Kamepi ['opdaesa;

0) *KUTTE3MTaTHOCTY KJITHMH IIJISXOM CyIpaBiTambHOro (papOyBaHHS
rpunanosuM curim (Trypan blue solution, Sigma, CIITA);

6) piBHA MiTOXOHIPiAIBLHOTO AWMXAHHA KJITHH 3a JOIOMOTOI0 HaOOpY
Cell growth determination kit MTT based (Stock No. CGD-1, Sigma,
CIITA) BigmoBimHo mo iHCTPYKIII BUPpOOHMKA; METOAY 3aCHOBAaHO Ha 34aT-
HOCTI MiTOXOHJIPiAJIbHNX (PePMEHTIB JKNBOI KJIITHHY IIePETBOPIOBATH PO3-
ypaHui cuHit 3-[3,5 mimerinriazon-2-ia]-2,5-mudenina-2H-reTpasoaiym
Opomin, — cijb 3KOBTOT'0 KOJILOPY, — B HEPO3UMHHUY (hopMasaH, I110 Mae
(ioseTOBUI KOJiP, AKUHA KPUCTATIIBYETHCA B IIUTOILIA3MI KJIITHHN; 3a IO-
IIOMOTOI0 OPTaHiYHOr'0 Po3umHHUKA (i301poranour) (hopMasaH MepexoanuThb
Yy POSUYMHEHUM CTaH; iIHTEHCUBHICTh HAKOIMMYEeHHA ()opMas3aHy XapaKTepu-
3y€ CTYIiHb OKMCHIOBAJbHO-BiTHOBHUX ITPOIIECIB Y AOCILMKYBaHUX KJIi-
THUHAX i € HEIIPAMOIO XapaKTePUCTUKOIO KiJIBKOCTY JKUBUX KJIITUH; TETEK-
TyBaHHS Pe3yJabTaTiB 3MiMCHIOBAIN IIJIAXOM MipAHHSA OINTUYHOI I'yCTUHU
3paskKis 3a poromororo cuekTpodoromerpa (CP-46 «JIOMO») 3a noB:KUHN
xBuJIi y 560 HM.

2) KiJIbKOCTH alONTOTHYHUX i HEKPOTUYHUX KJITUH 3a JOIOMOTOIO
anekcuny-V—An (BD, CIITA, kat. Ne 556419) ta npomigiym-itoguny—PI
(Sigma, CIITA, xar. Ne 81845-25MG) Ha nporounomy ruromerpi FACS
Calibur Becton-Dickinson; BusaHaualu® UYacTKy JKUBUX KJIiTUH
(An"/PI'), amomrotTmuHux KJaituH (An'/PI’), HeKPOTMYHMX KJITHUH
(An /PI")i KIiTHH B cTaHi HOCTAIONTOTUYHOTO HeKpoay (An'/PIY).

ITicaa monmepenuboi inkybarii 3 HK kaituuun AKE BBomuu inTpame-
putoHeanpHO MuIinam JiHii BALB/c i uepesd 7 mi6 KyJbTUBYBaHHA in
LIVO OITiHIOBAJM HACTYIIHI IIOKA3HUKU POCTY ITyXJIUHU:

a) abcomroTHy KinbkicTs KiaitTue (AKK) BusHauanm 3a ¢opmyJoio:
AKK = Vol-Conc, ne Vol — 06’em acuuruunoi pigmau B IIII TBapun
(M), Conc — KOHITEHTpAIlid IYXJIUHHUX KJIiTUH, AKi DigpaxoByBaJu B
kamepi F'opaesa (x107 ki /mn);

0) inTencuBHicTh pocty myxaunu (IPII) o6uncaroBaau 3a GopMyI0io:
IP = (AKK (zmocain)/AKK (xouTpoan))x100%, ne AKK (mocmixm) — ab-
COJIIOTHA KiJbKICTh NYXJUHHUX KJITHH y IePUTOHEAJbHi!l MOPOXKHUHI
rBapuH 3 AKE, aka Oyna imimiftoBana ob6pobsenumu HK xiaitumnamu;
AKK (xoHTpoJb) — abcostoTHa KinbkicTh Kiaituu B III1 TBapun 3 AKE,
saKa O0yJia iminiitoBana Heoopobaenumu HK kiaiTunamu;

8) cTynius iHri6imnii pocry nmyxaunu (Ci) obuucaoBanm 3a GOpMYyJIO0:
Ci=1IP (xoutposs) — IP (mocaix), ne IP (KOHTPOJIb) — iHTEHCUBHICTH PO-
CTy MYXJIMHU KOHTPOJBHOI rpynu; IP (mocnix) — iHTEeHCHBHICTL pOCTy
nyxJauHau gociiguoi rpynu. 3a 100% Opasacs iHTEeHCHBHICTH POCTY Ha-
TuBHUX KJIiTua AKE.

CratucTuuna oOpoOKa JaHUMX, OJEePKaHMX y MPOIeCi MOCTifKeHHST,
MIPOBOIMJIACA 3 BUKOPUCTAHHAM eJIeKTPOHHUX Tabauilk Microsoft Excel
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2010 i mporpamu Statistica 10.0 (‘StatSoft’, CIITA). KinbkicHi gaxi 6y-
JIO TIpeAcTaBieHo y Buriaami M + 6, ne M — cepejHe 3HaUeHHSA, 0 — CTa-
HrapTHUN Bigxuia. [IopiBHAHHA HeKiJIbKOX He3aJIe:KHNX BHOIPOK IIPO-
Bogmiocsa MeTomoio Kpackema—Yosrica. BigMimHOCTI BBasKaiu AOCTO-
Bipaumu npu p < 0,05. ITomapHe MOPiBHAHHA I'PYI IIPOBOAUJIOCS 3 BHU-
KOpPUCTaHHAM HelapaMeTPUUHOTo TecTy ManHa—YiTHi 3 BUIIpaBIeHHAM
3a BoudeppoHi. [[1a9 MHOKUHHOTO ITOPiBHAHHSA 3B’ A3aHUX BUOipoK OyB
BUKOpPUCTAaHUN KpUTepiii PpifmMana 3 HACTYIITHUM 3aCTOCYBAaHHAM KPU-
Tepiio BiIKOKCOHA AJIs MOIapHOTO IIOPiBHAHHA.

3. PE3YJIBTATH TA IX OBIOBOPEHHS

Iaxy6amnia xkixitua AKE 3 HK yopomos:x 1, 2, 3 i 4 rogun mpusesa 10
MOCTYIIOBOTO 3MEHINeHHA KiJIBKOCTH KJITUH B yCiX eKCIIepUMeHTaJb-
HUX I'pylaxX BiTHOCHO KOHTPOJLHUX 3HAUEHD, ajle CTATUCTUYHO 3HAUY-
101 PisKHUII MidK HUMU IIPOTATOM YChOT'O YACY CIIOCTEPEKeHHA BCTAHO-
BJIeHO He OyJyo (puc. 1, a). Iloxi6bHa nuHaMika crocrepiraiacs i cTOCOB-
HO KiJIBKOCTHU KUTTE3TATHUX KJIiTHH (puc. 1, 6), ofHaK Iicjada 3 roauH
imKy6arrii 6yJ0 BiZ3HAUEHO CTATHCTUYHO 3HAUYIIE MOHUKEHHS I[HLOTO
MOKAa3HMKA B IMOPiBHAHHI 3 KOHTPOJBbHOIO Ipymon. TakuM 4YMHOM, BiKe
Ha IepIIOMY eTalli aTecTallil IOKa3aHO MOHMKEHHSA KUTTE3TaTHOCTHU
kaitua AKE micaa rpurogunzoi inky6arrii ix 3 HK.

3a IomoMOTo MeTOoaM KOH(MOKAJBHOI MiKPOCKOMii mOKasaHo, IO
KaiTuaM 6e3 inkyoOarii 3 HK (KoHTpoJb) Masiu iHTeHCUBHICTE (hrroopec-
meunii y 15,33 + 3,28 ymMOB.0OA. IPOTATOM BChOTO TEPMiHY CIIOCTepe-
JKeHHd, 1110 BiIIIOBi/lae PiBHIO eJIEKTPOHHUX IITyMiB meTeKkTopa (puc. 2).
IarencuBHicTh QaaroopectienIlii saranbuoro myay KiaitTua AKE micasa in-

110
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Puc. 1. Kinsricte xiaitur AKE (a) Ta ixua :xurresgarHicTs (6) fo i micag imky-
6amii 3 HK. ITpumimika: * pisXHUIA € CTATUCTUYHO 3HAUYIOIO IOPiBHAHO 3
amasoriuauMu mokasHukamu KiaitTua AKE 6e3 imkyb6ariii 3 HK (KoHTpoJb)

(p <0,05)."
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Puc. 2. IarencuBHicTs QuioopeciieHii saranapHoi momyJsanii kKiaitma AKE
(mpsaAMOKYTHiI cTOBIIIi) Ta (IIOOPECIEHITiA OKpeMUX KJIITHMH (MapkKep) micida
imky6anii 3 HK oporarom 1, 2, 8i 4 rogun.?

KyoOarii 3 HK (1—-4 rognu) npakTUYHO He 3MiHIOBaJjacs i He MaJjia CTaTu-
CTUYHO 3HAUYITOI PLXKHUIII 3 KOHTPOJILHUMHY IIOKa3HuKamu (puc. 2).

IIpu mpomy, moumHaooum 3 1-ro yacy imkyOairii, BigsHaueHo moABY
OKpeMUX KJIITHH 3 HaJBUCOKUM PiBHEM iHTEHCHUBHOCTHU (hJIIOOpPECIleHIril
(895,72 ymoB.ox.), sxa gocarajia MaKCHUMAJbLHUX 3HAUEHDb IIiCIS 3
roauH iHKyOarii (1662 + 33,89 ymoB.ox.) (puc. 2). Ha 4-y roguny iHKy-
Oarii imTeHcuBHiCTL (hIIOOpECIIEeHITI OKpEeMUX KJITHH 3 HAJBUCOKUM
piBHeM CBiTiHHS CTATHCTHYHO 3HAYYIIIMM YMHOM He 3MiHIOBaJacd, 3a-
JUIIAIOYNCH Ha JOCTATHBO BICOKOMY piBHi (1445 + 11,70 ymos.oxn.).

KinbkicTs KIiTHH 3 HaABUCOKUM PiBHEM iHTeHCHBHOCTH (JIIOOPECIIe-
HIIil mocTymoBo 3poctaJia Bix 0,2% y mepiry roguny 10 1% Big saraib-
HOI KiTBKOCTM KJIITHMH Ha APYry TOAUHY iHKYyOaIii, samuimaouunch Ha
IILOMY PiBHI IPOTATOM BChOTO Yacy cmocrepeskenusd (puc. 3). IIpu mpo-
MYy iHTEHCHBHICTH TAKOT'0 POAY (hIroopecIiieHIlii KJIITHH Jocsaraja Mak-
CUMyYMY Ha TpeTio roauny inkyoairii 3 HK.

TakuM YHOM, BCTAHOBJIEHO, ITI0 cepen 3arajbHoro nyay Kiituna AKE
iCHYIOTE JIMIlle OKpeMi KIiTuHu, 3 akuMu HK celeKTuBHO 3B’ A3yI0THCA 3
HiABUINEHOIO 3AATHICTIO, 3yMOBJIIOIOUN IXHIO HAJBCOKY (DJIF0OPECIIEHIIiIO.

3’sacyBaHHs, 00 AKoi came monyaAanii AKE 3a ¢deHoTUIOBMMEU O3HA-
KaMHi HaJeKaThb KJIITHHU 3 HAABUCOKUM piBHeM (rroopeciieHIlii, 6yo
3IiHICHEHO IILJISXOM OSHOYACHOTO 00pobsenusa KaiTua HK Ta MoHOKJIO-
HaadbHUMU auTuTigamu 1o CD44-ctpyxrypu (puc. 4). O0r'pyHTyBaHHAM
IIBOT'O IiAXOLY CTaB paHille BCTaHOBIeHUH HaMu pakT, mo came CD44 -
KJITHHM MAIOTh MiJBUINEHUN B MOPiBHAHHI 3 3araabHuM yjoM AKE
npoigiepaTUBHUN IIOTEHIIA, OIiHEeHNH 3a iIHTeHCUBHICTIO POCTY My X-
JIUHU in vivo, i BigirpaioTh HaWBaKJIUBIIITY POJIb y TyMoporeHesi [15].
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Puc. 3. Koudoxransua mikpockonia kiaitua AKE nicna inky6anii 3 HK noporsa-
rom 1, 2, 314 roaun (3xiBa — 36.40, nmpaBopyu — 36.10). IIpumimra: Ha hoTo
OIpaBOpPydY HaABeIeHO KiJbKiCTh KJIITMH 3 HAaABHMCOKWM PiBHEM iHTEHCHBHOCTU
(urroopectenmii.?

Hannmu koupoKaIbHOI MiKpocKomii migTBepmkeno (Taba. 1), mio Ki-
apkicTs CD44 -KiaiTuH, AKi Manu 3eeHy (PIOOPECIeHIIiI0, CTAHOBUAIA
7,00 £0,58% =Bin saraapnoro nyny AKE. Ogmak BCcTaHOBJIEHO, IO ITi
KJITHHM MaJdu PisHuil piBeHb iHTeHcumBHOCTU QuioopecreHirii. Taxk,
5,83 +0,63% CD44"-KiiTMH MajIu iHTEHCHBHICTHL ()JIIOOPECIEHIlil y
300,25 + 96 ymos.ox. B roit wac, gume 1,17 +0,10% CD44"-gaitun
MaJii HaABUCOKUI piBeHb Qurioopecrenttii (1297,29 +46 ymoB.ox.) i
MOKYTh 6yTHu BifHeceni no0 CD44™"-kmitun. JlocTeMeHHO Bimomo, IO
caMe BOHHU € CTOBOYPOBUMHM PAKOBMMM KJIITHHAMHK Ta MalOTh HAHOiJIb-
MUY TYyXJIUHOIHAYKYBAJIbHUH TOTeHITiAM [15].
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Puc. 4. Iloxsitine 3abapBienua KiaiTua AKE riopuagHuMy HaHOKOMIIJIeKCAMU
Ta MOHOKJIOHATLHUMHM aHTHTinamu 1o CD44-cTpyxrypu.!

TABJUIIA 1. Ilokasuuku iHTeHCUBHOCTHU (QuaroopectieH il kaitua AKE micasa
moxBifitHOTrO 3a6apBieHHA iX.5

KinpkicTs KiIiTvH Bix 3arajgbHOT Tun 3abapBieHHA
nyny ARE, % CD44 HK CD44 + HK
Pisenn
(uroopecrenii, 7,00 + 0,58%|1,20 + 0,13%11,20 + 0,13%
YMOB.OJ.

— 3 HUX i3 HaJBUCOKUM piBHEM
datoopectienItii, %

— piBeHb (uroopecnen1ii, ymos.ox. 1297,29 + 46 1662 + 33,89 —
— 3 HUX i3 cepegHiM piBHEM
duroopecrienii, %

— piBeus (QuroopecienIiii, ymos.ox. 300,25 + 96 — —

1,17+ 0,10% 1,20+ 0,13% 1,20 £ 0,13%

5,83 £0,63% — —

IIpu moxBitimomy 3abapsiaenHi kiaiTua AKE riopuganmMyu HaHOKOMII-
JeKcaMH Ta MOHOKJIOHAJbHUMHI aHTuTiIaMu 10 CD44-cTpyKTypu Hako-
nuuenaa HK sixsnauewno aume y 1,20 +£0,13% KiiTuH 3arajibHOro mmy-
ay AKE. Ilpu npomy CD44"-kaiTuanu, aKi Oyam 34aTHI HAKOIWYyBaTU
HEK, manu HagBUCOKi MOKa3HUKM (DII0OPECIeHIlil IIhOro MapKepa — Ha
piBui 1297,29 + 46 ymoB.oz. Ile 36iraeTbea 3 paHiie ogep:KaHUMH Oa-
HUMH 111040 (peHOTUIIOBOrO CKJIAAy IIyXJUHU, AKi cBiguaTh, 1110 y 3ara-
apHiM monyaanii AKE kinbkicts CD44-KIiTHH 3 migBUIIIeHMM piBHEM
(duroopectennii, — CD44"¢" — ¢ mafimen uncespHOIO Ta CKIALAE 6irsa
0,37 £0,02% [20].

TaxuM YMHOM, MOYKHA CTBEPI:KYBATH, 10 HAKOIUUYEHHA TiOPpUIHUX
HK BigOyBaeTbcs ImepeBaKHO y CYOIOMYyJIAIil MyXJAWHHUX KJIITHH 3i
croB6ypoBuM moreHmisiom (CD44"#"-kpituan) i mo came BoHH € Mi-
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IIIeHHIO AJIA peaJsizaiii aurTunposideparuBHux Baactusocteir HK.

OfHUM 3 MOMKJINBUX IILIAX1B IPOTUNYXJINHHOIL il HaHoMaTepisaaiB Ha
OCHOBI1 OPTOBaHAJATIB € Tr'eHepaIiia aKk TUBHIX (hOPM KHCHIO 3 IIOAAJIbIIIITM
VIIKOM:KeHHAM (GYHKIII MiTOXOHApPi#N Ta iHAyKIieio 3arubesi KJIiTuH
IIIJIAXOM amonTo3y,/Hekpoay [7]. Byso BusHaueHO TOKa3HUKY aK TUBHOC-
TH MiTOXOHAPiAJbHOTO AUXAHHS KJIITHMH i TMOy iXHbLOI 3armbei micisa
3aKiHUeHHS KO:KHOro TepMinHy inkyodarii kiaitTua 3 HEK (1-4 rogunn). 3a
pesyJbTaTaMU IOCJHIAKEeHHSA ByKe IIicd mepIroi roguHu iHKyOarii Kii-
muH AKE 3 HK BcTaHOBIIEHO TeHAEHITiIO 0 HOHMKEHHA PiBHSI MiTOXOH-
IpisnpHOTO AuxaHHA (Ha 13% y HOpiBHAHHI 3 KOHTPOJIEM; puc. 5), II10 €
BigoOoparkenuam ¢pyurmii HAIIP-H-zane:kHUX oKCUIOPeyKTa3HuX (e-
pMenTiB miToxoHApi#. ITicaa 2 roauu iHKyOaIii piskHUISA 3 KOHTPOJIEM
Oyna crarucTuuHOo 3Hauyoo (Ha 27%). Ha TpeTio roguny ciocrepe-
JKeHHs OIITHMYHA T'yCTHHA PO3UMHY (opMasaHy AocATraa MiHiMaIbHUX
3HAUYeHb, 3aJIMINAIOYNCh Ha IIbOMY PiBHi i Ha UeTBepTy roguHy iHKyO6aIrii
(puc. 5). TobTo MakKcuMabHY iHTriOiIiI0 MiTOXOHAPIAJTBHOIO NUXAHHA
kaitun AKE BigsHaueHo BiKke mmicasa TpUroguHHOI iHKy6alrii ix 3 HK.

Ogmep:kaHi pes3yJbTaTH YMOMKJIWBJIIOIOTL IPUIYCTUTH, IO TaJIbMYy-
BaHHA MiTOXOHIPiAJMBHOTO AUXAHHSA Uepes IIOMIKOMKeHHA (pepMeHTA-
THUBHOI CHCTeMHU MiTOXOHJPiff € paHHBOIO O3HAKOIO IIPOSABY TOKCUYHOI
nIii Buxopucrauux B pobori HK mrogo xaitum AKE, mio srogom moske
MIPU3BOAUTH I0 IXHBLOI 3aruderi.

MiToxoHapii BBamkaoThCA OCHOBHOIO JIAHKOIO, IO iHTer'pye pisHi cu-
r'HaJIu, AKi 0epyTh yUyacTh y peaJisallii armonTos — mIporpamMoBaHOi 3a-
rubeni kaitun [7, 21]. OnHouacHe papOyBaHHS 3a JOIIOMOIOIO aHeKCiHa-
V i PI yMOXJIUBIIOE BUSHAUUTH THUII 3arubesi KJIiTUH. AHeKciH-V B
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Puc. 5. Merab6oniuna aktuBHicTs KiaiTun AKE mo i micaa imky6amii 3 HK.
IMpumimika: ~ PisKHUIIA € CTATUCTAYHO 3HAUYINOK MOPIBHAHO 3 AaHAJIOTIYHUMU
nokasaukavu Kiaitna AKE 6es inky6amnii 3 HK (xorTpoas) (p < 0,05).°
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mpucyTHocTi fioris Ca?' i Mg?" Bzaemogie 3 dochaTuanicepuaoM, AKUH
Ha paHHIiX CTaJifX amIoITOo3y IEePexXOoAUTh 3 BHYTPIIIHLOI MeMOpaHU
KJiTuHY Ha 30BHimHI0. KiaiTunma MmemOpana sKMBUX KJIITHH HEIIPOHUK-
Ha na4a PI. Ogmak mpu He3BOPOTHBOMY IIOITKOMMKEHHI KIiTHHYN (HEKPO3)
PI npoxoauTh uepes KIITUHHY MeMOpPaHy Ta 3JaTeH OO0 iHTepKaJadIii 3
medpparmentroBanono ITHEK. IlogBitine ¢apOyBamua aHexkcimom-V i mpo-
Oigif-HoguaoM CBiJUMUTH IIPO MisHi cTagii ammonTosy.

BcranosiaeHo, 1110 B KOHTPOJBHMX 3Pa3Kax, He3aJIesKHO Bil yacy iH-
KybOarii, KinekicTh KmBumx KiaitTuH (An /PI") cramosuaa 90 + 2,3%,
parEBOro amomrtosdy (An'/PI') — 1,34+0,67%, mi3HLOTO amomTO3y
(An"/PI") — 1,26 £ 0,13%, a HeKpo3y (An /PI") — 3,16 £ 0,42%.

Homasamua HK mo kiriTun AKE mpusseso 10 TOCTYIIOBOTO HOHUKEH-
HA YacTKU KuBUX KjaiTuH (An /PI") mporarom ychoro mepiomy crocre-
pesxenus (Bix 83,32 + 5,45 micaa 1 wacy mo 70,10 + 3,78% micas 4 ro-
ouH inkyoOarii). ITpu nmbomMy KimTbKicTh KJIiTHH, AKi 3HAXOAUINCH Y CTaHi
parHBLOro amnonTosy (An'/PI’), mnpakTU4YHO He 3MiHIOBAJIACA IIPOTATOM
1-4 roguH i BiporigHo He BimpisHsaacd Bil 3HaUeHb KOHTPOJIIO.

ITokasamno, 1o HK 3maThi Bike uepes 1 roguny iHKyOAaIlii BUKJINKATH
CTATHUCTHUYHO 3HaAUyIle 30iJIbIIeHHA KiJbKOCTH NYXJUHHUX KJIITUH Y
crani misEboro amonrtosy (An'/PI") ta mekpoay (An /PI") (puc. 6). Ile
ysromkyeThea 3 fanuMu Rehm M. Tta cniBaBTopiB [22], 1110 moyaTKOBa
¢dasa amomnTosy, AKa mepeabavac AemoJIapU3allilo MiTOXOHAPiHA, € BigHO-
CHO IIBUAKUM IIporecoM. dac MiK merosdapusaliielo MiTOXOHIpPi# Ta
aKTHBalli€l0 HU3KM Kacmas, 110 € 03HAKOIO IIi3HLOT0 aloIITO3y, 3a3BIU-
yai cTaHOBUTH 0113bK0 30 xBusmH [22].

IIpononramnia snauBy HK symoBuia pisHy AnHaMiKy: KiJIbKicThb KJIi-
THH B cTaHi misaboro amontosdy (An'/PI") mocTymoBo 3MeHITyBaaca 3
9,58 + 7,54% (1 uac imky6barii) mo 2,79 + 0,32% Ha TpeTO rOAUHY, 3a-

Puc. 6. CmoiBBifHOIIIEHHSA aNONTOTUYHUX/HEKPOTUUHUX KJIITUH, SKi Oyaum
BUsABJEeHI mmaxoM (apbyBanHa aHekciu-V/Pl y kaitunax AKE mgo (A) Ta
micaa (B) imky6arnii 3 HK mporarom 1, 2, 3 i 4 rogmn.”



E®EKTUBHICTE ITPOTUITY XJIMHHOI I TIBPUIHUX HAHOKOMIIJIEKCIB 499

JIMIIAIOUNCh Ha [[bOMY PiBHi g0 4-1 roguuu (2,06 + 0,11%).

Hasmaxku, mpoTdaromM BChOTO TEPMIiHY CIIOCTEPEKEHHS BCTAHOBJIEHO
30i/IBINIEHHSA BiZicOTKAa HEeKpoTuYHUX KJaituH (An /PI") y mopiBuaHHI 3
KoHTposeM (puc. 6). Ileifi mOKa3HUK AOCATAB MaKCHUMAaJbHUX 3HAUEHD
ImicJs TPhOX roguH inKy6arrii (19,29 + 2,43% ; puc. 6).

Or:xe, ofepsKaHi JaHi YMOMKJINBJIIOIOTh BUCJIOBUTH IIPUIYIIIEHHS, IO
HK mane:xaThb OO0 TMX YHIKQJIBHUX CIOJYK, SIKi OJHOYACHO MOMKYTHh BU-
KJINKATU KiTbKa BUAIB 3arubesi kiaitua. CIOJyKH, IO SifOTh HOLiOHMM
YuHOM, Bigmomi [23]. ABTOpu II0B’A3YIOTH IIe 3 OJHOYACHUM YIITKOIKEH-
HAM SK BHYTPIlIIHBOI, TaK i 30BHIIIHBOI MiTOXOHIPiAJILHOI MeMOpaHH.
IIpu mopyirieHi BHYTPillIHLOI MeMOpaHU MiTOXOHAPifi 3MiHIOETHCSI MEM-
OpaHHUI IIOTEHIIiA, IO € IIePeIyMOBOIO 3arubesi KIITHH IIIJIAX0M HeK-
posy. 3 iHIoro 60Ky, Ipu MOIMKOIKEeHHI 30BHIIITHBOI MiTOXOHAPiAILHOL
MeMOpauu BigOyBaeThbCca 3BiIbHEeHHS ruToxpomMy C, 10 BUKJINKAE AIIOII-
T03. BuiieHaBeieHi BJIacHI eKCIIepUMEHTAJILHI JaHiI CTOCOBHO IIOPYIIIEHHS
GyHKII] MiTOXOHAPi#l TPOTATOM YCHOTO Hacy CIIOCTEepesKeHHs CBiIdyaTh
IIPO Te, IO IOAI0HNM YMHOM MOXKYTE HiATH i1 3acTocoBaHi ri6punui HE.

3BepTae Ha cebe yBary Toi (akxT, I110 iHKyOallid MyXJIUHHUX KJIiTUH
MIPOTSATOM TPHOX T'OMWH CIPUUYNHNIIA HANOILILITY 3arnbesb KIITHH -
XOM HEKpOo3y, i Ile CYIpPOBOIKYBAJIOCA MAKCUMAJLHUM IIOHMMKEHHIM
MeTaboJIiuHOI aKTUBHOCTU MiTOXOHApPi#. Ile Mae BaKjaumBe 3HAUYEHHS
JIJIA TIOAJIBLIIIOT0 PO3BUTKY /iHaKTUBAIlil ITyXJIMHHOTO Ipoliecy. Baka-
€ThCA, 1110 OAHi€I0 3 IPUUNH HeeheKTUBHOCTH IPOTUIYXJIUHHOI iMyHHOT
BigmoBizi opramismMy Ta (GopMyBaHHA iMYHOJOTiIiYHOI TOJIEPAHTHOCTHU
IpU 3J0AKICHUX MyXJMHAX € caMe aKTUBAIlid 3arubesi KIiTHH IIJIaX0M
amonTosy [24]. Bigomo, 1110 caMe aIloITOTUYHUH IIJIAX 3arubesi KIiTuH
MIPU3BOAUTL M0 aKTuUBAIlii paronuTody 6e3 HACIiAKiB A/ opraHisMy y
BUTJIAAL ajmbTeparlrii Ta sananenua [25]. ¥V pasi sarubesi myxJamHHUX
KJIiTUH IIIJIAX0OM HeKpo3y BinoyBaeTbea BuBinbHeHHs JHK, PHEK i myx-
Jurocnenudivamnx 0iaKis, axi e DAMPs (damage-associated molecular
patterns) i posmisHaloThCsa iMyHHOIO CHCTEMOIO, iHiIlit0I0uM crierudiuay
UL TyXJIWHYU iMyHHY Bignmosins [26]. BuBinbuenusa DAMPs i sarubeuri
KJiTUH IIJIAXOM HEKPO3y HPU3BOAATH IO AKTUBAIlil CUTHAJIBHOTO IIIJIs-
xy TLR4, 110 cuopuse DOCUJICHHIO HAIIPAIIOBAHHS TPAHCKPUIIIIAHOTO
darTopa NF-kB, 1110 3yMOBJIIO€ ITOCUJIEHHA IPOAYKYBAHHA IPO3aIlajb-
HUX IIUTOKiHIB i pO3BUTOK iMyHO3amaabLHOro mpoiiecy [27].

Om:xe, 3aJI€KHO Bif criocoby 3arubeJti KJIITHUH, B OpraHisMi mMyXJIWHO-
HOCif MOXKe PO3BUBATUCA AK iMyHO3aNaJbHUN, TaK i iMyHOCYTIpeCUBHUM
craH. Ile cBiguuTh IPo HEOOXiAHICTH MEPETIAAY JiKYyBaJIbHUX CTPATETIH
i HaMi/TIOBaHHA IX Ha «IIepeMUKaHHA» MeXaHisMy 3arubesi myXJIUHHUX
KJITHH 3 alloONTOTHYHOTO Ha HEeKpoTuuHui. BulreHaseneHi maHi cBif-
yaTh Ipo Te, 1110 I1i HK 3maTHi 1o BupilltenHsa came IIbOT0 3aBIAHHA.

ITe npunyIiieHHsa OTPUMAJO eKCIIepUMeHTaJbHe IiNTBEePIKeHHA in
VIVO MLIAXOM OIiHKU iHTeHCcuBHOCTHU POo3BUTKY AKE 3 KiiTuH, aki mo-
nepenHbo Oyau nmpoinkyooBani 3 HK mporarom pisuoro vacy (1-4 rogu-
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H1) (Tabsu. 2). CTaTHCTUYHO 3HAUYIIE TOHUKEHHS a0COIOTHOI KiJTbKOC-
T4 KJITUH, 110 chopmyBanucsa y IIII TBapuH, BigsHaUeHO JUIIE ITicJIA
mBoroauHHOI inkyoOarii kaiTuan AKE 3 mamokomimtekcamu. Ileit mokas-
HUK JOCSAraB MiHiMaJbHUX 3HAUEHD y I'PyIax 3 iHAYKI[I€0 OHKOIIATOJIO-
rii kaxiTuaamu, aki 6yau npoinky6oBani 3 HK me menI Tprox rogun. Ile
3YMOBHMJIO IIOHUKEHHS IHTEHCUBHOCTU POCTY IIYXJWHU ifl VIVO IIiJ di€ro
HK B ycix mocaigHUX rpynax y IOpiBHAHHI 3 KouTpoaeMm. Ha#i6innm ic-
TOTHE IOHIKEHHS IIbOr0 IIOKA3HUKAa cIocTepiramocd miciada 3 i 4 roguu
imky6arii 3 HK (33,16 = 4,67% i 31,95 + 3,81 BigmoBiguo). IcToTHO, 1110
IOKa3HUK cTymneHd iHri6imii pocty AKE, aAkuii € nsepkalbHUM BiJo-
OpasKeHHSAM iHTeHCHUBHOCTH POCTY IYXJWHU, MaB HANOiJIbII MOKAa3HU-
KM IIiCJIS YOTHUPOTroaAMHHOT0 00podaenHa HK, sanuinaouncs HA TOMY K
piBHi, 110 i mic/a TPHOX TOAWH iHKyOAITii.

TakuM ymHOM, OJEpP’KaHi mAaHi cBigUaTh PO Te, IMO TIIbKMW MicJsd
rpurognuuoi inkyoarii HK 3 kaitunamu AKE Bigmiueno mposs HUMU
3HAUHOT'O IPOTUNIYXJMHHOTO eheKTy. YCIilltHa peaJsizaiia Taxkol 31aT-
HocTu cTBopeHUuX riopugaux HK nepenbauae peasisairito 6araTocTymi-
YacToTo KacKaIHoro MpoIecy, a caMe, iX MPOHMKHEHH, HAKOITNYeHH S

TABJUIIA 2. [Tokasuuku iHTeHCUBHOCTH pocTy KyabTypu AKE micasa o6po6-
snenna HK.®

g = A - =T
w — IS a N =g
>: TE SE 5 g € g
3 SE = = F ‘B ‘B H
Tpyna = &E S g RS g E K
g = 2 E Y § g o B
© g X = . E 5 > o
= o> O o = (=
K SF & S8 £ S > 8
\le) =
S 2 a o &
AKE 5,84+0,77 9,54+1,55 55,09 + 7,56 100 —
(KOHTPOJIB)
ARE + HE 4,5+0,64*° 11,10 £ 0,84*° 49,5+ 3,74*5 89,85 +6,874518,15 + 2,56*°
1 roguua
ARE + HE 3,8+0,72! 10,75+0,94*% 40,66 +5,41*5 73,81 +8,23%522,14 + 3,67*5
2 roguHUu
ARE + HE 2,9+0,43% 6,37 +0,7212% 18,27 + 1,232 83,16 + 4,67>366,84 + 4,503
3 roguHU
ARE + HE 3,1+0,27'% 5,68 +0,6412% 17,6 +1,58"%3 381,95+ 3,81%368,05 + 5,782%3
4 roguHN

Ilpumimka: PisKHAIA € CTATUCTUYHO 3HAYYIIOIO IIOPiBHAHO 3 MOKa3HUKaMu: 1 — KJIi-
TuH AKE 6e3 nonepenunoi inkyoOanii 3 HK (korTposb), 2 — kiaitua AKE, inky6oBanux
3 HK 1 roguny, 3 — xiaitua AKE, inky6osauux 3 HK 2 rogunau, 4 — kiaituua AKE, in-
KyooBanux 3 HK 3 rogunu, 4 — xiaitua AKE, inky6osanux 3 HK 3 rogunu, 5 — Kiaituna
AKE, iaxy6oBanux 3 HK 4 roguau (p < 0,05).



E®EKTUBHICTD ITPOTUITY XJIMHHOI I TIBPUIHUX HAHOKOMIIJIEKCIB 501

BCepeInHi KJIITHH, MOPYIIeHHa (PYHKIIII MiTOXOHAPINA 3 IIOAAJIBIIION iH-
OYKITi€I0 aIIONTOTHYHNX 1 HEKPOTUUHUX 3MiH. AOCOJIIOTHO He BUKJIIOUe-
He iCHyBaHHA «aJbTE€PHATUBHUX» MeXaHi3MiB peaJisalfil mpoTumyx-
auaHoi nii HK. K 0yJ/io BcTaHOBJIEHO Y IOIEPeAHiX HAIINX JOCIiIKeH-
HaX, 00pobaenua KiaiTun AKE riopuguumu HK mpuBoguio mo dopmy-
BaHHS ITYJY KJITUH OYXJUHU 3 IIOHUKEHUM CTyIIeHeM eKcHpecii reHiB
IUTIOPiIToTeHTHOCTH, B mepiiy uepry, NANOG, 110 € KJIHUOBUM Y BU-
sHauenHi camomiaTpumku CPK [13]. B minomy, omep:xani pesyabTaTu
JIOIIOBHIOIOTH VABJEHHA IIPO MeXaHidMmM peajisallii IpoTUOYXJWHHOI
repamii riopugaumu HK Ha ocHOBiI opToBaHamaTiB pifKicHO3eMeIbHUX
eJIEMEeHTIB i Ti YMHHUKM, AKi MOXKYTH BILINBATH HA HUX.

4. BAICHOBRH

1. BecTaHOBIEHO 3aJIesKHICTD IMIPOSABY IPOTHUIYXJIUHHOTO eeKTy HaHO-
KOMILJIEKCiB Ha OCHOBi HaHOYAaCTHMHOK OPTOBaHAAATiB pigKicHO3eMeJib-
Hux enxemenTiB GAYVO,:Eu® i xonecrepuny Bix uacy ixmboi momepesn-
HBOI B3aeEMO/Iil 3 KIITHHAMY ITyXJIMHU.

2. MakcuMaJbHy peaJisalliio IpOTUIIYXJIUMHHOrO BIIUBY riopugaux HE
BUSBJIEHO IIiCJIA TPhOX MOAMH iHKyOarii ix 3 kiaitunmamu AKE, o nepen-
0auae MPOHUKHEHHS, HAKOIMMYEHHS BCEPeNUHi KJIITUH, YITKOMKEHHS
(YHKITiI MiTOXOHAPi# 3 TOJAJIBIIION iHAYKI[I€0 allONTOTUYHUX i HEKPO-
TUYHUX 3MiH. BeTanoBienuii pakT 3arubesi KJIiTUH OYXJIWHU I Oi€i0
HK mepeBasKHO HIIAXOM HEKPO3y Ma€ BasKJIMBe 3HAUCHHS AJIA IIOJaJIb-
101 iHaKTUBAaIlil TyXJIMHHOTO IIPOIIECY .

3. Iloxgitine 3abaprieHHsa KiaitTuH AKE riopugauMuy HaHOKOMILIEKCAMU
Ta MOHOKJOHAJNLHUMU aHTUTLIaMu 40 CD44-cTpYyKTypu YMOMKJIMBUJIO
BCTaHOBUTH IepeBaskHe HakonuueHHa HK y CD44"¢"_cy6nonynamnii, axa
Mae HafbiabIuii TyMOpOTeHHU noTeHITiAa. Ile miaTBepmKye, 110 peaJri-
3artisg anTunposidepaTuBHUX BaacTuBocTedl riopuguux HK moxxe smitic-
HIOBaTUCA MIJIAXOM iHTI6i1iT PyHKIIT cTOBOYPOBUX MyXJIMHHUX KJIITHH.

4. B eKkcumepuMeHTAJbHNX YMOBaX in DivO0 OOT'PYHTOBAHO MOKJIUBICTD
BUKOPUCTAHHA TiOPUAHUX HAHOKOMILJIEKCIB 3 MeTo0 imeHTu@ikKaiii
CTOBOYPOBUX PAKOBUX KJITHMH i NpUTHiUeHHA POCTy MIYyXJWUHHU, IO
YMOJKJIMBIIIOE BiTHECTH JaHI HAHOKOMIIO3UTH IO IEPCIEKTUBHUX IIpe-
napariB JiATHOCTUKY Ta JiKyBaHHA 3J0KiCHIX HOBOYTBOPEHbD.
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L Fig. 1. The number of EAC cells (@) and their viability (6) before and after incubation with NCs.
Note: * the difference is statistically significant compared to similar indicators of EAC cells
without incubation with NCs (control) (p < 0.05).

2 Fig. 2. Fluorescence intensity of the general population of EAC cells (rectangular columns) and
fluorescence of individual cells (marker) after incubation with NCs for 1, 2, 3 and 4 hours.

3 Fig. 3. Confocal microscopy of EAC cells after incubation with NCs for 1, 2, 8 and 4 hours (on
the left, magnification is 40; on the right, magnification is 10). Note: the photo on the right
shows the number of cells with ultra-high level of fluorescence intensity.

4 Fig. 4. Double colouring of EAC cells with both hybrid NCs and monoclonal antibodies to CD44
structure.

> TABLE 1. Indicators of the intensity of fluorescence of EAC cells after their double coloration.

5 Fig. 5. Metabolic activity of EAC cells before and after incubation with NCs. Note: * the differ-
ence is statistically significant compared to similar indicators of EAC cells without incubation
with NCs (control) (p < 0.05).

" Fig. 6. The ratio of apoptotic/necrotic cells, which were detected by staining Annexin V/PI in
EAC cells before (A) and after (B) incubation with NCs for 1, 2, 3 and 4 hours.

8TABLE 2. Indicators of the intensity of EAC culture growth after processing with NCs.
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OnTumisarisa 3a MUTOMOIO ILJIONEI0 MIOBEPXHI HAHOAPXITEKTYPH
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MeTo10 po6OTH € OITUMi3allid 3a IUTOMOIO ILJIOIIEI0 TIOBEPXHiI HAHOAPXIiTEKTY-
pu mar"iTouytriauBux HanokommosduTiB (HK) Tuny cynepmapamaraeTse aapo—
GaraTopiBHeBa 000JIOHKA AJA 3aCTOCYBAHHSA B OHKOJIOTiI. 3alpOIIOHOBAHO it
amrpobOBaHO PO3PaXyYHKOBY METOAMKY Ta 34iMCHEHO il mepeBipKy eKCcIlepruMeH-
TAJIbHUMU JOCTIMKeHHAMU. [[JId JocaifKeHb BUKOPUCTAHO aHCcaMOJIi HaHoYa-
ctunok Fe;0,, Hanoxkommosurie Fe,0,@IIII ta Fe,0,@III1/01.Na/IIET, ge ITI1
— OPOTUOYXJMHHUHN XeMioTepameBTUYHUM IIpenapar IUCIJATHH Ha OCHOBi
nuc-giaminmoguxjopmaatuuu, Oa.Na — oseat Hatpito, IIEI' — momaietunaenr-
JiKOJb, Ta HAIIOBHEHI BKAa3aHMMM HAHOCTPYKTypaMu MarHeTHi piguau (MP)
Ha ocHOBi Boau a6o ¢isiomoriunoro posuuny (PP). IIpoananizoBano ymoBuU
peastizairii Ta Bupasu aJA 3HAXOMMKEHHS MaKCUMAaJbHOI MUTOMOI IJIOII ITOBe-
pxui aucam6aiB HK 3 ogHo- Ta aBomaposumu obotoHKamMu. HaykoBi Ta mero-
IuuHi migxomu podboTu € 3actocoBuuMu A0 HK Ha ocHOBIi cymeprmapaMaraeTHUX
Anep, 0 MiCTATH Y CTPYKTYPi 000JIOHKM iHIITI XeMioTepaleBTUYHI IIpenapaTu,
HAIPUKJIAL TOKCOPYOinmumH i remMmurabiH, s PO3paXyHKIiB ITMTOMOI ILJIOIIL
TIOBEPXHi IIapiB 3a JOBLIBHUX 3HAUYEHD 1X KiJIBKOCTHU Ta IrycTuHU. PesyabTaTu
po6oTHU € aKTYyaJIbHUMU TAKOMK IJI51 BUKOPUCTAHHA B PO3PO0OKaX HOBUX MarHe-
TOKEPOBAHUX aACOPOIiHHNX MaTePisdlIiB TeXHIYHOTO, TeXHOJOTiYHOT0, €K0JIO0-
TriYyHOTO Ta MeAUUYHO-0i0J0TiYHOT0 MPU3HAUEHHS, MEIUUYHUX TECT-CUCTEM, Te-
paHoCTUYHUX 3aC00iB.

The aim of the work is specific surface area optimization of nanoarchitecture
of magnetosensitive nanocomposites (NC) of superparamagnetic core—
multilevel shell type for application in oncology. The calculation technique is
proposed and tested, and its examination is carried out by experimental stud-
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ies. Ensembles of Fe,0, nanoparticles, Fe;0,@CP and Fe,0,@CP/Ol.Na/PEG
nanocomposites are used for investigations, where CP is an antitumor
chemotherapeutical drug cisplatin based on cis-diamminedichloroplatinum,
Ol.Na—sodium oleate, PEG—polyethylene glycol, as well as magnetic fluids
(MF) filled with the said nanostructures based on water or physiological solu-
tion (PS). Realization conditions and formulas for determination of maximal
specific surface area of ensembles of NC with single- and bilayer shells are
analysed. Scientific and methodological approaches of the work are applica-
ble to NC based on superparamagnetic cores containing other chemothera-
peutical drugs in the shell structure, for example, doxorubicin and gemcita-
bine, for calculations of specific surface area of the layers with arbitrary val-
ues of their number and density. The results of the work are also actual for
application in development of new magnetically operated adsorption materi-
als of technical, technological, ecological, and medical-biological destination,
medical test-systems, and theranostic remedies.

Karouori ciaoBa: HAaHOKOMIIO3UTH, CyIlepllapaMarHeTHe ApOo, OaraTopiBHEBa
000JIOHKA, IUTOMA IIJIOIla MOBEePXHi, ONTUMi3allid HaHOApXiTeKTypHu, 3acCTo-
CyBaHHS B OHKOJIOT1I.

Key words nanocomposites, superparamagnetic core, multilevel shell, specif-
ic surface area, optimization of nanoarchitecture, application in oncology.

(Ompumarno 11 eepecrus 2020 p.)

1. BCTYII

B MuHyJIOMY JeCATUJIITTI B rajysi HAHOTEXHOJIOTiHM IPiOPUTETHOTO PO3-
BUTKY HalyJia KOHIIENIisA XeMiUYHOTO KOHCTPYIOBAHHA MarHETOUYTJIV-
Bux HaHokoMmnoautiB (HK) Tuny sapo—o6osioHKa 3 6araTopiBHEBOIO ie-
papxiuHOI ITapyBaTO0 HAHOAPXITEKTYpPOIO O0OJOHKW, 3MaTHUX [
BUKOHAHHA QYHKIIiN HaHOKJIIHIK [1] Ta MequuHO-6ioOTiUYHIX HAHOPO-
6oTiB [2—5]: posmisHaBaHHA MiKpobiogoriuamx 06’eKTiB y GiomoriuHmx
CEpEeoBUINAX; IIiJHOBOI JOCTABKU JIIKAPCHKUX HpenapaTiB A0 KJIiTHH-
Ta OpraHiB-MillleHell 1 JeIOHYBaHHA; KOMIIJIEKCHOI JIOKAJIbHOI XeMio-,
iMyHO-, HeHTpPOH3aXOIIIOBAJLHOI, TrimeprepmiuHoi, (oTogMHAMIUHOL
Tepanii Ta MarLEeTope3oHaHCHOI ToMOorpadivyHol AiATHOCTUKY B PEXKUMI
peanpHOTO Yacy; AETOKCUKAIil OpraHiaMy IJISXOM aicopOIlii pemTok
KJITMHHOTO PO3KJIaAy, BipyCHHMX YaCTHMHOK, MOHIB BasKKUX METAJIB
TOIITO Ta BUAAJEHHA 1X 3a TOTIOMOTOI0 MarHeTHOro moJid [6—12].
IIpakTuuHi MOKJIMBOCTI BKa3aHOl KOHIIENIIil TOBEIEHO CIIiJIHLHOIO PO-
3pobKoio IHcTuTyTy ximii moBepxHi im. O. O. Uyiika HAH Vkpainu Ta
[HCTUTYTY €KCcIepUMeHTAJIbHOI ITaToJIOoTil, OHKOoJIOTiI i pagiobiosorii im.
P. €. KaBenskoro HAH YKpainu HOBOTO BiTUM3HAHOI'O OHKOJOTIUHOTO
JiKapchbKoro 3acody «@Peporar», AKUNA He Ma€ aHAJOTIB y CBiTi, ABJIAE
c00010 KOHBIOTAT HAHOYACTUHOK MarHeTHOI piguuu (MP) Ha ocHOBIi (i-
siosoriunoro posuuny (PP) i ogaogomenuoro maruetuty (Fe;0,) 3 muc-
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miratuaoM (I1I1), € crapgapTr30BaHUM 3acOO0M M ITi ABUINEHHS edeK-
TUBHOCTH XeMioTepamii, mpusHaueHnii JJIsd JOCTaBKHU IIUTOCTATUKA 0e3-
IIOCEPEeIHBLO 10 MMyXJINHHOI TKAHWHY, 110 3a0e3meuye MaKkCUMaJIbHe Ha-
IXOMKeHHA MOoro y KJIITMHU Ta CIPUAE MiIBUINEHHIO TepPaleBTUYHOTO
edexry. Imes geponyary moaArae B CTpaTerii mogoJIaHHA PE3UCTEHTHO-
CTU BJIOAKICHUX OYXJWH M0 IUCIIJATUHY ILJIAXOM (apMaKoJOTiuHOI
KOpeKIIili o0MiHy eHJJOTeHHOro 3ajisa, 10 3a0e3IeuyeThbcsa 3aCTOCYBaH-
HAM 3aJ1i30BMiCHOTO HAHOKOMIIO3UTY Ta Iuciiatury [13, 14].

OpHYM i3 HalBaKJIUBININX Pe3yJIbTATiB JOCTiIKeHb MATHETOUYTJIN-
Bux HK nnsa mporunyxauaHOl Tepatii 6y10, Ha HAI TOTJISAMN, BUSBJIEH-
HA CHUHEPTidaMy cyMicHOI mii 3a/1i30BMiCHOro HOCisI, XeMioTepameBTHY-
HOTO IIpemapary I anTurijia, edpexkTuBHicTh AK0i Ha 20—100% mepese-
pIiiryBaJjia mifo BiATIOBiZHUX JiKapchbKUX 3aco0iB B iHAMBiAyaIbHOMY BHU-
KOPUCTaHHI y Tux ke fgosax [15—17]. BuaBnenuii cuHepriinuii muro-
TOKCUYHUMN/IIUTOCTATUYHNN e(EeKT MHOACHEHO BUCOKOIO 0i0JOTiuHOIO
aKTuBHiCcTIO KoMILmekcy Fe;O, 3 xXeMmioTepameBTHUYHUM JiKapChbKUM
IIperapaToM Ta aHTUTiJIOM BHACJiJJOK PO3Ii3HaBaHHS PeleIITOPiB IIyX-
JUHHUX KJITUH aHTUTIJIOM, MiIlIeHbCIIPAMOBAHOIO JOCTABKOIO ITUTOCTA-
TuKa Ta (GapMaKoJOTiUYHOI KOPEKIiel0 MpoIleciB 00MiHy eHIOreHHOTro
sayiza 3 myxuaunHoo [13, 14]. Omep:xaHi mami posBuBaioThH (QisuKo-
xeMmiuHi ocHOBu [18—22] po3po0KM HOBUX THUIIIB BEKTOPHUX CHUCTEM
MIPOTUHYXJUHHUX IIpemnapariB Ha ocHoBi MP i MmoxxyTh OyTu BUKOpUC-
TaHi IJId OIITUMIiBaIlii, craHmapTUsallii Ta KOHTPOJIIO IIapaMeTpPiB y IIpo-
mmeci iX TpaKTUYHOTO BITPOBAIKEHHA.

PesynbTaTéi OKpecaeHUX NOCTiAKeHb TAKOX € aKTyaJIbHUMU IJId BU-
KOPUCTaHHSA B PO3POOKAX HOBUX MarHeTOKEPOBAHMX COPOI[iTHUX MaTe-
pisaniB TeXHIYHOro, TEeXHOJOTIYHOIO, EKOJIOTiYHOTO Ta MeIUYHO-
OiosioriuHOrO MpU3HAYEHHA, MEAUYHUX TECT-CUCTEM, HOBITHiX TepaHoC-
TUYHUX 3ac06iB [23—28] To1r0.

I3 HaBemEeHOTO 3PO3YyMiJIO0, 110 TOOY0Ba ONITUMAJIBHOI 6araToIIapOBOl
iepapxiuHoi 060JIOHKOBOI HAHOAPXITEKTYPU MOJiPYHKITIOHATHHUX Ma-
rHeTouyTauBuX HK € mocTaTHBO CKJIATHUM i aKTyaJbHUM 3aBJaHHAM i3
HAYKOBOI Ta mMpaKTUUYHOI TOuOK 30py. Ile cTocyeThcsa, B mepiry uepry,
3a0e3meuyeHHA MaKCUMAaJbHOI TMTOMOI TOBEPXHi 000JJOHKOBOI CTPYKTY-
pu, HaIpUKJaJ IS CTBOPEHHS TepaleBTUYHOI J03U JIiKapChKOro Ipe-
mapaTy B OCepPelKy 3aXBOPIOBaHHA 3a MiHimisarii BmicTy Hocis, Momgu-
dikaTopis, crabismizaTopis ToIIIO.

fAx Bimomo, mmTOMa ILJIOINA IMOBEPXHI MAarHeTHOI HAHOYACTUHKU
(HY), Bukopucranoi y akocrti aapa HE, smeHniyersca 3i 36iabI1eHEAM
ii gismerpa. [Isa 3acTocyBaHHS B IIPOTUNYXJUHHIN Teparmii y AKOCTL
saapa HK (MarHeTHOro HocisA) HalyacTiiiie BUKOPUCTOBYIOTH HaHOUAC-
tuaku Fe;0,[18, 19]. OgHak, AK BUIHO 3i cXeMU XeMiYHOTO KOHCTPYIO-
BauHsa 6aratopiBHeBux HK [21], nyia cuHTe3u iX MOKe BUKOPUCTOBYBa-
THCA 3HAUHA KiJbKicTh MOAM(IiKATOPiB ITOBEPXHI Aapa, HATIPUKJIAL Ta-
Kux, Ak Si0,, TiO,, Al,O,, rizpoxcuanarur, Kap6oH, IuMepKAITOCYK-
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IUHOBA KHWCJOTA, AieTUJIEHTPHUAMiHIIEHTAOIITOBa KHCJIOTa, OJieaT Ha-
TPiio0, MOJIieTHIeHTIIKOIb TOIO0, I'YCTUHA AKUX (Pyomugixarops) € MEHIIIOO
3a IyCTUHY AAPA (Pyzpa)- 38 YMOBH Pyorugixarops < Paxpa MOMKHA JOCATTH 30i-
JbINeHHA muTomoi mioIri nmoBepxHi HK Ta, TumMm camuM, 30iabIINTH KO-
pUuCHe «HaBaHTAXKeHHI» HOCid JiKapChbKUM IIperapaToM, OJHAK 3a Bif-
MOBiTHOT'O 3MEHITIEHHA TUTOMOI HAMarHeTOBAHOCTY HACUTY .

Tomy onTuMisallisa 3a TUTOMOIO IIJIOIIEI0 TOBEPXHI HAHOAPXIiTEKTypU
mar"erouyTauBux HK Tuny cymepmapamartHeTHe aapo—OaraTopiBHeBa
000JIOHKA [OJIA 3aCTOCYBAHHS B OHKOJIOTII € aKTyaJIbHUM 3aBIaHHAM 3
HaYKOBOI, IIPAaKTUYHOI Ta METOA0JIOTIUYHOI TOUOK 30PY i CTAHOBUTH METY
1iei poboTu.

3asHauuMo, II0 ONTHUMi3aIlisg 000JOHKOBOI CTPYKTYPH JOIOMAarae 3a-
0es3meunT HEOOXiHY MiCTKiCcTh QYHKIIIOHAJIBLHOI peYOBMHM B ii mapax,
OigTpUMyBaTy Ha OINTHMAJLHOMY PiBHiI MarHeTHi BJIACTUBOCTi Ta IO-
gdinmuty ymoBu tpaucuopty HK B Giosoriuniii piguHi 3a BIIuBy 30B-
HiIITHBOTO MAarHeTHOIO MOJIsd, ONTUMi3yBaTH CeIMMEHTAIlifHy CTiAKiCcTh
i peosoriuni BiactuBocti MP, 1o mictaTte 6araropiBuesi HK Tta, B 11i-
JOMY, YIIOCKOHAJIUTH BEKTOPHI CUCTeMHU IIPOTUNYXJNHHUX IIperaparis
Ha IXHill OCHOBI.

2. METOOU TA MATEPIAJIN

JlJIa mocaimsKeHHsS Ta MepeBipKU pPO3pPaxXyHKOBUX Pe3yJbTaTiB STiHO 3
mozenem HEK is 6araTorrapoBoio o6oa0HKO0IO (pruc. 1 [20—22]) cuuTeso-
BAHO OCHOBHI KommoHeHTu ¢epomaary: amcam6ai HY Fe;O,, HEK
Fe,0,@ITII Ta Fe,0,@III1/On.Na/IIET, ne IIII — mucniaTuH, IPOTH-
TyXJUHHUN  XeMioTepameBTUYHUWI  IpemapaT Ha OCHOBiI  Imc-
miaminoguxigopmaatunu (muc-[Pt(NH;),Cl,] — cinp Ileiipone), On.Na
— oJaeart HaTpito, IITET' — mosieTmaeHTIIiKOMBL, Ta HATTOBHEHI HAHOKOM-
mosutamu MP Ha ocHoBi Bogu abo ®@P. 3asmauumo, 1o Ox.Na/IIET B
crpykTypi HK BuKOHye posib KOoMOiHOBaHOro miapy crabisizaTopa Ta
3abesmneuye crifikictb MP Ha ocHOBi ®P, mMarHeTuTy Ta IUCIJIATHUHY
(Fe;0,@III1/0n.Na/IIET + ®P) i nepemkomkae afcopOIifiEum Baae-
MourHaM KoMmroHeHTiB MP 3 6inkamu [29], 1110 € BayKJIUBUM IIPU MEIU-
yHUX 3actocyBamuax MP. HaBa:kKu oseaTy HaTpilo Ajd crabimisarrii
noBepxHi HY y ckiyani MP pospaxoByBaJiz 3 BpaXyBaHHAM KOHIIeHTpA-
il TiAPOKCUIBHUX I'PYH HA TOBEPXHi MarHeTuTy [5].

Pentrenodas3oBy aHali3y HaHOCTPYKTYP BUKOHYBAJIU 3a AOIIOMOTI'OIO
mudpakTomerpa [JPOH-4-07 (Bunpominenusa CukK, 3 HikJgeBUM (DijabT-
poMm y BimbmToMy mOyukKy, 3HiMamusa 3a Bperrom—BpenTano). Posmip
KPHCTAJITIiB BUBHAYAJHN 34 MIMPUHOIO BiAMMOBiAHOI HAMOiIBII iHTeHCUB-
Hoi JiHii srigHo 3 piBHAHHAM Illeppepa.

Mg BuBueHHA MopdoJiorii Ta posnogisny HY 3a posmipamu Bukopuc-
ToByBanu ixHi gucnepcii y Boxi. Po3mip i popmy HY Busmauanm meto-
IaMU eJIEKTPOHHOI MiKpPOCKOIIii (IpoCBiT/IIOBaIbHNUY €JIeKTPOHHUN Mi-
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kpockon (IIEM) Transmission Electron Microscope JEM-2100F (fmo-
Hifg).

IleTsi ricrepesu MarEeTHOro MOMEHTY 3pPa3KiB BUMipIOBaJIM 3a HOMIO-
MOTr0I0 J1abopaTOPHOTO BiOpallifiHoro MarseromMeTrpa (hpoHEepPiBCHKOTO TH-
oy 3a KiMHaTHOI TeMmeparypu. OOuc yCTaHOBKU Ta METOAUKY MipAHB
BukJgageHo B [30]. 3uemarueroBani HY gna sanmobiranasa Baemozii 0y-
JU PposmofisieHi B Marpuili mapadiny 3 00’€eMHOI0 KOHIIEHTPAI[i€IO
~0,05. J[y1g mOpiBHAHHA BUKOPUCTOBYBAJIM MaTepPiAgM 3 BiJoMUM 3Ha-
YeHHAM IIMTOMOI HAMArHETOBAHOCTH HacuTy (C,): TECTOBAHUI 3Pas3oK
mikaio Ta HY Fe;0, (98%) BupobHutirea ¢ipmu ‘Nanostructured &
Amorphous Materials Inc.” (CIITA). IToxubka MipsHHS ©, IO BigHO-
IIIEeHHIO 0 eTAJIOHHOrO 3pa3Ka He nepesuirysaia 2,5% .

ITuTomy mosepxHIO (S,,) 3pasKiB BU3HAYAJIN METOAOI TepPMOJecopo-
il Hitporeny 3a nomomoroio npuaagy KELVIN 1042 ¢pipmu ‘COSTECH
Instruments’. Posmip HY onintoBaau 3a popmysior Dygr = 6/(pSger), A€
p — ryctuHa matepiany HK, Sppr — 3HaueHHA MTUTOMOI IJIOI TOBEPX-
Hi, po3paxoBaHOi 3 BUKOPUCTAHHAM TeOPil MoJiMOJIEeKyJIAPHOI amcopo-
1ii Bpyuayepa, Emmera i Tennepa (BET).

JlocaimkeHHa cTaHy ITOBEPXHI HAHOAMCIIEPCHUX 3Pas3KiB 3/ilicHIOBA-
au metonamu IY-cnexkTpockormii (Pyp’e-cuekrpomerep ‘Perkin Elmer’,
mozenb 1720X).

3. OITUMI3AIIISI OBOJIOHKOBOI CTPYKTYPH
HAHOROMIIO3HTIB SA ITNTOMO1O IIJIOIIEIO IIOBEPXHI

3.1. Mogeas HK Tuny agpo—6araTomaposa 000JI0HKA

Mogens HE tuny sgpo—6araroiiapoBa 000JI0HKA HaBeIeHO Ha puc. 1, e
nosHaueHo: d = d, + 2h; — giaMeTep chepUYHOTO ANPa HAHOKOMIIOSUTY
— HY marsetura (M), d, — giamerep obsacti HY marmeruka 3 Hamar-
HETOBAHICTIO HACUTY, XapaKTepHOI AJA o0’eMHOro Marepiany, i, —
TOBII[MHA IPUIIOBEPXHEBOTO «3HEMAarHETOBAHOTO» IIapy MaruHeTuka, f,,
hs, hy — TOBIMHM MOCJiNOBHUX ITapiB obosorku HK, AKi BUKOHYIOTH
dbyHKIil MogudikaTopiB, KOPUCHUX «BaHTaXKiB», cTabijmisaTopiB, 3rix-
HO 3 BUOpPAHWM IOPAJKOM PO3MIINeHHS B CTPYKTYypi OGaraTopiBHEBOI
obosonku [21, 22].

3rigHo 3 HaBemZeHMM MojejaeM B IIiii po6ori map A,;=0,83 um [31]
CKJIa[la€ TOBIIUHY IPUIOBEPXHEBOTO «3HEMAaTHETOBAHOTO» IIapy OIHO-
momennoro Fe;O, — saapa HK. Illap A, € mepiuM IapoM O0OJIOHKM,
CKJIaJa€ TOBIIUHY aacopOIlifino immoobinizoBanoro mapy III[21]1 € xo-
PUCHUM «HaBaHTaKeHHAM» y cTpyKTypi HK Fe,0,@IIII. To6To B maHO-
My BUIaJKy 1ap mogudpikaropa moeepxHui aapa HK BigcyTHiii, sikap-
cokuit npenapar I1I1 posmityersesa Ha moBepxHi Hocig Fe;O,. Ilap A, €
IPYTUM II1apoM 000JIOHKH, CKJIala€ TOBITUHY ITapy KOMOiHOBaHOTO cTAa-
6imizaropa Oxn.Na/IIET [22] B cTpykTypi HK Fe,0,@III1/Oxn.Na/IIET.
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Puc. 1. Mogens uactuaku HK 3 6araTorrapoBoio 060a0HKOI0. [To3HaueHHA: d =
=d, + 2h, — piamerep chepuunoi HY marmerukra, d, — nisamerep obnacti HU
MarHeTHKa 3 HaMarHeTOBaHiCTIO HACUTY, XapaKTePHOIO AJd 00’eMHOT0 MaTepi-
ANy, h; — TOBIUHA IPUIIOBEPXHEBOTO «3HEMATrHETOBAHOTO» IIIaPy MarHeTUKa,
hy, by, hy — TOBIIWHY MOCTiTOBHUX I1apiB o6onouKu HK, AKi BUKOHYIOTEH QyH-
KIfii MmogmudikaTopiB, KOpUCHUX «BaHTaXKiB», crabisisaTopiB, BiATIOBiZHO IO
pPO3MiIleHHA B CTPYKTYpi 6araropiBHeBoi o60omoHKH].

3.2. IIntoma nosepxua HK 3 omHOMIapoBo1o 060 10HKOI0

IIutomy 1IOIy IIOBEPXHi cepuyHOl UYACTUHKH THUIY «SIAPO—
OJIHOIIIAPOBa 000JIOHKA» IIPEeACTABIMO Y BUTJIAIL

6nD? 6 6 6
Ssp = 3 = = = N (1)
np12D p12D [0.12 (p1 - pz) + Py ] D P2 (OL12B12 + 1)D

ne D=d+ 2h,, p;, — AigMeTep i rycTHA YACTUHKY SAPO—000JI0HKA Bij-
HOBigHO; 04y = d®/(d + 2h,)%; d, p; — AisimeTep i rycTuHA AApa BiAmOBiA-
HO; h,y, p, — TOBIIUHA i rycTHA 000JI0HKY BifIOBiAHO; B15 = (P — P2)/Pa-

Ha pucyury 2 HaBezmeHo po3paxoBaHi 3a ¢popmysoro (1) aina d = 10,8
HM i p; = 5,18 r/cM® 3ajesxHOCTi S,,(h,) mpm p, = 0,38, 0,5, 1,0, 1,7, 2,6,
5,2,10,41i 19,0 r/cm® (xpuBi 2—9 BignosinHO0), a Takoxk mamana (1), mo
3’eIHy€ MAKCUMYMH PO3PAXOBAHUX KPUBUX.

Buano, 1110 MakcuMaJIbHI 3HaUeHHA TUTOMOI moBepxHi vactTuHok HK
TUIY «SAAPO—OLHOIIIapOBa O00JIOHKA» MHPU IMOCTIHHMUX 3HAUEHHAX TyC-
TUHU Ta JiAMeTpa A1pa, a TAKOXK I'YyCTUHU OLHOIIIAaPOBOI 0O0JIOHKHU Py =
=0,3,0,5,1,0,1,7, 2,6 r/c™® HemiHiiiHO 3amexaTh Bif ii TOBITUEM h,.
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Puc. 2. 3anexnicts S,,(h,) npu d = 10,8 am, p; = 5,18 r/em®ip,=0,3,0,5, 1,0,
1,7, 2,6, 5,2, 10,4 i 19,0 r/cm® (xpuBi 2—9 Bigmosinmo). Jlamana (1) 3’egHye
MaxcuMymu Kpusux S, (h,) [20, 21].2

3.3. KpurnuHa ToBiuHa ogHOmAPoBOoi o6orouku HK

IIpoananiszyemo ymMmoBU peaJjisallii MaKCHMAJIBLHOI IUTOMOI IIJIOIIi ITOBE-
PXHI YaCTUHKU TUIY «AAPO—OMLHOIIIAPOBA 000JIOHKA» .

ITpupiBHIOIOUMN HYIIO TOXiAHY S,, 10 3MiHHIiN /5, 3HAKIEMO 3HAYCHHA
KPATUYHOI TOBITUHHU 000NM0HKH (h;.,), 38 AKOI Mae Micie MaKCUMyM S,
vyacTuHKH aiamerpom D =d + 2h,,. 38a ymoBH, 110 d, p;, Py € MOCTIHHUMU
BeJIMYMHAMU:

hZCr = g[(zﬁm)us - 1] > (2)

1e iz =(p1— p2)/p2- 13
OueBuIHO, 10 (2[312) —1> 0. 3Bigcu p, < (2/3)p,;. Hdiamerep onTu-
MizoBaHOroO (3 MakcuManbHOO S;,) HK 3 o1HOIIIapOBOIO 000T0HKOI0 —

DY@ = d + 2h,, =(2B,,)"" d. (3)

ITligcraBuBiu (2) B (1), 3HalifeMo MaKCUMaJbHY IIUTOMY IIOBEPXHIO
YaCTUHKHU AAPO—00010HKA Aismerpom D =d +2h,,, :

4 1

So*(D) = ——— —.
Y (2[312)1/3 P2 d

(4)
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3.4. MakcuMaJbHA MHUTOMA ILJIOIIA MOBepPXxHi ancamo.ai0 yactTuanoxk HK
THILY «SIIPO—OTHOIIAPOBA 000JIOHKA »

3HalaeMo MaKCHUMAaJbHY IUTOMY ILJIOIY IIOBEPXHI aHCAMOJII0O YACTUHOK
AAPO—000JI0OHKA Y BUIAIKY OJHOIIIaPOBOI 000JIOHKM. 3aJaMO JOTHOPMa-
JBHUH PO3IIOALI Axep aHcaM0bJIio:

(lnd — M |ln d])2

2
2cslnd

p(d) = , ()

exp| —

1
do,,, \/ﬂ

ne p(d), 61,4, M[Ind] — rycruma #MOBipHOCTH, CepeJHBOKBALPATHY-
HUH BigxmJ i MaTeMaTuuHe OuiKyBaHHd Ind YacTUHKY BiAIIOBigHO.

3acTocyeMo Kpurepiit (2), To6TO oTouMMO AApa aHcamMOJio chepuu-
HUMU OOOJIOHKaMM TOBIIUHOIO A.. Tomi miamerep i-i yvacTuuku Oyme
CTAHOBUTU

Did@thr — di + 2hzcr — dl- + 2%[(2612)1/3 _ 1:| _ (2612)1/3 di' (6)

Bpaxosyouu, 1mo o, 0 @:)h:’ln d4@n,, » POSIOALI ONITHMiZ0BAHOTO aHcaMmo-
aio ogaomtaposux HK D o 3aIININEThCA K

p(Dd@hzc,«) = (2B12)_1/3p(d), (7)

a muToMa IIOBepXHs aHcambOuiio onTuMmisoBanux HK 3 ogHomaposumu
000JIOHKAMH Ta JIOTHOPMAJLHO PO3IOALICHNMU AigMeTpaMu sanep Oyne
CTAHOBUTH

S;;ax(Dd@h2 L,,) —

ﬁ le n,(d)d; ;ni(d)df’ , (8)

ne n,(d) — BigHOCHI iHTepBaNbHi YacToTH AifAMeTDPiB AxED.

3ajie)kHiCcTh MAKCHMAJIbHOI MUTOMOI IIJIOIi TOBEPXHi amcamMb.Ii0 yac-
ruaok HK Tumy aapo—omgHoimiapoBa 000JI0HKA i3 JiorHOpMasbio (2,34,
0,28) posmogileHNMu JisMeTpaMu Afep Maraetuty (p; = 5,18 r/cm®) Big
3HAUEHHS P, 300paskeHo Ha puc. 3. Buawo, 1110 114 icTOTHOTO 36iIbIITeH-
Ha nutoMoi noBepxHui HK 3 ogHOIIIapoBoio 000 I0HKOIO Tpeba BUKOpPUC-
TOBYBATH y AKOCTi Moam(pikaTopa IOBEpPXHi AApa PEUOBUHY 3 AK MOKHA
MEHIITO0 I'yCTUHOIO.

B pocaimxenux Ty HK Fe,0,@IIII poas 1-ro mapy 060JI0HKK BIKO-
Hye€ JiKapchbKMil IpemnapaT IUCILIATHH i3 I'yCTHHOIO p, = 1 r/cm® [20].

4 1
o Vg miapy IIII B cTpyK-
(2[312) P2

typi HK 3a Takoi rycTury Moxe cTragoBuTHu =150 M?/r, B TOif yac Koau

3 pucyHky 3 cainye, mo S, (D) =


mailto:Fe3O4@ЦП/Ol.Na/ПЕГ
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Puc. 3. 3amexHicTh MaKCUMAaJIbHOI IUTOMOI IIJIOIIi ITOBepPXHi aHcaM0JiB uac-
TUHOK AAPO—000JI0HKA 3 JOTHOpMaJabHO (2,34, 0,28) posmomiieHuMu mgisMeT-
paMu sifep I'yCTHHOI p; = 5,18 r/cM®, HOKPUTUX OJHOIIAPOBOIO 0GOJOHKOIO
KputuvHOi ToBIIUHMY (7), Bif 3HAUEHHA I'ycTUHU 000JIOHKY (p,). A — excmepu-
MEeHTAJIBHO JOCHimKeHa 061acTh.

3HaueHHA S, eKCIePUMeHTAaJIbHO BUIOTOBJIEHMX 3a MeTogukamu [21,
22] spaskis HK Fe,0,@IIII 6yau Ha pipai 119,6 M?/r. [Ipuunan Takux
Ppo306izKHOCTE 0OroOBOPIOIOTHLCS B po3mii 3.6.3.

3.5. MakcumMaJbHA MUTOMA ILIOIIA MOBepxHi aHcamo.ar0 HK
3 IBOIIIAPOBOIO 000JIOHKOIO

Ja 3HaxXom:KeHHs MaKCUMAaJIbHOI MUTOMO] IIJIOIi MOBEPXHi aHCcaMOJIIO
HFK 3 m1Bo111ap0B0I0 000JIOHKOIO 3aCTOCYEMO KpuTepiit (2), ToOTO 40 KO-
Hoi HY omrmumizoBamoro ancam0Ji0 AZpO—000JIOHKA 3 OZHOIIIAPOBOIO
000JIOHKOIO 3 TOBIIUHOIO Ky = A, (puc. 1) momamo 2-# Im1ap TOBIIUHOIO
h3 = h3cr:

D4 @haer B
h3cr = 9 |:(2B123)1/3 - 1:| , Ae B123 = plzp—3p3 .
Tomi
Dd@hzcr/hscr — (2[312)1/3 (2[3123)1/3 d. (9)

. @
Bpaxosytoun, M0 G, , = G, , posmogim D? "/ zammmeTnesa S

d@hye, /hy,
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-1/3

p(D @y = (2B,,)72 (2B55) - PA). (10)

IInToma moBepxHsa onTuMisoBamoro ancambuao HK 3 gBomraposoio 060-
JIOHKOIO CTAHOBUTHME

2/3

S;;aX(Dd@hz /b vy =

12(2B123) : 2/ : 3
1/3 n,(d)d; n,(d)d;. (11)
(2312) ! (392 - 93)93 ; ;

B pociaimxenunx mamu HK Fe,0,@IIII/0a.Na/IIET poss 2-ro mapy
000JIOHKM BUKOHYE KoMILIeKcHuil crabinizaTop Osn.Na/IIEI, ryctuna
aKoro p; = 1 r/cm® [20]. BanesxHicTs MaKCHMAILHOI IHTOMOI ILIOMII ITO-
BepxHi aHcaMOJIiB YaCTHMHOK SAPO—000JIOHKA 3 JorLopManabHo (2,34,
0,28) posnoginerumu giamerpamu sazxep (p; = 5,18 r/cm®), moOKpUTHX IIe-
PIIMM IIAPOM KPHUTUYHOI TOBIIMHU I'YCTHHOIO p, = 1 T/cM® i gzpyrum mia-
POM KPUTUYHOI TOBIIMHM, Bifi 3HaueHHS HOTO0 TYCTHHH B iHTepBai
p;=0,5-1,0 r/cm® 306paskeno Ha puc. 4. BuaHo, 1m0 3a BUOpaHUX CKJIa-

. max 4 1
moBux HK 3 mBoirapoBoio 060JI0HKOIO HOTO Sspa (D)=——+— — cra-

(2[312 )1/3 P2 d

HOBUTH = 100 M?/T, a 1714 36epeKeHHd IUTOMOI moBepxHi 2-ro mapy HE
Ha piBHi 110—-130 M?/r Tpe6a BUKOPHCTOBYBATH PEUOBMHY JJIA il o6y 10-

Puc. 4. 3anexHicTh MaKCHUMAJLHOI IIMTOMOI IIJIOII IIOBEPXHi amcaMOJiB uac-
muHoK HK Tuny sapo—aBoinapoBa 060JI0HKA 3 JIOTHOpMaJabHO (2,34, 0,28) pos-
mofileHUMU AiAMmerpamu Azep (p, = 5,18 r/cm?®), HOKPUTUX HepUIMM IIAPOM
KPUTUYHOI TOBIIMHHU TYCTHHOIO Py =1T/cM® i APyruM IIapoM KPUTHUYHOI TOB-
IUHY, Bijl 3HaYeHHA TYCTHHU APYTOro mapy ps.*
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Bu 3ryctuHooy 0,7-0,3 r/cm®.

3.6. EkcriepuMeHTAaNbHi pe3yJIbTaTH Ta iX MOPiBHAHHS 3 PO3PaxXyHKaAMH

3 MeToI0 mepeBipKU BHCHOBKIB 3a aHaJIi3010 PO3paxXyHKiB OyJio mpoBe-
JIEeHO eKCIepUMEHTAJNbHE MOCIIiIKeHHs IUTOMO] IIJIOIi ITIOBePXHi Ta mu-
TOMOI HaMarseToBaHocT HacuTy ancam6;1is HK Fe,0,@IIII.

3.6.1. Cunmesa ma énacmueocmi HaHoducnepcHozo maznemumy

CuHTe3y HAHOAUCIEPCHOI'O MAarHETUTY BUKOHAHO 38 METOAUKOIO [5, 30]
cuiBocamxenHaM coseit @epymy 3a peakmiero: Fe™ + 2Fe™ + SNH,OH —
— Fe;0, +4H,0 + 8NH,".

Ha pucyHKy 5 HaBeZeHO peHTI'eHiBChbKi Au()paKTorpaMu CHUHTE30Ba-
uux HY Fe;0, (a), spaska nmopiBusaua HY Fe;0, (98% ) BupobuuiiTBa
dipmu ‘Nanostructured & Amorphous Materials Inc.” (CIITA) (6), a Ta-
KoK 3HaueHHA Dy, cepenaboro giamerpa HY Fe;0,, po3paxoBaHoro 3a
dopwmyaoro Illeppepa.

CuuresoBani HUY Fe;0, B ancam6J1i XxapakTepusyBaaucsa po3MipaMu y
3—23 uM Ta OJHOJOMEHHUM CTAHOM. ¥ I[iil poOOTi BUKOPUCTOBYBAJIM aH-
cam0ap HY marmeruty 3 cepenaim posmipom y 11 am. ITuToma moBepx-
Hs CUHTE30BAaHOI'0 aHCAaMOJII0 MarHeTUTy craHoBmia Sy, = 105 m?/r. Ma-
THETHUT XapaKTepusyBaBCcs KoepHuTuBHoio cuiow H,=55,0 E, ouro-
MO0 HaMarHeToBaHiCTIO HAcUTy G, = 56,2 I'c-cm®/r, BijHOCHOIO 3a/MIII-
KoBoI0 HamarHetroBauicTio M,/ M, = 0,2 Ta Mmoske OyTH BUKOPUCTAHUI K
MAarHeTOUyTJHUBUUN HOCI¥ IJd agpecHOl JOCTaBKM JiKapChbKUX 3aco0iB i

4000 — =
— —
P 8000+ P
~ Dxgpp=~ 11,0 am =~ Dxgp= 27,0 am
& 3000- &
(o] =]
. , _ =
kS g S s =32
B 2000- B 4000 Tl B
— [ = ﬁ"’
}‘ )
1000-
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
20, rpax 26, rpag
a 6

Puc. 5. [[udpaxrorpamu cuaresoBaunux spaskie HY Fe;0, (a) Ta 3paska mopis-
uanua HY Fe;0, (98% ) BupoouuiiTea dipmu ‘Nanostructured & Amorphous
Materials Inc.” (CIITA) (6). Dyg, — 3Hauenus cepexuboro aismerpa HY Fe,0O,,
pospaxoBage 3a Gpopmyomo [lleppepa.’
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0ioJIoTiuHO AKTUBHUX CIIOJIYK.

Ha pucyury 6 maBemeno IIEM-3obpaskenusa 3paska ancamoOmio HY
Fe;0,, cuaTe30BaHOTO 32 MeTOAMKOMO [21] ipu 20°C.

Ha pucyury 7 i B Tabua. 1 HaBemeHO ricrorpaMy BiJHOCHUX YaCTOT Mi-
sameTpiB p(D) Ta cratuctuuni mapamerpu ancamoiio HY Fe;0, 3a nanu-
mu IIEM BigmoBizHO.

HY Fe;0, srimo i3 cratuctmunoio 00pobkoio ITEM-zobpakeHHA
(puc. 7) posmopmijieHi 3a misMeTpaMu HOPUOJIU3HO JIOTHOPMAJILHO (3)
LN(2,34, 0,28). Cepenniit giasmerep HY Fe;0, ancamM0iio Ipu 3HAYHUX

2

I
=]
[N
=
=
=2
=
~
=
=
=
1

Puc. 6. [IEM-306paxenns ancam6ao HU Fe;0,.°

Puc. 7. T'icrorpama BignocHux uacror aiamerpis HY Fe;0, 3a nanumu I[TIEM.’
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TABJIAIIA 1. Cratuctuuni napamerpu ancamb6aio HU Fe,0, 3a nanumu I[TEM.®

<d>, HM o4, HM <Ind> Oind
10,78 2,93 2,34 0,28

IIpumimrka: <d>, <lnd>, o, o,, — cepeJHe 3HAUEHHA AiAMeTpa, CEPEIHE 3HAUCHHS
JIOTApUTMY AisiMeTpa, CTAHAAPTHUHN BiIXWJ qiAMeTpa, CTAHAAPTHUH BiAXUJI JJOTapPUTMY
IigameTpa BigmoBigHO.

Bubipkax (N > 240) HaOIMKa€THCA 10 3HAUCHHA MATEeMAaTUUYHOTO OUiKYy-
BaHHA Aiamerpa M[d]=exp{M[Ind] + 6},,/2} = 10,8 M.

3.6.2. Cmamucmuuni napamempu ancamo6aro H4 Fe;O, 3a danumu
MA2HEeMmHOL I'DARY Lo Mempii

Haa nocaimxenusa cuaresopanux ancam6aie HY i HK meTonzoro marue-
THOI r'paHysaomerpii [20—22, 31] HamMu Oyau BUrOTOBJIEHI BigmoBimHi
spasku MP.

OCHOBHUI BHECOK y HaMarHeTOBAaHICThL MATHETHOI PiAWHN BHOCHUTD
cymepHapaMarHeTusMm sanep i mapamaraerusm obosoHok HK uacTuHOK.
3 ypaxyBauHaMm poanoainy HK uactumok 3a 06’emamu p(V) KpuBy Mar-
HeryBaHHS MP mMo)xkHaA nmpeacTaBuTH y BUraani [32]:

M(H) = (pp.T p)v [M,v,L(x) + yv,H ldv, (12)

ne ¢, — 00’emMHa nossa marsetnka B MP, BusHauena 3a il rycTuHOIO, U —
06’em HK wactunku, M, — HaMarHeTOBaHiCTh HACUTY AJpa, U, — 00’eM
My H ), 7 —

kT
MarHeTHA CIPUUHATINBICTE 000JIOHKY, U, — 00’ €M 000JIOHKH.

V¥ nmopiBHAHHI 3 cynmepnapaMaraetTusMom anep v noaax H=0-10kEy
OiMBIITOCTI BUTIAAKIB TapaMarHeTu3MoM O00JIOHOK MOJKHA HeXTYBATH.

06’(—31\ny TOJII0 MarHeTuka ¢, 8 MP y BUTIANIKY piBHOCTU T'yCcTHH 000-
JOHKM i ocHOBU MP MoxXHa pospaxyBaTu 3a piBHAHHAM [33, 34] ¢, =
= (Pwp — szo)/(PFeg,o4 ~ Pu0ls A€ Pups Pr,j09 Pre;0, — T'YCTHHHA MP, ii ocHOBU
Ta HaIOBHIOBAYa BiAMOBiAHO. ¥V OiJBII CKIAJHUX BUIIagKax ryctuua MP
BU3HAYAETHCA, HAIIPUKJIAM, M APOCTATUYHOIO METOI00:

_ I MP i H,0
pMP_pHZO(Pm _Pm )/(Pm _Pm2 )’
MP . .
I€ Pr,0» P”f[, P, P,fzo — T'yCTHMHA BOJM, BATH AOIIOMisKHOIO Tija B IIO-

BiTpi, MarueTHil piguHi Ta BOAi BigmoBigHO.
Ha pucynky 8 3o6pasxeno neriio ricrepesu MP (H, = 3 E) i kpuBy B

anpa, L(x)=cthx —x"' — Jlau:xeBeHoBa QYyHKIIiA (x =
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JIlaH:xeBeHOBOMY HaOJMKEHHi, pospaxoBamy 3a piBHAHHAM (12) miasa
posnoginy aiamerpis agep Fe;O, LN(2,34, 0,28)i¢,~0,005.
Ha pucyury 9 3o00paskeHo ricrorpaMmy BiJHOCHMX YaCTOT JIOTHOPMA-

Puc. 8. Iletnsa ricrepesu MP i xpuBa B JIgH:KeBeHOBOMY HaOJIMKeHHi, po3pa-
xoBaHa 3a piBHarHAM (16) naa posunozginy xiamerpiB axep Fe,O, LN(2,34, 0,28)
ig,~0,005.°

Puc. 9. Ticrorpama BiZHOCHMX YaCTOT JIOTHOPMAJBHOTO PO3MOAITIY AiAMeETpiB
HY Fe;0, LN(2,34, 0,28).°
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TABJINIIA 2. CratructuuHi napamerpu ancambuao HY Fe,O, 3a nauumu mar-
HeTHOI r'panyaoMeTpii.!!

<d>, HM G4, HM <Ind> Oind
10,8 3,08 2,34 0,29

IIpumimra: <d>, <Ind> — cepenue 3HaueHHd Jisgmerpa Ta jorapurmy aismerpa HY
Fe;0, Binnosinuo, ofgep:xani 3 nanux IIEM; 6,, 6,,, — cTagmapTHHI Bigxui gismerpa Ta
JIOTAPpUTMY AisiMeTpa BiAIIOBimHO.

JbHO posmnomiienux npiamerpis HY Fe;O, 3 mapamerpamu LN(2,34,
0,28), a B Tabs. 2 HaBeJeHO CTATHCTHUYHI mapamerpu ancambiaio HY
Fe;0, 3a rapuMu MarseTHoi rpanyjaoMeTpii BigmoBigHO.

IlopiBHIOIOUM maHi Tabaumnbs 1 i 2 6aUYMMO: CTATHCTUUYHI mapaMeTpu
ancamoOiiro HY Fe;0, 3a garumu ITEM 3a10BiIbHO y3TrOAKyIOTHCA 3 Bia-
MOBiTHUMY CTATUCTUYHUMHU IIapaMeTpaMH IIbOTO aHCaMOJII0 3a JaHUMU
MAarHeTHOI I'paHyJoMeTpii.

3.6.3. Excnepumenmanvhii ma po3paxynKo6i 3Ha4eHH NUMomot
naiouyi noéepxHi ma nuMoMmoi HAMAZHEeMO8AHOCU HACUMY AHCAMOLI0
HEK Fe,O0,@IIT

Braxxaemo, 110 aapa Fe;O, posnoziseHni 3a gismerpamMu JOrHOPMAJIBHO:
LN(2,34, 0,28), ToBmiuna mapy I1II (&, srinuno 3 moxesnem; puc. 1) € Be-
JUYMHOIO IIOCTiAHOIO Ta He3aJIeKHOI0 Bill JiaMeTpa axep.

CepenHi 3HaUeHHSA NHUTOMUX IIJIOII IIOBEPXHI Ta HaMarHeTOBAHOCTU
Hacuty aacam60 HE Fe,0,@IIII pospaxoByBaau 3a (GhOpMYJIaMu:

k
6> n,(d, +2h,)*
= ; , (13)
(pF9304 ~ P )Z nidi3 + punz n,(d, + 2h, )2
i=1 i=1

(e) _ Ss
Yo MM M

b
pFe3O4 cTs IfO

k
Z n, (di - 2hl )3
ol® = — i=1

b
s Jitni Fe,0, Cs %

M 4+ M S na? + P (

i=1 Fe;0,

me Vo, M™, M™%, S, n,, k, 6. — cymapuuit 3a ancambiem 06’eM obac-
Tell smep 3 HaMarHEeTOBAHICTIO HACUTY, XapaKTePHOKI IJd 00’€MHOTO
marepiamy, maca IIII, maca Fe;O,, mioma moepxHi ancambOaio HE
Fe;0,@III1, BignoCHi uacroTu giamerpis HU Fe,0, (puc. 9), KiTbKicTb
iHTepBaJIiB BapidamiiiHOro pAxy AiAMeTpiB, IMTOMa HaMarHeTOBaHICTb

k k »(14)
> n,(d, +2h,)* - nd?
i=1

i=1
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Hacurty 06’emuoro Fe;O, BinmosigHo.

B po6Gorax [21, 22] BuKopucToByBaau TexHojoriio ¢opmysanua HE
Fe,0,@ITII (puc. 3, obaacTts A), B Akux TopmuHa mapy 1III 6y7aa moc-
TifiHoI0 Ta He 3ajyerxasia Big posmipis HY B ancam6ui Fe;0,. Ha pucyury
10 HaBeeHO 3aJIEXKHOCTI MUTOMUX ILJIOIT MOBEePXHi (KpuBa 1) i muToMmx
HaMarHeToBaHocTeil wHacutTy (KpuBa 2) anHcamOmiB HK uwacTuHOK
Fe,O0,@ITII Bix roBmumuau mapy IIII (h,) 3a yMOB JIOTHOPMAJBLHOTO
LN(2,34, 0,28) posmoxiny axep Fe;O, Ta mocriiinoi (B Mexxax aHcamoO-
am0) roBiiuH mapy 1II, pospaxoBani 3a popmyaamu (13) i (14) Bigmo-
BigHo. CuMBosaMu (IPAMOKYTHHKM) IIO3HAUEHO eKCIIepMMEeHTaJbHi
3HAUEHHs; HOMEP CHMMBOJIY BiAIIOBiZa€ IIeBHOMY AOCJiIKEHOMY aHCAM-
0Jrr0. Bugwo, 1110 po3paxyHKOBI I eKCcIepuMeHTAIbHI 3HAUeHHs BiJIIo-
BifHMX BeJIMYUH Ha rpadikax go0pe ysTOAKYIOTHCA, 3aJeKHICTh ITUTO-
Mux 1omny nosBepxHi amcam6nis HK uactunox Fe,O,@IIII (puc. 10,
kpuBa 1) Big roButuuau mapy 1II gocarae makcumymy npu h, = 3 HM, B
TOII Yac KOJM 3HAUeHHS IIHTOMHX HaMarHeTOBAHOCTell HACUTY MOHO-
TOHHO 3MEHUTYIOThCA IIPU 3POCTaHHi A,.

Cuain sasmaumtu, mio 3a TopiuuM mapy III h,> 7 HM 3HaYeHHA THU-

Puc. 10. 3ane:xHocTi (IITpUX0BaHi KPUBi) MTUTOMUX IIJIOIN MOBepXHi (1) Ta mu-
TOMHUX HaMarHeToBaHocTeil HacuTy (2) ancam6ais HE uactunok Fe,0,@IIII Big
roBmuHU mapy III (h,) 3a ymoB normopmansuoro LN(2,34, 0,28) posnoxiny
anep Fe;0, Ta mocriitnoi (B Mesxax ancam6.rio) Tosiuuu mapy LI, pospaxosa-
Hi 3a ¢hopmyaamu (13) i (14) BigmoBiguo. IlpAMOKyTHIMU cuMBOJIaMU ITO3HAYE-
HO eKCIIEPUMMEHTAJIbHiI 3HAUYEeHHA BiAIIOBIIHUX BeJIWYNH; HOMEP CHMBOJIIB Bij-
IOBifae meBHOMY ancamo.Iio. 2
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TOMMX HaMarHeTOBAHOCTellI HacuTy aHcam6JyiB uwactmHoxk HE
Fe,0,@IIII € mocTaTHLO MAJIUMHU, 1[0 YCKJIATHIOE BUKOPUCTAHHS iX Me-
TOIOI0 MarHeToKepoBaHoi goctaBKu. Oxmak Taki HK mMoxyTh 6yTH BU-
coKoe()eKTUBHUMMU 3a KOHBIOTaIlii 3 auturisom [13, 15, 35]i € mepcuex-
TUBHUMU JJIA IPAKTUUYHOTO BUKOPUCTAaHHA y cKJaaai MP nna agpecHol
nmoctaBku IIII Ha KJIITHHHOMY Ta TYXJWHHOMY PiBHAX, OCKiJIBKU Mic-
TATh 3HAUHY KiJbKicTh XeMmioTepameBTuuHoro mpemapary i AT, 1o
posmisuae cuenu@ivHi KJIiTUHNA.

Or:xe, 3a mocriitHoi ToBmmaY 1mapy LI xa HY ancamburio Fe;O, (B, =
=4) makcuMaibHa nuroMa ILroma mosepxHi HEK Fe,0,@IIII 3a ymoBH
aorumopmasabuaoro LN(2,34, 0,28) posmominy axep Fe;O, nna ToBiiuHU
mapy IIII = 8 am cranouts 119,6 M?/r (puc. 10, Kpusa 1; eKcIepuMeH-
TaJbHO JOCIim:KeHa 06J1acThb, puc. 3).

3a Tommuu mapy 111, mpomopmiiiaoi fissimeTpy Aapa, Ha TiM Ke aH-
camb6ui amep Fe;O, MoKHaA omep:kaTH IMUTOMY ILJIOINY HoBepxHi =150
Mm%/ (puc. 3). BacTrocoByloun Kpurepiii (2), 3Haigemo, 1o TopmuHa 1111
(hep) ONIA KOKHOI YaCTHHKY amcaMO0JIi0 Ma€ CKJIAJATHU IIOJOBUHY HisdMe-
Tpa ii axpa (d,):

d d
he = h,, é(,s/zgm -1)= 5 (15)

Ha pucynky 11 masemeno ricrorpamu ancam6sis HY Fe;O, (a), uac-
turok HK Fe;0,@IIII 3 Tosmunoo mapy 111y 3 M (6) i HK yacTuHOK
Fe;0,@IIII 3 ToBmuuoro mapy LIy 7 HM (8), iXHi mrTOMI IIOIIi TOBe-
pxHi Ta craructuuHi napamerpu. ['icrorpamu ancamb6uais HK wacTuroK
Fe,0,@IIII 3a moraopmanbHoro LN(2,34, 0,28) posnoziny azep Fe;0,
Ta ToBIuHY wapy 11 Acp, = 0,5d, HaBeneno ua puc. 11, 2.

3asHaummo, 1o ToBuIuHY mapy LIII, mpomopmiiiny gismerpy HY,
MOXKHA Olep:KaTH, 3MiHUBINU Tpaauiitiny [21, 22] MmeToanKy HaHeCeH-
HsA 000JIoHKY Ha yacTuHKU Fe;0,. OngHuM 3 BapiauTiB peasisarii HoBo1
MeTOAMKMN MOKe OyTu (pakriionyBamHsa ancamb6uaio HY 3 momanbimm
HaHeCEHHAM O0OJIOHKMW Ha YACTWHKHU BIANOBiAHMX (QpakIiliii, mpuyomy
yac ¢opmyBaHHuaA 1mapy 1[Il mae OyTu TpONOpIiiHUM cepefHBOMY PO3-
mipy HY y dpariii.

3a3HauMMO TaKO0K, 1[0 MaTePiAan JaHOI poOOTH POITJIAHYTO HA IIPU-
kaazi ancam6ais HU Fe;0,, HK Fe;0,@III1, Fe;0,@III1/0x.Na/IIET ta
ixabpoi MP. OpgHak, K cBigYaTh eKCIepPUMEHTH, BUKOPUCTAHI Migxoau
IO IIOCTAHOBKU JOCJIJAKEeHb i BUCHOBKU € IIiJIKOM 3acTocoBHuMu 10 HEK
ta MP, 1110 MicTaTh iHIM XeMioTepaneBTHYHI IIperapaTyi Ha OCHOBi Op-
raHiYHUX CIIOJYK, HAIIPUKJIAL JoKcopyoinuu [8, 20] i remmurabiu [26,
35].

Kpim Toro, 3amporoHOBaHy MeTOAMKY PO3PaXyHKiB MUTOMOI IIJIOIIi
MMOBEPXHi MOKHA 3aCTOCYBaTHU IJIA PO3PAXYHKIiB MUTOMOI IIJIOIIi ITOBED-
XHi 1M1apiB 3a HOBiIbHOI KilbKOCTHU IX YV cTPYKTYypi obosmouku HK ma oc-
HOBi cymepnapaMarHeTHUX AJep.
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Puc. 11. Ticrorpamu ancam6ais HU Fe,0, (a), uacturox HK Fe;0,@IIII 3 ToB-
muHoo mapy LIl Acp, = 3 HM (0) 860 hcp, = 7 HM (8), ixHi TUTOMI IO TOBEPX-
Hi Ta craTucTmuHi mnmapamerpu. licrorpama aucam6a0 HEK wacTmHOK
Fe;0,@IIII npu TomuHi mapy LIII hep, = 0,5dcp, (2). fnpa Fe;O, posnoaineni
soraopmansao LN(2,34, 0,28).13

4. BUCHOBKH

Ha onrumisarii muTomMoi mioIli moBepxHi mapiB 000JI0HKY 6araTopiB-
HeBux mMaruerouyTauBux HK cymepmapamaraeTHe aapo—000J0OHKA AJIs
3aCTOCYBAHHS B OHKOJIOTII 3aIIPOIIOHOBAHO i alipo00BaHO PO3PAXYHKOBY
METOAUKY Ta 3OiliCHeHO ii IepeBipKy eKCIepUMeHTAJbHUMM JOCJTi-
IKeHHAMU. A mocaigsKeHb BUKOPUCTAHO aHCAMOJi HAHOYACTUHOK
Fe;0,, rasokomnosuris Fe,0,@IIII i Fe,0,@IIII/On.Na/IIET Ta Hamo-
BHEHIi BKasaHUMH HaHOCTpyKTypamu MP Ha ocHoBi Bogu a6o PP. IIpo-
aHaJIi30BaHO YMOBH peaJridalrii Ta BUpasu AJIs 3HAXOIKEeHHS MaKCcHuMa-
JbHOI mrTOMOI oI moBepxHi aHcam0s1iB HK 3 ogHo- Ta gBOIMIapoBUMHI
obosoukamMu. HaykoBi Ta MeTognuHi migxoau poOOTH € 3aCTOCOBHUMMU
mo HK ma ocHOBi cymeprapaMarHeTHUX AAep, IO MiCTATL Y CTPYKTYPi
000JIOHKH iHIITI XeMioTepaleBTUYHI mperapaTu, HaopuKJaaa ToKcopyoi-
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IUH i reMIUTa0iH, I PO3PaxXyHKIB IMTOMOI ILJIOIIi ITOBEPXHI IIapiB 3a
JOBiIBHIX 3HAUEHDL IXHiX KIJIbKOCTH Ta I'yCTHUHH. Pe3yabTaTu pPoOOTH
MOKYTH OyTHM BUKOPHUCTaHiI B po3po0Kax HOBUX MATHETOKEPOBAHUX al-
COPOIiiHMX MAaTepiAJiB TeXHIUHOT0, TeXHOJOTiYHOT0, eKOJOTiUHOTO Ta
MeIUYHO-0i0J0TiUHOrO IpU3HAYEHHA, MEIUUHNX TECT-CUCTEM, TepaHo-
CTUYHUX 3aCO0iB TOIIIO.
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! Fig. 1. Model of NC particle with multilayer shell. As marked, d = d, + 2h;—diameter of spheri-
cal NP of magnetic substance, d,—diameter of NP area of magnetic substance with the saturation
magnetization typical for a bulk material, #;—thickness of surface ‘demagnetized’ layer of mag-
netic substance, h,, h3, hy—thicknesses of successive layers of NC shell, which fulfil the func-
tions of modifiers, useful ‘loads’, stabilizers, in accordance with arrangement in multilevel shell
structure.

2 Fig. 2. Dependence S, (hy) at d = 10.8 nm, p; = 5.18 g/cm?® and p, = 0.3, 0.5, 1.0, 1.7, 2.6, 5.2,
10.4, and 19.0 g/cm? (curves 2-9), respectively. Broken line (1) joins the maximums of curves
S,(h) [20, 21].

3 Fig 3. Dependence of the maximal specific surface area of ensembles of core—shell particles with
lognormally (2.34, 0.28) distributed diameters of cores with density p; = 5.18 g/cm?® covered with
single-layer shell of critical thickness (Eq. (7)) on the value of shell density (p;). A—
experimentally studied area.

4 Fig. 4. Dependence of the maximal specific surface area of ensembles of NC particles of core—
bilayer shell type with lognormally (2.34, 0.28) distributed diameters of cores (p; = 5.18 g/cm?®)
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covered with first layer of critical thickness with density p, = 1 g/cm? and second layer of critical
thickness on the value of second layer density ps.

® Fig. 5. Diffractograms of the synthesized samples of Fe;0, NP (a) and the comparison sample:
Fe;04 NP (98% ) manufactured by ‘Nanostructured & Amorphous Materials Inc.’, USA (6). Dxgp
is the value of average diameter of Fe;O, NP calculated by means of the Scherrer formula.

5 Fig. 6. TEM image of ensemble of Fe;0, nanoparticles.

"Fig. 7. Histogram of relative frequencies of Fe;0, NP diameters from the TEM data.

8 TABLE 1. Statistical parameters of ensemble of Fe;0, nanoparticles from the TEM data.

9 Fig. 8. Hysteresis loop for MF and the curve within the Langevin’s approximation calculated by
means of the Eq. (16) with distribution of diameters of Fe;O, cores LN(2.34, 0.28) and ¢, =
~0.005.

10 Fig. 9. Histogram of relative frequencies of lognormal distribution of Fe;0, NP diameters
LN(2.34, 0.28).

1 TABLE 2. Statistical parameters of ensemble of Fe;0, nanoparticles from the data of magnetic
granulometry.

12Fig. 10. Dependences (stroked curves) of specific surface areas (1) and specific saturation mag-
netizations (2) of ensembles of Fe;0,@CP NC particles on thickness of CP layer (h,) under the
conditions of lognormal LN(2.34, 0.28) distribution of Fe;O, cores and, within the limits of en-
semble, constant thickness of CP layer calculated by means of formulas (13) and (14), respective-
ly. Rectangular symbols mark experimental values of corresponding quantities; the number of
symbols corresponds to certain ensemble.

13Fig. 11. Histograms of Fe;0, NP ensembles (a), Fe;0,@CP NC particles with the thickness of CP
layer Acp = 3 nm (6) or hcp, = 7 nm (8), their specific surface areas, and statistical parameters.
Histogram of ensemble of Fe;0,@CP NC particles with the thickness of CP layer hep, = 0.5dcp, (2)-
Fe;0, cores are distributed lognormally LN(2.34, 0.28).
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The possibility of creating highly-ordered arrays of anatase nanotubes by
means of anodizing and subsequent annealing under normal conditions is
demonstrated. Annealing eliminates residues of organic impurities in the
bulk of the structure after anodizing and subsequent purification too. The
used electrolyte allows growing nanotubes with controlled geometric parame-
ters within their internal diameter from 10 to 100 nm for exposure times
from 10 to 40 min, and with lengths from 5 to 30 um for times from 20 min to
9 hours. The possibility of using such structures as an electrode of electro-
chemical sensor systems of the DNA is shown.

IIpogeMoHCTPOBAHO MOMKJIMBICTH CTBOPEHHS BHCOKOBIOPAJKOBAHUX MAaCHUBiB
HAHOTPYOOK aHATa3y IJIAXOM aHOAYBAHHS Ta HACTYITHOTO BifiTTasly B HOPMAJIb-
HUX yMoBax. Bifmaa yMOKJIMBJIIOE TAKOMK IMO30YTHCA 3aJUIIKiB OpraHiuHmx
IOMIIIIOK B 06’€Mi CTPYKTYpHU IIic/is aHOAYBAaHHA Ta HACTYIHOTO OUUIIEHHS.
3acToCcoOBaHUM PO3UMH YMOXKJIMUBJIIOE BUPOIYBATH HAHOTPYOKY 3 KEPOBAHUMHU
TeOMEeTPUUHUMHU IIapaMeTpaMU B MeKaX IXHLOTO BHYTPIITHBOTO AigMeTpa Bif
10 o 100 um miis yaciB excnosuirii Big 10 go 40 xB. i goBxkuHU Big 5 1o 30 MEM
3a yac Bixg 20 xB. 10 9 roguH. IloxkazaHO MOKJIMBICTL BUKOPHUCTAHHSA TaKUX
CTPYKTYP V AKOocTi eqeKkTpoau [[THK-ceHCOPHUX €IEKTPOXEMiUHUX CUCTEM.

Key words: nanotubes array, anatase, anodization, electrochemical sensor
system, DNA.
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1. INTRODUCTION

Titanium dioxide itself can be considered a material of the last centu-
ry. This material finds its application in an increasing number of areas
and aspects of the human being. It is already used in the construction
industry and in medicine, both in the form of modifying coatings and
individual nanoparticles. The structured layers of titanium dioxide are
of particular interest. They attract attention due to their interesting
physical and electrochemical properties, high biocompatibility and the
ability to create self-assembled structures over a large surface area[1,
2]. Such structures can be used in photocatalysis systems [2-5], hy-
drogen generation [6, 7], solar panels [8—10], sensor systems [5, 11],
when creating self-cleaning surfaces and biocompatible materials, in-
cluding the targeted delivery of drugs to the prosthetic site [12, 13]. It
should be noted separately that the situation of application of such lay-
ers for increasing the contact surface area in the electrode-liquid sys-
tems used in electroanalysis [14].

Due to such a wide range of applications of ordered nanotubes ar-
rays, the interest in their synthesis has not subsided for several dec-
ades. The method of their creation by the anodization of a titanium
electrode in solutions of electrolytes containing fluorine is widely
known, relatively simple and easily scalable [15]. It is also important
fact that this method allows to control within certain limits the param-
eters of the obtained structures—the length of the tubes and their di-
ameters. From a scientific point of view, there is a partial understand-
ing of the process of creating a separate nanotube during titanium an-
odization, but questions remain about the ordered growth of the array
as a whole[16].

In electrochemical devices working with control solutions, the sur-
face area of the electrode plays a significant role in determining the
sensitivity of the method as a whole. Therefore, different methods of
surface structuring at the macro and micro levels are important for
improving their characteristics.

The purpose of our work is to create ordered arrays of anatase nano-
tubes with controlled geometry and to verify the possibility of their
use in electrochemical systems for diagnostics of certain types of DNA
molecules.

2. EXPERIMENTAL

The anodization of titanium foil was done in the simplest reactor with
two electrodes. The pH level was not monitored. As a working elec-
trode, we used a titanium foil with a thickness of 110 uym with a titani-
um content of 99.93% . The sample size was 10x20 mm. The anodizing
occurred in a Teflon reservoir with dimensions 25x40x35 mm. The so-
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lution containing ethylene glycol, NH,F, and distilled H,O was used as
the electrolyte. A constant voltage was used in the range of 30 to 80V,
and the anodizing time was varied from 10 min to 9 hours. The pro-
gress of the nanotube growth process was monitored by a well-known
current—time characteristic (Fig. 1). One can see from the graph that
the formation of the initial oxidation layer occurs in less than 10
minutes, and then, we can influence the geometric parameters of the
obtained pores and nanotubes by changing the anodizing time from 10
minutes to the required time.

The phase state of the created layer and its purity was monitored us-
ing Raman spectroscopy and the morphology was evaluated by scan-
ning electron microscopy (SEM). Layer of nanotubes created by the an-
odizing can be separated from the foil for obtaining either a membrane
of TiO, or powders of fragments of an array of nanotubes, after me-
chanical milling of the obtained membranes. In Figure 2, one can see an

Fig. 1. Typical current—time characteristic of a titanium foil anodizing pro-
cess. I—stage of oxidation layer formation on a titanium; II—stage of form-
ing the pores and the nanotubes; III—stage of the process coming to station-
ary state.

Fig. 2. SEM image of the powder of TiO, nanotubes’ fragments.
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example of the obtained powder.

3. RESULTS

The selected electrolyte has a reduced activity for dissolving of the
TiO, layer as compared to previously used aqueous solutions with fluo-
rine content. The latter allows controlling more precisely the process
of formation of arrays of nanotubes due to their slower formation. In
the selected electrolyte, the inner diameter of the tube exhibits a vir-
tually linear dependence of the exposure time in the range of 10 to 100
nm for exposure times of 10 to 40 minutes. Also close to linear, there is
the dependence of the length of the grown nanotubes on the anodizing
time. The length of the nanotubes synthesized over a period of 20 min

a

Fig. 3. SEM images of TiO, nanotube arrays obtained for normal orientation of
surface to electron beam (a) and for tilt at 60° from normal position; anodiz-
ing conditions: 60 V, 30 minutes.

a

Fig. 4. The typical SEM image of the titanium surface after removal of the
first anodizing layer (a), and the image of the TiO, array surface obtained by
repeated anodizing (b).
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to 9 hours varied from 5 to 30 um.

Examples of SEM images of the resulted arrays are shown in Fig. 3.
The images show that the tubes grow with very high quality and pass
through the entire thickness of the layer for all experimental condi-
tions. However, the packing density per unit of the layer surface re-
mains virtually unchanged for all conditions. We can state that only
the thickness of the tube wall changes. Although the first anodization
demonstrates good self-organization of the array, local disturbances of
the order are also noticeable.

At the same time, in Fig. 3, b, one can see the surface of titanium
under the created layer of nanotubes. It is noticeable that the cavities
on the surface of the titanium are very well arranged and are as tight
as possible to each other, despite the sparse location of the cavities on
the surface of the film. This gives reason to try obtaining highly or-
dered arrays by double anodizing.

In Figure 4 the SEM images of the array of Ti cavities and TiO, nano-
tubes obtained by double anodizing are given. For that purpose, the
initially grown first layer of nanotubes is removed from the base and a
new layer is grown on the resulted nanorelief of the Ti surface under
similar conditions.

One can see from the obtained results that repeated anodizing allows
creating highly ordered arrays of nanotubes. However, the resulted
arrays consist mainly of amorphous titanium dioxide. This is evi-
denced by their Raman spectra shown in Fig. 5.

The spectrum of the sample before its annealing shows only charac-
teristic bands of amorphous Titania and does not contain lines of crys-
tallized titanium dioxide. There are also peaks in the spectrum that we

Fig. 5. Raman spectra of the nanotubes arrays before (upper curve) and after
(lower curve) the annealing.
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associate with the presence of organic contaminants in the sample re-
maining after anodizing and the subsequent washing of the samples. Af-
ter annealing in air at a temperature of 430°C for two hours, the spec-
trum changes dramatically. The peaks on the right side disappear and
the amorphous dioxide band is restructured into anatase-specific spec-
trum. (The spectrum is obtained by means of a DFS-52 spectrometer.)
The titanium foil structured by the nanotubes (TiNAN) was used as
the electrode of the electrochemical sensor system. The obtained re-
sults were compared with those of conventional thermally oxidized ti-

Fig. 6. Current—voltage characteristics of TINAN electrode (3) and TiOy elec-
trode (2) in comparison to stainless NiCr steel electrode (1) in the 250 mM po-
tassium dihydrophosphate electrolyte.

Fig. 7. Current—voltage characteristics of TINAN electrode before (1) and af-
ter (2) immobilization with mod-Ph thiolated oligonucleotide in the 1 mkM
mod-Ph and 250 mM potassium dihydrophosphate electrolyte.
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tanium (TiOy) and stainless NiCr steel alloy. Current—voltage curves
of titanium oxide-based electrodes in the 250 mM potassium dihydro-
phosphate electrolyte (presented on Fig. 6) are similar to characteristic
of stainless steel electrode. The main distinctive feature of current-
voltage curves is electrodes capacity value, which can be calculated
proportionally to the area of current—voltage loop. Electrodes capacity
value is arranged with the decreasing series: TiNAN > TiOy > NiCr.

Immobilization with mod-Ph thiolated oligonucleotide [17, 18] was
investigated. The ability to qualitatively distinguish the structure of
hybridized molecular layers was demonstrated with P1 oligonucleo-
tide, which is complementary to mod-Ph. As a medium for immobiliza-
tion of thiolated oligonucleotides on the surface of the semiconductor
electrodes solution 250 mm KH,PO, (pH 4) was used. And for hybridi-
zation of P1 oligonucleotide buffer, solution 0.5xSSC (pH 7.4) was
used.

Titanium oxide is a well-known n-type semiconductor with a high
density of negatively charged surface states. In contrast to models [17,
18] related to a gold electrode, we expected to observe the binding of
the thiol group of mod-Ph artificial DNA with negatively charged cen-
tres on the surface of titanium oxides. Some differences in the cur-
rent—voltage characteristics (Fig. 7) explained by molecular shell for-
mation and cannot be caused by bulk conductivity variation of electro-
lyte due to small variation of its concentration. Current—voltage char-
acteristics and complex impedance after the hybridization mod-Ph
with P1 oligonucleotides of TiNAN and TiOx-based electrodes were
demonstrated in Figs. 8, 9.

Capacity of electrode can be calculated as an effective parallel capac-
ity of impedance measurements data and generally can be related to the
structure of electrode—electrolyte interface and Helmholtz layer. Ca-
pacity of titanium and NiCr electrodes in relation to frequency is rep-
resented in Fig. 10. The capacity of the NiCr electrode does not varies
significantly in the frequency range 1 Hz—100 kHz. Since its capacity
does not change after processing in oligonucleotides solutions, we can
conclude that the molecular shell was not formed.

Capacity of TiOy electrode is approximately the same as capacity of
NiCr electrode at lower frequencies. Thermal oxide TiO, thickness was
estimated from capacity value of 4 nm. Relation of decreasing of TiOy
electrode capacity to frequency can be explained by reduction of polar-
izability of the Helmholtz layer when oxide TiO, thickness is the same
as arranged ion layer thickness. Capacity of TiNAN electrode is few
times higher than TiOy capacity because of large value of its
nanostructured surface. But the value of capacities difference of TiOy
and TiNAN is much smaller than anticipated, considering nanostruc-
tured surface values (Figs. 3, 4).

Formation of oligonucleotide shell on the surface of TiNAN elec-
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trode gives rise of capacity in contrary to TiOyx, which may be ex-
plained by the time lag of proton extraction—enrichment in the nano-
tubes of TINAN and molecular layer polarization reduction with fre-
quency raise.

Fig. 8. Current—voltage characteristics of TiNAN electrode (I, 2) and TiOy
one (3, 4) before (1, 3) and after (2, 4) hybridization of mod-Ph and P1 oligo-
nucleotides in the 10nM P1 0.5 SSC solution. Noticeable differences in the
current—voltage characteristics (Fig. 8) and impedance curves (Fig. 9) of both
titanium oxide-based electrodes before and after hybridization of mod-Ph and
P1 oligonucleotides caused by formation of oligonucleotides molecular shells
on the surface of electrodes and may be applied to sensor task.

Fig. 9. Impedance Z of electrochemical system with TiNAN (1, 2) and TiOy (3,
4) electrodes with oligonucleotides shell in the 0.5 SSC electrolyte at frequen-
cy range of 1 Hz—100 kHz: 1, 3—before hybridization, and 2, 4—after hybrid-
ization of mod-Ph and P1 in the 10nM P1 0.5 SSC solution. (ImZ—imaginary
value of Z, and ReZ—real value.)
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Fig. 10. Capacity of electrodes before (I, 3, 5) and after realization of the
treatment for the immobilization of mod-Ph and hybridization mod-Ph with
P1 in the 10 nM P1 and 0.5 SSC solution for electrodes: 1, 2—NiCr; 3, 4—
TiOy; 5, 6—TiNAN.

The results of mod-Ph-P1 hybridization studies using titanium ox-
ide electrodes in Figs. 8—10 indicate that nanostructured titanium can
be considered a promising high-performance electrochemical electrode
sensor material.

The significance of above presented self-organized anatase nanotubes
array as well as self-organized semi-conductive nanocrystals array [19—
22] is a shared nanosize system with size effect response onto a molecu-
lar level structure variations such as charge, mass, conductivity, capac-
itance, morphology, density near to the solid—molecular interface. Vari-
ations of molecular layer polarizability, charge, added mass, conductivi-
ty, capacitance, morphology, density are the mean mesoscopic manifes-
tation of selective recognizing of biologically important markers due to
DNA hybridization or similar specific surface reactions. These
mesoscopic variations of the state of monomolecular layer effecting on
the proximal thin surface layer of semiconductor with well-predicted
and strong impacts on its conductivity, energy states, optical or me-
chanical properties. The thickness of this surface layer is 30—-100 nm.

Fabrication of semiconductor in the form of well-branched morphol-
ogy with typical semiconductor layer thickness 50—200 nm producing
sensitive system, which is capable to generate maximum response sig-
nal. In our previous work, brush-type nanocrystals topology [21, 22,
23] of CdS nanosize self-organized nanocrystals on the surface of pyro-
lytic carbon micro-wire at the first—second hierarchical levels and
thiolated oligonucleotide mod-Ph and oligonucleotide P1 at the third
level were used. The synthesized semi-conductive nanostructured elec-
trodes with the functionalized shell of mod-Ph may allow to detect
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qualitatively and quantitatively the selective sorption of synthetic
DNAs P1 at a concentration of 10 nM in an actual biologically solu-
tions by conductivity and impedancemetry methods.

The fabrication of nanodevices by controlling the growth of nano-
crystals or the formation of nanotubes in bottom-up approach in com-
bination with the traditional CMOS technology is a rather effective
and inexpensive technology for the production of universal matrix
sensor devices in which the first and second hierarchical levels of the
sensor are implemented. Selective recognition of biologically im-
portant markers can be organized at the third hierarchical level by
formation of molecular biological shells of DNA markers on the sur-
face of the sensitive elements of this matrix-type sensor device.

4. CONCLUSIONS

The obtained results demonstrate the possibility of synthesis of highly
ordered arrays of anatase nanotubes by single and double anodization
with their subsequent annealing in air under normal conditions. The
resulted arrays demonstrate high purity from residual contamination
and good homogeneity of the polymorphic state. Such arrays can be ap-
plied for medical purposes and sensor electrochemical systems.

The used method allows practically linear control of geometrical pa-
rameters of the nanotubes within their internal diameter from 10 to
100 nm for exposure times from 10 to 40 min and length from 5 to 30
pm for the time from 20 min to 9 hours.

The results of mod-Ph-P1 hybridization studies using impedance
measurements with titanium oxide electrodes indicate that nanostruc-
tured titanium can be considered a promising high-performance elec-
trochemical electrode sensor material. It’s shown the possibility of us-
ing the obtained TiOy structures in electrochemical systems with spe-
cific DNAs at the boundary of the electrodes with the electrolyte. The
formation of molecular shells on the surface of anatase nanotubes and
their selective binding to synthetic DNA P1 by conductivity and im-
pedancemetry methods in the frequency range 100 kHz—1 Hz was in-
vestigated. The qualitative difference between the structures of
charged and polarized organic molecular layers at the boundary of self-
organized anatase nanotubes with SSC electrolytes was demonstrated.
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The Michaelis—Menten’s (MM) scheme serves as a basis for enzymatic kinet-
ics rather long since. Early attempts to search for internal mechanisms of
regulation of enzyme activity rooted in the conformational lability and for
corresponding deviations from the classical kinetics were practically ignored
for a prolonged period. Nowadays, however, there is no lack of theoretical
papers devoted to various MM-like schemes. This is mainly conditioned by
implementation of the single-molecule (SM) methods into enzymology, and
by similarities to heterogeneous (nano)catalysis with its direct analogue to
the MM scheme called Langmuir—Hinshelwood’s model. It is expedient to as-
sess the interim achievements on this way. With this purpose, the most basic
example, namely, reactions of monomeric enzymes with an only binding site,
is considered. In this generic case, it is especially clear, which new possibili-
ties arise due to conformational fluctuations of the enzyme and how trans-
parent is their physical nature. The minimal MM-like schemes, which ex-
haust all the characteristic regulation phenomena caused by the presence of
conformational channels (non-monotonic dependence of the velocity on the
rate of substrate release, cooperativity, and substrate inhibition), are de-
scribed. An alternative approach based on our previously proposed concept of
molecular self-organization to the enzyme functioning along the lines of
nonequilibrium phase transitions is outlined.

Cxema Mixaemica—Meunten (MM) qocTaTHBO JABHO CIYKUTH OCHOBOIO IS (pe-
pPMeHTATHBHOI KiHeTuKu. Pamui crrpoOu MOIIYKY BHYTPIIIHIX MexaHisMiB pe-
I'yJIsaIii aKk TuBHOCTU (DePMEHTIB, IO KOPEHATHCS B IXHilT KoH(popMatiiiuii Jya-
6iJIbHOCTI, Ta BiATIOBIAHMX BiAXWMJI€HD Bif KJIACHUUYHOI KiHeTHUKY Oy MPaKTHUU-
HO irHOpOBAaHi IPOTATOM TpUBaJIOTO mepioay. OnHaK CLOTOMHI He OpaKye Teope-
TUUYHUX POOIT, mpucBAYeHUX pisHomaHiTHUM MM-noxiouum cxemam. Ile, 3xe-
GiJIBIIIOT0, 3yMOBJIEHO BIPOBAIMKEHHAM B €H3MMOJIOTiI0 METOM AOCIiAMKeHDb Ha
PiBHi TTOOAMHOKHWX MOJIEKYJI, a4 TaKOXK MOMiOHOCTAMU OO TeTeporeHHOi (Ha-
HO)KaTaxisu, me Mmomenb Jleurmiopa—IlimmienByna € mpamum aHamorom MM-
cxemu. JIOIiIbHO OIiHUTH MTPOMiKHiI 300YTKM B IIbOMY HampaMi. 3 Ili€l0 me-
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TOIO PO3TJIALAETHCA HAMOCHOBHIIIINY MPUKJIA — pPeakiiii MoHOMepHUuX (epme-
HTiB 3 €UHNM MiCIleM 3B sS3yBaHHA. Y IIEOMY Hapi»KHOMY BHUIIaAKY OCOGJIMBO
fICHO, K1 HOBI MOKJINBOCTiI BUHUKAIOTh BHACIITOK KOH(MOPMALINHUX (DIIOKTY-
ariit pepMeHTy i HaCKiMIbLKM TMPO30poIo € ixuaA ¢isuyHa mpupoma. Omucano mi-
HimMansHi MM-moni6Hi cxeMu, AKi BUUepOyIOTh BCi XapaKTepHi SBUIA peryJis-
1ii, cipuuMHeHi HaABHiCTIO KOHGOPMAIIHHNX KaHAIiB (HEMOHOTOHHA 3aJIeMK-
HiCTh HMIBUAKOCTHU BiJ IIBUAKOCTU BUBiJIbHEHHS CyOCTpaTy, KOOIEepPATHUBHICTH
Ta cyocTpaTHe iHribyBanHua). OKpecIeHO aJbTepHATUBHUM TiAxXix go GyHKIio-
HYBaHHA (DEPMEHTIiB B TepMiHaX HePiBHOBaKHUX (D)a30BUX IEPEXOJiB, 3aCHO-
BaHUY Ha 3aIIPOIIOHOBAHINl HAMM paHillle KOHIIEMIil MOJIEKYJIAPHOI camoopra-
Hisarii.

Key words: enzymatic reactions, Michaelis—Menten’s schemes, monomeric
enzymes, conformational regulation, reaction velocity.

KarouoBi ciaoBa: ¢pepmenTaTuBHI peaxiiii, cxemu Mixaemica—MeHTeH, MOHO-
MepHi pepMeHTH, KoHGOopMAaIlifiHA peryadailii, IMBUIKIiCTh peakirii.

(Received 3 December, 2019)

1. INTRODUCTION

Enzymes are very complex biomacromolecules. Nevertheless, the
methods of standard chemical kinetics based on the mass action law
still dominate the description of enzymatic reactions. This approach is
rooted in the historic work [1], with its centenary been widely celebrat-
ed [2]. The kinetic scheme proposed in [1] remains a starting point for
studying any enzyme and proves its ubiquity in many other fields, in-
cluding nanocatalysis [3, 4]. After the advent of single molecule (SM)
enzymology [5], the number of works on the validity of the Michaelis—
Menten’s (MM) scheme and its generalizations is permanently grow-
ing. It seems expedient to look closer at the results of this activity and
to foresee its further development. The general trend can be traced
with the pivotal example, precisely, reactions of a monomeric enzyme
with an only binding site. Also, an alternative approach to the mecha-
nisms of enzyme functioning is proposed.

2. THE CLASSIC MM SCHEME AND ITS SM VERSION

The kinetic MM scheme implies conversion of substrate S to product P
by enzyme E through the stage of reversible substrate binding with
formation of the enzyme—substrate complex ES, and subsequent cata-
lytic stage of releasing the product and free enzyme capable of per-
forming the next identical turnover. In its original form, it reads

E+S$Es—f>E+P (1)
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with the corresponding kinetic equation
d[ES]/ dt = —(b + r) [ES]+ a[E] (2)

added with the condition of conservation of the total enzyme concen-
tration: [E,] =[E]+[ES]. Here, a, b and r are rate constants of reac-
tions at the stage of binding, unbinding and product release, respec-
tively. As a rule, substrate concentration [S] is supposed to be main-
tained constant, so the rate constant a is proportional to [S], a = £ [S],
and kinetics becomes linear. The prime characteristic of an enzymatic
reaction is the velocity of product formation, v =dP /dt =r[ES]. In
the stationary case, Eq. (2) immediately yields

U:r[Et][S]/([S]+KM)’ (3)

where K,, = (b + r) / k, is Michaelis constant. The hyperbolic depend-
ence v([S]) (3) is the main result of scheme (1) and primary test for
studying any enzymatic reaction. For many years, its universality was
not called into question. In mid-1960’s, however, the problem of regu-
lation of such reactions, in the first place, by means of modification of
the v ([S]) dependence to a more pronounced one than that in Eq. (3),
came to the fore. At those times, it was already known about ‘coopera-
tivity’ of binding oxygen by haemoglobin, with its ‘sigmoid’ (i.e., trig-
ger-like) saturation curve, as distinct from hyperbolic for myoglobin.
Haemoglobin differs from the latter in its oligomeric structure (con-
sists of four sub-units, each with its own binding site). Consequently,
the first kinetic models of cooperativity contained several active cen-
tres, too. In addition, however, it seemed obligatory to introduce dif-
ferent conformational states of sub-units [6]. And that has turned out
to be a decisive step, since (as it was firstly noted in one-paged paper
[ 7] cooperativity could be imitated even by a monomeric enzyme with
a single binding site, if only to suggest (i) the presence of two confor-
mations, E, and E,, of free enzyme, differing in affinity to the sub-
strate, and (ii) a slow conformational transition between E, and E, .
For a prolonged period, this idea was beyond the mainstream, and the
MM-scheme position with respect to monomeric enzymes remained
firm until the first single enzyme experiments.

The latter make it possible to obtain stochastic ‘trajectories’ of du-
rations of the enzyme residence in particular reaction states. Statisti-
cal processing of such trajectories yields, in particular, the probability
distribution function f(¢) of the ‘first passage time’, i.e., the time from
the beginning of substrate binding to the product release. Then, model-
ling scheme (1) is based on equations for probabilities P,(t), P,4(¢) in-
stead of concentrations [E], [ES]:

dP, / dt = —aP, +bP,y, dP, /dt = aP, —(b+r)Py (4)
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with initial conditions P,(0)=1, P,(0)=0. It should be stressed

that the first equation of set (4), as distinct from Eq. (2), does not con-
tain (because of the very sense of f(t)) the term rP,, of the enzyme re-

turn to its free state, so that the condition P,(t) + P,4(¢) =1 holds for
¢t =0 only." Obviously, f(¢) = rP,(t) , and easy solving set (4) and cal-

culating the mean first passage time (t) = J:O tf(t)dt yield

1/<t>=ra/(a+b+r). )

Comparing Eq. (5) with Eq. (3) and remembering that a = £, [S], one
can see their identity, that is, v/ [ET] =1/ <t> (so called single mole-
cule Michaelis—Menten’s equation [8]).

Although its validity has been proved experimentally for a particu-
lar enzyme [9], even the first data of SM spectroscopy of enzymatic re-
actions showed considerable deviations of the dwell time distributions
and corresponding correlation functions from exponential ones [5].
That was not consistent with the classic MM scheme. Yet, despite a
much higher level of experiment, to explain these data, the same linear
kinetics is still applied to various versions of the MM scheme split into
several conformational channels. Currently, this is the main trend of
numerous papers ([8—14], to cite a few), often overloaded with bulky
linear algebra or unnecessary, too sophisticated (sometimes, even con-
tradictory) substantiations of kinetic equations. Meanwhile, all prin-
cipal effects of deviations from MM’s behaviour can be illustrated with
minimal two-channel schemes (Fig. 1). Actually, there are three such
effects.

2. EFFECTS OF CONFORMATIONAL SPLITTING

Scheme in Fig. 1, a proposed in [15] illustrates a counter-intuitive ef-
fect of a non-monotonic dependence of the reaction velocity on rate
constant b of ‘unproductive’ substrate unbinding, provided that cata-
lytic rate constants R and r in the channels are markedly different.
Here, the possibility of the enzyme return from less active state ES, to
initial state E with a chance to proceed via more active state ES, may
not slow down but accelerate the catalysis (see Fig. 2, a). It is easy to
derive a relationship between [S] and difference (R —r) necessary for
the effect (first noted 100 years after introduction of the MM scheme).

Scheme in Fig. 1, b was proposed in [16] as a simplified version of
Rabin’s scheme [7] of cooperativity of a monomeric enzyme. The effect

! This is often ignored in current literature, leading to confusions in derivations.
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requires the presence of two conformational states of the free enzyme,
with one of them (E,) being more stable while the other (E,) having
better affinity (A >a). If the conformational transition E, — E| is
slow, then, with [S] increasing, the enzyme stays longer in more active
state E,, having no time to relax to E, before the next substrate ar-
rives. It is the physical reason that initiates cooperativity (flexion of
curve v([S]) , as distinct from MM’s hyperbola), so smartly captured
by Rabin. True, in models with discrete conformation, this flexion
shows up rather poorly (see an example in Fig. 2, b) due to algebraic
structure of the dependence v ([S]) , which implies a ratio of two poly-
nomials of rather low power.

Scheme in Fig. 1, ¢, apart from the possibilities of the two previous
schemes, also includes the substrate inhibition effect. The latter shows
up, if catalytic rates R and r are markedly different. At certain values
of the scheme parameters, the role of the less active channel can grow
with [S] increasing. This suppresses the cooperativity effect (see Fig.
2, ¢ for an example).

All further extensions of such schemes (like increasing the number
of channels or intermediate states) do not reveal any new effects of
conformational regulation and only complicate the analysis by intro-
ducing too many parameters which could never be determined experi-
mentally. Resuming this still dominant trend, we note the following.

The MM-like schemes with discrete conformation channels analysed
within linear equations with constant coefficients can be helpful in
qualitative elucidation of conformational regulation, at least as long as
they are kept simple. Indeed, deriving the reaction velocity from sta-
tionary solutions of Eq. (2)-like equations is trivial. Not much harder
is finding the mean first passage time <t> in SM-versions where 1/ <t>
plays the reaction velocity role. In these cases, it is sufficient to solve
the corresponding non-stationary problem like (4) in Laplace trans-
forms only®, since all the moments (t") can be found simply as
<t"2 = (-1)"df(s) / ds|,_, -

s the SM MM equation v / [ET] =1/ <t> remains valid in the pres-
ence of different conformational channels, the SM versions do not re-
veal any principally new regulation mechanisms except the mentioned
above, derived in ensemble versions. Overall, the whole trend seems
methodologically exhausted, since attempts to refresh it by the SM ap-
proach would be most likely reduced to re-discovering the already
known effects in more complicated and even contradictory ways, as it
currently takes place.

In addition, the discrete schemes have inherent limitations not con-
sistent with real protein reaction kinetics: the rate ‘constants’ are in

2 Of course, the initial population distribution P; (0) should be imposed correctly,
i.e., proportionally to stationary restoring fluxes r, LES;“J to these sub-states within
the channels.
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a b c

Fig. 1. Generic schemes for the effects caused by introducing different con-
formational channels into the classical MM scheme (see the text).

a b c

Fig. 2. (a) Non-monotonic v(b) in the scheme in Fig. 1, a. a=10. Curve I:
R=r=3;curve 2: R=10, r=1. (b) Weak cooperativity in the scheme in Fig. 1,
b with the return after the catalytic stage to sub-state E,. The flexion of v([S])
is negligible unless one looks at the concave in the inset for extremely small
[S]. Here, aa=1, k;=a/[S]=0.1, k,=A/[S]=1, b=10, R=100. (c) Substrate
inhibition in the scheme in Fig.1,c. a =10, =1k, =A/[S]=10, k,=A/[S]=
=1,b=10,B=1,r=1,R=10.

fact rarely constant and can influence each other, the kinetics is often
essentially non-exponential, etc. The approach presented in the next
section avoids these limitations and provides a new insight into for-
mation of functional regimes of enzymatic reactions.

3. SELF-ORGANIZING REGIMES

Actually, they follow from quite natural considerations on substrate-
conformational interactions [17—19]. Let us suppose that the enzyme
structure changes caused by substrate binding/unbinding are charac-
terized by generalized structural coordinate x with its dynamics being
much slower than that of the changes in reaction states. Let structural
potentials V(x), V,(x) correspond to states E, ES, respectively. The
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strength of substrate-conformational interaction can be characterized,
for example, by shift x, of the potential minimum position, like
Vy(x) = (y/2)x* and V;(x)=(y/2)(x—x,) for harmonic potentials.
Obviously, the rate constants of Scheme (1) become dependent on x. In
turn, dynamics of the latter is determined by dichotomous switching of
force F, between its values —V;(x), —V/(x). The master equation for
probabilities p,, (t | x) of realization of these values has the form of a
balance equation with x-dependent rates, thereby ensuring the feed-
back and nonlinearity in the system.

Formulated in such a way, the stochastic problem added with a ther-
mal white noise can be reduced to a Fokker—Planck equation for struc-
tural distribution function P(x,t) with effective potential V*/(x), and
the shape of the latter is determined by x-dependent rates. For them,
the following assumption frequently used in kinetics of biochemical re-
actions can be adopted: a = k,[S], k /b = exp(—AG/(k,T)) , where AG is
the free energy lowering (increase in affinity) due to structural fit to
the substrate. The quantity —AG/(k,T) can be taken as a generalized
structural coordinate. Then, x-dependent Michaelis’ constant
K,,(x) = b(x) / k, +r(x) / k, , which enters the V*/-defining equation

AV /dx = dv, / dx +(dV, / dx —dV, / dx)[S]/ ([S]+ K, (%)) , (6)

is simply K, (x) = exp(-x), if r(x) < b(x) . Analysis shows [20] that,
with [S] growing from 0 to «, the effective potential, changing from
V,(x) to V,(x), under sufficient strength of substrate-conformational
interaction (here, if x,, exceeds its critical value x,, = 4), acquires a two-
well shape in a certain interval of [ S]. This corresponds to bistability of
the steady-state reaction regimes (in particular, to markedly different
values of b(xgl'z)) , where x{"? are positions of V*/(x)’s minima in the
bistability window). The surface x, (xm,[S]) provides an example of a
fold-type catastrophe with the projection of the fold onto plane
(xm,[S]) having the form of a wedge with a critical point at its cusp
(Fig. 3). The whole picture is typical for a nonequilibrium phase transi-
tion of the 1* kind and that of the 2" kind in the critical point.

Calculations of the steady-state ES-complex population N:*([S])
show considerably more pronounced sigmoidicity than that within the
discrete schemes (see Fig. 4, a). If catalytic rate r(x) is weakly depend-
ent on x, then, curve v([S]) has the same pronouncedly ‘cooperative’
shape. On the other hand, specifying r(x) as, for example, a Markus-
type rate, r(x) =r, exp‘_—(sr - x)? /(48,)J , where ¢, = E_/(k,T), and
E, is the reorganization energy at the product release stage, one can
arrive at the possibility of substrate inhibition (see Fig. 4, b for an ex-
ample).

Actually, the expounded considerations represent an application of
our molecular self-organization concept (see [20] and references there-
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4 6 3 x
b

Fig. 3. Left: The surface xg with a fold that corresponds to the bistability area.
The rod, originating from point (x,,, [S])=(5.3,0.073) within the wedge,
penetrates the fold at three points, where the middle x, corresponds to the
unstable state. Right: Projection of the fold on plane (xm, [S]) (awedge with a
cusp), representing the system phase diagram. At fixed x, >4 and with [S]
growing, one enters and then leaves the bistability area. The middle line is an
analogue of the phase coexistence curve for the 1 kind phase transition. It
ends in the critical point (x;, S*J) = (4, e’z) [20].

a b

Fig. 4. Left: (1—4) Dependence of the enzyme—substrate complex population on
substrate concentration for different values of parameter x, =4 (1), 5 (2), 6
(3), 7(4). To the accuracy of factor r, it coincides with that of reaction velocity
v([S]) . (5) The same for the case of x, =7 and x-dependent r(x) with g, =3,
1, / k =0.003). Right: Dependence of the reaction velocity on substrate con-
centration for different values of parameters of catalytic rate constant r(x).
r,/k =0.006.(1)e =3,x,=2;(2)¢,=5x,=7;(3e. =3, x,=7.

in) to the MM scheme. To the best of our knowledge, this concept is the
first attempt of implementing synergetic phenomena at the level of
molecules.
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Characteristic manifestations of the corresponding nonequilibrium
phase transitions in terms typical for SM experiments are described an-
alytically and confirmed by computer simulations [21].

4. CONCLUDING REMARKS

Within the discrete linear schemes, their SM versions do not lead to
any principally new mechanisms and effects of conformational regula-
tion, as compared to those within the ensemble versions. In a more ade-
quate and natural way, such effects emerge due to the feedback be-
tween continuous conformational fluctuations and enzymatic reaction
stages. Then, the enzyme functional regimes result from analogues of
nonequilibrium phase transitions at the molecule level.
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New functional interfaces with controlled heterogeneity having a lateral res-
olution in the nanometre range are of great importance for many promising
applications. One of the easiest ways to produce such patterned interfaces is
the deposition of insoluble amphiphilic monolayers on the substrate surface,
according to the well-known approach developed by Langmuir and Blodgett.
Under some specific conditions, deposited monolayers can form not homoge-
neous layers, but well-controlled structured films. Such structured films are
a result of monolayer interaction with the substrate surface and instabilities
developed within the receding menisci. In particular, regular stripe patterns
can be obtained by deposition of charged fatty acid monolayers, which are
formed due to contact line auto-oscillations during the deposition process. In
the previous studies, symmetrical systems were considered, where the mono-
layer is deposited onto substrate surface already covered by the previously
deposited similar monolayer. In this article, we consider asymmetrical con-
figurations, where the monolayer is deposited onto a bare substrate surface.
As shown, the similar mechanism of structure formation is realized also in
this case, but for significantly larger deposition rates.

Hosi pyukimionansui inTepdeiicu 3 KOHTPOJILOBAHOIO HEOTHOPiHICTIO, IO Ma-
I0Th OiUHY PO3AiIbUYy 3HATHICTL Y HAHOMETPOBOMY HisilIa30Hi, MAIOTh BEJINKE
3HAUEHHSA IJIA 0araTbox IIePCIeKTUBHUX 3acToCcyBaHb. OOHUM 3 HAHIIPOCTIIITNX
crocobiB oZiep;KaHHA TAKUX BiseDYHKOBUX iHTepdeiiciB € HaHECEHH HEPOSUMH-
HuX amM@idiJIbHEX MOHOIIIAPIB Ha MOBEPXHIO IMiAKJIaANHKM, 3TigHO 3 H0Ope Bi-
IOMUM IIigxomom, po3pobienum Jlenrmopom i Biaomxerr. 3a meBHUX YMOB Ha-
HeceHi MOHOIIIapH MOXKYTh YTBOPIOBATH He OJHOPiAHI IIapu, a JoOpe KOHTPO-
JBbOBaHI CTPYKTypoBaHI miaiBKu. Taki cTPYKTypoBaHi IJIiBKH € pPe3yJbTaTOM
OHOIITaPOBOI B3a€MO/il 3 TOBEPXHEIO MiAKJIAAUHKY Ta HeCTabiJIbHOCTH, I10 PO-
3BMBAETHCA B MeyKax BiAcTymaioumx MeHicKiB. 30KpeMma, peryJsapHi cMyrosi
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MaJIIOHKHM MOYKHA OHEPKaTH IILJISAXOM OCAMKEHHSA 3apPAKEeHNX MOHOIIIAPIB M-
PHUX KUCJIOT, AKi yTBOPIOIOTHCA BHACJIIOK aBTOKOJIMBAHb KOHTAKTHOI JiHil B
mmpolieci ocam:keHHA. ¥ MOIEpeIHiX MOCTiIMKeHHAX PO3TJIANANINCT CUMETPUYHIL
CUCTEMU, JIe MOHOIIIAP HAHOCUTHLCA Ha IMOBEPXHIO IMiKJIaIUHKMU, BXKe IOKPUTY
TomepesHb0 HaHEeCeHUM HOAiOHUM MOHOIIIApOM. ¥ ITiif CTATTi MU PO3TJIAIAEMO
acuMeTpuuHi KoHGpIrypailii, KoJ1 MOHOIIIap HAHOCUTHCA HA T'OJIy IIOBEPXHIO ITi-
nraaamaku. [TokasaHo, 1110 mogiOHU MexaHi3M (hopMyBaHHA CTPYKTYPHU peaJri-
30BaHO i B I[bOMY BUIIAIKY, ajie JJId 3HAYHO OiIBIIMTKUX IITBUAKOCTEH ocasKeHHA.

Key words: Langmuir—Blodgett films, charged amphiphilic monolayers,
nanostructured coatings, concentration polarization, patterned films, me-
niscus instability, lateral resolution.

Karouosi ciosa: miaisku Jlenrmopa—Biaogkerr, sapamxeni ampidpiabuai mMo-
HOIIIap¥, HAHOCTPYKTYPOBaHI MOKPUTTA, KOHIEHTPAIliliHA TOJAPU3aIlid, Bi-
3epPYHKOBI IIJIiBKY, HECTiHiKicTh MeHicKa, 6iuHAa pO3Aiabua 3AaTHICTS.

(Received 6 December, 2019 )

1. INTRODUCTION

Monolayer and multilayer coatings obtained by the transfer of films of
insoluble ionic surfactants or polymers by the Langmuir-Blodgett
method are widely used: from optical lens coating, to nanostructured
coatings for various applications [1, 2]. It was shown recently that the
Langmuir—Blodgett method is a convenient way for the fast and cheap
production of regular nanostructured coatings with a lateral resolu-
tion in the nanometer length scale over macroscopic surfaces [3, 4].

During the fabrication of such films by deposition of charged mono-
layers, the ions transfer processes between the bulk solution and the
three-phase contact line region play an important role [5—9]. In partic-
ular, insufficient rate of such ions transfer sets a limit for the maxi-
mum possible rate, at which a stable homogeneous film is deposited on
the substrate surface[2, 8, 9].

In Refs. [8, 9], we performed a detailed simulation of the process of a
film transfer to the surface of a substrate covered with a previously
transferred monolayer. The presence of an already deposited monolay-
er at the substrate surface allowed assuming the charges of both me-
niscus surfaces to be the same, and the potential distribution to be
symmetrical relative to the meniscus middle plane. This reduced the
number of independent parameters and, thus, facilitated qualitative
analysis of the results. Nevertheless, even for multilayer coatings, it is
important to find the conditions for obtaining a homogeneous first
layer, since defects (heterogeneity) of the first layer can affect the
formation of subsequent layers, causing heterogeneities of the depos-
ited film as a whole. In the case of the first monolayer deposition, it is
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necessary to deal with the meniscus, where the liquid—gas interface
and liquid—solid interface have substantially different charges. Based
on the above, here, we focus on the redistribution of ions in the menis-
cus with different surfaces during the transfer of a Langmuir mono-
layer (Langmuir wetting process).

2. MATHEMATICAL MODEL

The considered here system is schematically shown in Fig. 1, a. The
amphiphilic monolayer film preformed on the aqueous subphase (elec-
trolyte solution) is transferred to a clean hydrophilic substrate surface
that moves uniformly out of the solution with a speed v,. If the trans-
fer ratio is close to unity, the monolayer at the subphase surface moves
towards the contact line with an approximately same speed. At the con-
tact line, the molecules forming the film attach by their hydrophilic
groups to the hydrophilic substrate surface. The liquid meniscus forms
a contact angle 0 with the substrate surface (‘zipper angle’ [10]), which
decreases with the increasing speed.

The insoluble ionogenic surfactant molecules interacting with water
can dissociate on the surface-active ions remaining at the solution sur-
face and the counterions forming a diffuse layer near the surface. The
partially dissociated ionogenic groups of the surfactant form a charged
film on the solution surface with a surface charge density . The mag-
nitude of this charge is determined by the specific dissociation-
recombination reactions, which depend on the ionic composition of the

a b

Fig. 1. Scheme of the monolayer transfer by the Langmuir—Blodgett method:
Fig. 1, a (left)—the monolayer is deposited over the bare substrate surface
(asymmetrical configuration); Fig. 1, b (right)—the monolayer is deposited
over the previous monolayer (symmetrical configuration).
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electrolyte solution close to the surface.

We assume here that the substrate surface remains not charged be-
ing in contact with the solution, i.e., only one meniscus surface is
charged. This situation is different from the previously considered
case[8, 9] of symmetrically charged meniscus surfaces shown in Fig. 1,
b, where the substrate surface is covered by a similar amphiphilic mon-
olayer film with the same surface charge density.

Let us consider in more detail the mechanism of charge formation on
the example of a film of arachidic acid on the surface of a mixed elec-
trolyte solution of CdCl, and HCIl. The solution contacting with the
film contains hydrogen cations H, cadmium cations Cd*", and chlorine
anions Cl. Hydrogen ions can bind to free carboxylic groups of ara-
chidic acid anions A™, forming neutral molecules of undissociated acid
HA. The corresponding equilibrium reaction equation is

Xy = Ky X, CL. (1)
Here, X, and X, are the surface densities of dissociated and non-

dissociated ionogenic groups, respectively, CfI+ is the concentration of

hydrogen ions in the solution immediately adjacent to the film, K is
the binding constant of hydrogen ions, which further below is assumed
to be equal to 65.4 m®/mole[11].

Two possible assumptions about the stoichiometry of complexes
formed by bivalent (e.g., cadmium) cations with fatty acid molecules
can be made according to the literature [6, 11]. In the first type of
complexes, one cadmium ion can bind with one ionogenic group at the
surface, forming a positively charged complex, according to the equa-
tion

X K. X C* (2)

cdar e 4o 0

where X is the surface density of the positively charged complexes,

cda*
Cg o is the local concentration of cadmium ions in the solution imme-

diately near the film, K4, = 0.0155 m®/mole is the corresponding reac-
tion constant. In the second case, one cadmium ion can bind to two dis-
sociated groups, forming a neutral complex

Xow, = Kewo (X, ) €5, (3)

where X, is the surface density of the neutral complexes, and the

corresponding reaction constant is K.y, = 25000 m®/mole®’. We will
consider here the both possibilities separately. One can also assume
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that charged complexes (Eq. (2)) and uncharged ones (Eq. (3)) are
formed simultaneously. However, the results under this assumption
differ insignificantly from those accounting only for the positively
charged complexes, and they are not considered here. We assume that
the chemical reactions at the monolayer surface are sufficiently fast,
so that Eqgs. (1)—(3) are applicable also under dynamic conditions.

In our model, we assumed also that in the process of film deposition,
the total number of the surfactant groups (both the free ones and those
included in complexes of different nature), X, = 8.3-10° mole/m?, does
not change[11], that is,

X, =X, + Xy +2Xqy, + X, - 4)

Since some of the surfactant ionogenic groups are in a charged state,
the surface has a charge whose density o is equal to

c=F(X,, -X,), (5)

where F =96486.7 C/mole is the Faraday constant. Due to the interac-

tion with the charged film, the actual concentrations of ions near the
surface are different from their concentrations in the bulk solution

CC 2o CH+ and CCI, , where the electroneutrality condition holds

C, =C, +2C,,. . (6)

During the film deposition process, the distributions of ions deviate
from their distributions under equilibrium conditions, and the ion
flows occur in the system. However, if the contact angle 0 is small, the
local thickness of the meniscus near the contact line is much smaller
than its height. Therefore, at real deposition rates, the local equilibri-
um in each meniscus cross-section establishes much faster than along
it. This allows us to model each segment of the meniscus as a locally
flat and being in a state of local quasi-equilibrium [12]. This quasi-

equilibrium can be characterized by the concentrations CC P CH+ and

C,, of the ions in an imaginary (virtual) electroneutral solution that

might be in equilibrium with the given point of the real solution. Thus,
the virtual ion concentrations remain constant in each meniscus cross-
section, although they vary along the thin solution film formed be-
tween the substrate surface and the surfactant monolayer (Fig. 1). In
this case, the actual ion concentrations are determined from the quasi-
equilibrium relationships[12]

C, = C exp(-z,F¢/(RT)), (7
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where z; is the ion charge, ¢ is the quasi-equilibrium electric potential,
R =8.31434 J/(K-mole) is the universal gas constant, and T is the abso-
lute temperature, assumed here to be 298.15 K for the purpose of mod-
elling. In the equilibrium state (before the substrate begins to move),
the virtual concentrations of all ions in the meniscus are equal to the
specified concentration of ions in the bulk solution. For the model cal-

culations, we chose the bulk concentration of cadmium CCd2+ =0.25

mM/dm® and hydrogen C,. =0.0025 mM/dm’ that corresponds to

pH =5.6. This is close to the experimental conditions, for which the
stripe patterns formation was observed in [13].
The distribution of quasi-equilibrium potential ¢ in each meniscus
cross-section is described by the Poisson—Boltzmann equation
a2 F _2F¢ _Fo Fo
dxdz’ - _;(2%2& R oC e R -C e |. ®)
0

The surface charge density, Eq. (5), determines the derivative of the
potential at the boundary of the meniscus with the surfactant film

%

el T 9

x=2h 880

where x is the coordinate across the meniscus, A& is the local half-
thickness of the meniscus (0 < x < 2A, Fig. 1). Equation (9) is a bound-
ary condition for Eq. (8). The second boundary condition should be
written for the clean substrate surface, which is not charged:

do

| =0. (10)

x=0

During the deposition process, the surfactant monolayer and the
substrate surface move with approximately same speed towards the
contact line, producing a hydrodynamic flow in the solution. The de-
posited film is dry, i.e., water is practically not removed from the solu-
tion by the moving substrate. Therefore, in a steady deposition pro-
cess, a counter-flow of the solution should occur in the middle part of
the meniscus between the substrate and solution surface. In lubrica-
tion approximation, such hydrodynamic flow can be described by the
equation

3x(x —2h)
v=0,|1+ oz | (11)

According to this equation, the fluid velocity is equal to v, at the sub-
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strate surface (x = 0) and at the solution surface (x = 24). In addition,
the average volume flow through the meniscus cross-section is zero.

This hydrodynamic flow produces a convective transfer of the ions,
which are non-uniformly distributed within the diffusion layer at the
meniscus surface. Because of non-uniformity of the ions’ distribu-
tions, the purely convective transfer of the ions cannot provide the
continuity of the ion fluxes within the solution near the contact line
under steady-state conditions. Therefore, diffusion and electro-
migration components of the ion fluxes appear in the solution to en-
sure the required continuity of the total fluxes for all ions. This is ac-
companied by appearance of gradients of quasi-equilibrium concentra-
tions in the system, as discussed above.

Thus, the equations for the total ion fluxes through each meniscus
cross-section can be written as

2h FY dc_ 2 Fo FD C_ 2n F¢
Iy =Cy [v(x)etdx — Dy —9 [ edx + a e Ay [errdx, (12)
0 dy RT dy
g, =
2h _F +2h _F FD +C+ 2h  F¢
=0y Xy, +C,. j v(x)e #dx — D, —*= Ie RTdx — A e fldx,
0 dy 0 RT dy )
(13)
2h _2F¢
J o =V (XC(W + XCdAZ) +Cp .[ v(x)e *dx —
0
(14)
21 2F) 2h  2F)
-D . dCCdZJr J‘e_ﬁdx — %d_w e_ RT dx’
“rdy RT dy

where vy is the difference between the actual electric potential and the
quasi-equilibrium potential ¢. The diffusion coefficients in Egs. (12)—
(14) are assumed to be as follow: D =2.04-10° m’/s, D_.=9.84-10"

m?*/s, D, =0.72:10"° m?*/s.

In a stationary deposition process, the total ion fluxes should be con-
stant in each meniscus cross-section. Their values are determined by

the film composition at the contact line (2 - 0): J = 0, I = VX
, and J = Yo (XCOW +XCdA2). At the opposite side of the meniscus
(where it turns in the bulk solution), we assume the concentrations of
ions to be equal to those in the bulk solution. We assume that, far from
the contact line, the mixing in the solution is sufficient to ensure the
uniformity of concentrations.
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3. RESULTS AND DISCUSSION

It is important that the surfactant film is deposited on the substrate
surface in an electroneutral state. This condition is fulfilled due to ad-

sorption of counterions (CC o and CH+ ) at the negatively charged sur-

factant groups in a close vicinity of the contact line (where the surface
potential increases) [11, 12]. This means that the deposited film con-
tinuously removes the counterions from the solution, what leads to a
decrease of their concentrations around the contact line and formation
of concentration profiles in this region. This process is usually called
concentration polarization. The higher is the substrate velocity (or the
lower is the contact angle), the more pronounced is the concentration
polarization in the meniscus, as discussed below.

Figures 2 and 3 show the stationary ion concentration profiles calcu-
lated for different deposition rates (i.e., different v,). The cadmium
ions profiles are shown in Fig. 2, whereas those of hydrogen ions are
presented in Fig. 3 (Figs. 2, a and 3, a are for the case of charged cad-
mium complexes, Eq. (2); and Figs. 2, b and 3, b are for neutral cadmi-
um complexes, Eq. (3)). The results for asymmetrically charged menis-
cus surfaces are compared with those for symmetrically charged sur-
faces. The ion concentrations are presented as a function of the menis-
cus half-thickness %, which is proportional to the vertical coordinate y.
For small contact angles 0, the ions fluxes are proportional to v, /0,
therefore, the ion concentration profiles were calculated for different
ratios v, / 0. For v, =0, the ion concentrations are constant through-
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Fig. 2. Quasi-equilibrium concentrations of cadmium ions as a function of the
local half-thickness h at different ratios: v,/60 =0.005 m/sec (curves 1, 2),
0.01 m/sec (curves 3, 4), and 0.015 m/sec (curves 5, 6). The results for asym-
metrically and symmetrically charged meniscus surfaces are shown by single
lines (curves 1, 3, 5) and by double lines (curves 2, 4, 6), respectively. Fig. 2,
a—a charged complex of one cadmium ion with one surfactant group; Fig. 2,
b—aneutral complex of one cadmium ion with two surfactant groups.
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a b

Fig. 3. Quasi-equilibrium concentrations of hydrogen ions as a function of the
local half-thickness 2 at different ratios: v,/6 =0.005 m/sec (curves 1, 2),
0.01 m/sec (curves 3, 4), and 0.015 m/sec (curves 5, 6). The results for asym-
metrically and symmetrically charged meniscus surfaces are shown by single
lines (curves 1, 3, 5) and by double lines (curves 2, 4, 6), respectively. Fig. 3,
a—a charged complex of one cadmium ion with one surfactant group; Fig. 3,
b—a neutral complex of one cadmium ion with two surfactant groups.

out the meniscus and are equal to those in the bulk solution. When the
substrate moves, the concentrations decrease towards the contact line,
while they remained fixed at the outer boundary of the meniscus.

For a stationary film deposition, it is necessary to ensure that the
number of cations supplied from the bulk solution to the contact line
corresponds to the number of negatively charged ionogenic surfactant
groups, which should be neutralized before their transfer to the sub-
strate surface. The purely convective ion transport is not sufficient for
this. Indeed, since the average fluid flow through the meniscus cross-
section is zero, the convective flux of each ion type appears due to de-
viations of the local concentrations from the average concentrations.
However, the flux of the cations advected towards the contact line near
the interface is partially compensated by the cations advected back
from the contact line in the middle part of the meniscus. Therefore, the
averaged convective flux of the cations in each meniscus cross-section
is smaller than the flux of negatively charged ionogenic surfactant
groups at the surface. Anions, unlike cations, are not included in the
complexes of the film (and are not adsorbed on the substrate surface).
However, their concentration is higher in the middle part of the menis-
cus. Thus, the cross-section averaged convective flux of anions is di-
rected away from the contact line.

There is a significant difference between the cases of symmetrically
and asymmetrically charged meniscus surfaces. In the cases of sym-
metrically charged surfaces, the maximums of the cations concentra-
tions coincide with the maximums of the fluid velocity at the surfaces,
and the minimums of the cations concentrations coincide with the ve-



560 M. P. BONDARENKO, V. I. KOVALCHUK, Yu. B. BORKOVSKA et al.

locity maximum of the back fluid flow in the middle part of the menis-
cus cross-section. For anions, we have just opposite situation, as their
concentration increases with the distance to negatively charged sur-
faces. For asymmetrically charged meniscus surfaces, the minimums
of the cations concentrations and the maximum of the anions concen-
tration are located near the substrate surface, which is uncharged and
moves towards the contact line. Therefore, the convective ions fluxes
(given by the integrals from the products C,v in Eqgs. (12)—(14)) are
much smaller for asymmetrically charged meniscus surfaces than for
symmetrically charged surfaces. It is clear that the convective ions
fluxes for symmetrical configuration will be the upper boundary,
whereas those for asymmetrical configuration will be the bottom
boundary for any other configuration, where the charge of the sub-
strate surface is intermediate between zero and the charge of the sur-
factant monolayer.

As discussed above, the purely convective transport of the cations is
not sufficient to compensate completely the negative charge of ionogen-
ic surfactant groups in the deposited monolayer under stationary condi-
tions. This leads to a decrease of their quasi-equilibrium concentrations
near the contact line (Figs. 2 and 3). On the other hand, the convective
flux of anions is directed away from the contact line; therefore, their
quasi-equilibrium concentration also decreases near the contact line.
The change in local ions concentrations leads to appearance of additional
diffusion fluxes, which supply the cations that are necessary to form
electroneutral deposited film and compensate for the anions removed by
the convective flux from the contact line region. Additionally, the gra-
dient of the electric potential along the substrate and monolayer surfac-
es becomes different from that in static situation. This gradient is nec-
essary to maintain local electroneutrality for each meniscus cross-
section. Thus, the concentration polarization leads to appearance of ad-
ditional diffusion and electromigration ion fluxes, which contribute to
the total ion fluxes (Egs. (12)—(14)). Upon reaching certain changes in
concentrations and electric potential, a steady-state regime is set in the
system, when all components of the ions fluxes are balanced. As the
transferred film does not carry a charge, the total electric current con-
sisting of partial currents of ions is zero for each meniscus cross-section

I=F(J, +2J, —J, )=0. (15)
The decrease of the quasi-equilibrium concentrations of the cations
at the contact line (£ — 0) is determined by the film deposition rate, as
it is seen in Fig. 4. For the same deposition rate, the decrease of the ion
concentrations is less significant for asymmetrically charged meniscus
surfaces than for symmetrically charged surfaces.
The results presented in Fig. 4 show that the counterion concentra-
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a b

Fig. 4. Quasi-equilibrium concentrations of cadmium (curves 1, 2) and hydro-
gen (curves 3, 4) ions at the contact line as a function of the transfer rate. The
results for asymmetrically and symmetrically charged meniscus surfaces are
shown by single lines (curves 1, 3) and by double lines (curves 2, 4), respective-
ly. Fig. 4, a—a charged complex of one cadmium ion with one surfactant group;
Fig. 4, b—a neutral complex of one cadmium ion with two surfactant groups.

tions at the contact line fall down by several orders of magnitude. Re-
markably, the concentration of cadmium ions decreases faster than for
hydrogen ions. With decreasing counterions concentrations, the con-
tact angle also decreases [2, 12]. This complicates the transport of
counterions towards the contact line, because the ratio v,/0 increases.
That means a positive feedback in the system. For certain critical
transfer rate, the adhesion of the surfactant film to the substrate sur-
face becomes not sufficient to expel water from the contact line, and
the water film is entrained by the deposited surfactant film. A strong
dependence of the critical transfer rate on the pH and the bivalent
counterion concentration in the subphase confirms this mechanism [2,
12].

The ratio of cadmium and hydrogen ions in the deposited film de-
pends not only on the ratio of their concentrations in the bulk solutions
but also on the transfer rate. For certain conditions, the composition of
the deposited film can change from the preferably cadmium form to
hydrogen form. If the concentration of hydrogen ions becomes very
small, then, accumulation of hydroxyl ions becomes possible near the
contact line because of the fast removal of hydrogen ions with the de-
posited film. This leads to an increase of the local charge density at the
surfactant film and to violation of the adhesion conditions of the film
to the substrate surface. In this case, the meniscus becomes unstable,
and further stationary film deposition becomes impossible. The exper-
imental data presented in [13] show that the meniscus oscillations are
observed during the deposition of arachidic acid monolayers at a spe-
cific ratio of cadmium and hydrogen ions in the subphase, which are
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close to those in the present study. The experiments also show that un-
der this conditions the deposited films have not a uniform composition
but are composed of alternating stripes of cadmium arachidate and ar-
achidic acid. This effect can be used for obtaining patterned substrates
with the lateral resolution in the nanometer scale length.

Figures 4, a, b show that for asymmetrically charged meniscus sur-
faces the critical transfer rate should be approximately two times larg-
er than for symmetrically charged surfaces. It is also seen that, in the
case of the formation of neutral complex of one cadmium ion with two
surfactant groups, the concentration dependence on the velocity is
slightly lower (and the maximum velocity is slightly higher) than for
charged complex of one cadmium ion with one surfactant group. It is
likely depends on the specific reaction constants.

In Figure 5, the variation of the surface potential with the distance
between the meniscus surfaces is shown for different transfer rates.
Far from the contact line, the distance between the meniscus surfaces
is much larger than the length of the Debye screening, and the electri-
cal double layer formed near the charged surface is not perturbed by
the second surface. However, when the thickness of the meniscus de-
creases and becomes comparable to the screening length, the surface
potential increases (and the surface charge decreases). The potential
increases slower in the case of asymmetrically charged surfaces. With
decreasing meniscus thickness, the potentials at two meniscus surfaces
become closer to each other and become nearly identical, when the dis-
tance between the surfaces is much smaller than the screening dis-

a b

Fig. 5. Dimensionless surface potential as a function of the local half-
thickness % at different ratios: v,/6 = 0.005 m/sec (curves 1, 2, 3), 0.01 m/sec
(curves 4, 5, 6), and 0.015 m/sec (curves 7, 8, 9). The results for asymmetrical
films are shown by single black lines (curves 1, 4, 7) for the monolayer surface
and by single grey lines (curves 2, 5, 8) for the substrate surface, respectively;
the results for symmetrical films are shown by double lines (curves 3, 6, 9).
Fig. 5, a—a charged complex of one cadmium ion with one surfactant group;
Fig. 5, b—a neutral complex of one cadmium ion with two surfactant groups.
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Fig. 6. Surface charge density (in C/m?) as a function of the local half-
thickness h for v,=0. The results for asymmetrically and symmetrically
charged meniscus surfaces are shown by single lines (curves 1, 3) and by dou-
ble lines (curves 2, 4), respectively. A charged complex of one cadmium ion
with one surfactant group (curves 1 and 2), a neutral complex of one cadmium
ion with two surfactant groups (curves 3 and 4).

tance.

It worth noting that for charged complex of cadmium ions with sur-
factant groups the charge of the deposited film turns to zero at a finite
value of the surface potential (Fig. 5, a). In contrast, for neutral com-
plex of cadmium ions with surfactant groups, the surface potential
should infinitely increase to provide the necessary zero surface charge
(Fig. 5, b). The increasing surface potential promotes the counterions
binding to the ionized monolayer groups; therefore, the surface charge
density decreases near the contact line approaching to zero (Fig. 6).

4. CONCLUSIONS

In this study, we considered the specifics of transferring a Langmuir—
Blodgett film to a clean uncharged substrate surface, which is com-
pared to the results for the substrate surface bearing the same charge
as the surfactant monolayer. The counterions that are necessary to
form an electroneutral film are supplied from the bulk solution to the
contact line due to convection, diffusion, and electrical migration
mechanisms. The analysis shows that, in the deposition process, a con-
centration polarization is observed within the meniscus. A decrease of
the quasi-equilibrium concentration of ions near the contact line can
complicate the homogeneous film deposition and can result in a pat-
terned film formation. However, in the case of deposition to an un-
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charged surface, such concentration polarization is less pronounced,
than in the case of deposition to a charged surface, and the transfer of
the film is possible with a higher rate.
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dopMyBaHHA ILUIiBKY PiTUHN HA CTATUYHOMY ILIiBKOYyTBOPIOBAYi

II. €. Tpopumenxo, M. B. Haiiga, O. B. Xomenko

Cymcvruil deprcasHuil ynisepcumem,
ey.. Pumcvrozo-Kopcaxosa, 2,
40007 Cymu, Ykpaina

PosrasanyTo TeopeTHUHi 3acagy IIepPeTBOPEHHS CTPYMeHA PiAWHU B ILIiBKY Ha
moxwJriit miaomuHi. OgepsKani 3aKOHOMiIPHOCTI MOMKYTh OYTH BUKOPUCTAHI AJIA
MIPOEKTYBAHHSA TA BUTOTOBJIEHHSA KOHCTPYKI[If HU3bKOEHEPreTUYHNX (eHepro-
30epiraroumnx) iHTEHCUBHUX PO3IOPOIIYBAJbLHUX IPUCTPOIB, IO CIYKATH NI
CTBOPEHHS BUCOKOPO3BUHEHOI TOBEPXHI KOHTAKTY (Pas y MajorabapuTHUX Te-
IJIOMAacOOOMIHHMX amapaTax. ¥ 0araTboxX TeIlJIOMacOOOMiHHHMX amapaTax IJis
oJlepyKaHHs BUCOKODPO3BUHEHOI Mirk(}asHOI mOBepxXHi Ta HiATPUMKU BHCOKOI
IIBUAKOCTY OHOBJICEHHS OBEPXHI KOHTAKTY (pa3 BUKOPUCTOBYETHCA JUCTIEPT'Y-
BaHHS (PO3MOPOINEeHHA) TOHKUX ILTIiBOK piguHu. PeTeslbHe BUBUEHHA CIOCOOiB
OoJlepyKaHHsA TOHKUX IJIiBOK 3 IPUHHATHUMU AJIS IIPOMUCIOBOCTY XapaKTepu-
CTHKaMH’ Ta CIOoCcObiB SKiCHOro AucCIIepryBaHHSA iX 3a MiHiMaJIbHOTO eHepro-
CIIOJKMBaHHSA He BTPATUJIO CBOT'O 3HAUEHH 1 B Han1 yac. [1a HusbKoeHepreTu-
YHOTO0 (eHepro3depirawuoro) AuciepryBaHHs piguHu il Tpeba CIIOYaTKY IepeT-
BOPUTH B IJIiBKY 3a MOKJIMBOCTU MiHiMaJbHOI TOBHIMHU, OCKIIBKY TiJIBKU B
TaKi#l mIiBIi HABITH B3araJi-To He3Ha4YHi 3a a0COJIIOTHOIO BEJIMNUYNHOIO, BUKJIN-
KaHi 30BHINIHIM BILIMBOM, TYypOyJIEeHTHI QIOKTyaIii MOXKYTEb IIPOHU3YBaTH il
HACKpidh, i TMM caMMM BOHH MOKYTHh 3YMOBJIIOBATU ITPAKTHUYHO MUTTEBE,
Maii;Ke MHUMOBiJIbHE AMCIEepPryBaHHA (PyHHYBaHHA) pigkoi miaiBku. OcHOBHe
TeopeTUYHe 3aBIaHHS BUPIiIIeHHA Iiel mpobaeMu — BuOip TakuX KOH(pirypa-
1i#l IIiBKOYTBOPIOBAUiB i pesKuMiB iXHBOI po6OTH, 38 AKUX CUJIH, 110 AiIOTh Ha
TOTiK PifuHY i AKi BUBHAUAIOTH Ii AUCIepr'yBaHHs, BUKOPUCTOBYBaIM O MiHi-
MaJIbHY KiJIbKicTb eHeprii, aje omHouacHO HAalibijabIl eeKTHUBHO Aifau 0 Ha
TIEPETBOPEHHS OyIb-AKOI (OpMHU PifKOTO CTpyMeHs B TOHKY ILIiBKYy. Hamwm
OOI'PYHTOBAHO IIPOCTi KOHCTPYKIII MPUCTPOiB A/ ofep:KaHHS IIJIiBOK PiBHO-
MipHOI TOBIIMHHN i3 HEOOXiZHOMIO [OJA HPOMUCIOBOCTH InupuHOoio. OcCHOBHA
imesi, sakJazeHa B IPUHIMI POOOTU CTATUYHOTO ILIiBKOYTBOPIOBAaYa, OVIKE
npocra. HavirpocTimmuii 3 TaKUX IPUCTPOIB — CTATUYHUH MJIACKUWH IJIiBKOYT-
BODIOBAY.

The theoretical foundations of converting a jet of liquid into a film on an in-

clined plane are considered. The obtained patterns can be used for the design
and fabrication of structures of low-energy (energy-saving) intensive spray
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devices, which serve to create a highly developed phase-contact surface in
small-size heat—mass-exchange devices. In many heat—mass exchange appa-
ratuses, to obtain a highly developed interfacial surface and to maintain a
high rate of renewal of the phase-contact surface, dispersion (spraying) of
thin liquid films is used. A thorough study of both methods for the fabrica-
tion of thin films with industry-acceptable characteristics and methods for
their high-quality dispersion with minimal energy consumption has not lost
its significance in our time. For the low-energy (energy-saving) dispersion of
a liquid, it must first be turned into a film of the smallest possible thickness,
since, only in such a film, even turbulent fluctuations insignificant in abso-
lute value caused by external influence can penetrate it through, and there-
by, they cause almost instantaneous, closed to spontaneous dispersion (de-
struction) of the liquid film. For the low-energy conversion of any form of the
initial liquid jet into thin films of uniform thickness, it is necessary to choose
such constructions of film formers, in which forces appear that ‘flatten’ a jet
into a film, and for the occurrence of which, it is necessary to supply as low
energy as possible. Gravitational forces and any other forces or their compo-
nents, which are perpendicular to the velocity of fluid flow, are low-energy-
consuming ‘free’ forces. According to the definition of work, forces directed
perpendicular to the speed of movement of the body do not perform mechani-
cal work, but they can most actively influence the processes of formation of
thin films. Among such forces in rotating nozzles, the main role is assigned,
as we shall see, to the Coriolis forces and forces arising from the components
of centrifugal inertia forces. The main theoretical task of solving this prob-
lem is the choice of such film-forming configurations and their operating
modes, under which the forces acting on the fluid flow and which determine
the dispersion of the liquid, would use the minimum amount of energy, but,
at the same time, would most effectively influence the conversion of any
form of a liquid jet into a thin film. We have justified the simple design of
devices for the fabrication of films of uniform thickness at the required
width for the industry. The basic idea underlying the principle of operation
of a static film former is very simple. The simplest of these devices is a static
flat-film former.

KarouoBi cioBa: pimmaa, miaiBKa, CTpyMiHb, AUCTIEPTYBAHHSA, IIJIiBKOYTBOPIO-
BaY, TypOYyJIeHTHiCTb.

Key words: liquid, film, jet, dispersion, film former, turbulence.

(Ompumano 11 ciyna 2020 p.; nicas doonpayrsarnns — 8 aromozo 2020 p.)

1. BCTYII

OcHOBOIO ycmimHOi PobOTH OYAL-AKMX TEeXHOJIOTIYHMX TeIlJIoMacoo00-
MiHHUX IIPOIlEeCiB, ABUII IIepeHECeHH A TellJia Ta Macu € OJeP:KaHHsA BU-
COKOPO3BMHEHOI MOBEPXHI KOHTAKTY (pas3, a TAKOK CTBOPEHHS Ta ITiAT-
puMKa yMOB AJs1 30eperKeHHsS MAaKCHMAaJIbHOI ITBUIKOCTH OHOBJICHHS
Iiei MOBEePXHi YIPOAOBIK BChOT0 yacy Baaemonii das [1, 2]. ¥ OaraTrox
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TEIJIOMaCOOOMIHHMX amapaTax IJsS OJePKaHHS BICOKOPO3BUHEHOI Mi-
sK(pas3Hol MOBEPXHI Ta MiATPUMKMN BHCOKOI IMIBUIKOCTH OHOBJIEHHS IIO-
BepPXHi KOHTAKTy ()a3 BUKOPUCTOBYETLCS AUCIIEPI'yBAHHA (PO3IOPOIITY-
BaHHA) TOHKUX ILTiBOK pigunu [ 2].

Yomy came iimeThbcsa MOBa IIpo ToHKI miuiBku? [[as Bixmosini Ha e 3a-
OUTAaHHS] IIPOAHAJIi3yEMO OCHOBHI IIPOIECH, IKi CYIPOBOIKYIOTh IIEPET-
BOPEHHSA PiIVHY B KpaTLiIi.

IIpuninun poboTu O6yAL-AKOr0o AucIepraTopa pifuHu (PO3mIOpPOITyBa-
Ya) € HaCTYIHUM: He3aJIe;KHO BiJf KOHCTPYKIIii posmopoiryBaua, B HOTO
HaIXOIUTh CYIiJbHA PiAWMHA, a IIiCJSd HPOIlecy PO3IIOPOIINEHHS BOHA
3HAXOAUTHLCA BiKe B JUCIIEPI'OBAHOMY KaIlJIeIlofi0HOMY CTaHi.

2. IIOCTAHOBEA ITPOBJIEMU

s OqHOSHAUHOCTY MOAAJBININX MipKYBaHb BBEIEeMO IIO3HAUYEHHSA OC-
HOBHUX IIapaMeTpiB, II[0 XapaKTepUu3yIOTh PO3TJIAAYBaHI IIPOIECH.
06’emua BuTpara pizuau @ [M®/c], Mo Teuye y BUrIALL IIiBKM, JOPiB-
Hio€ [3—T7]

Q = ubh,

e u, — cepeHsa MIBUAKICTH IJIiBKU PiIMHU MIOAO ILIiBKOYTBOPIOBaUa
yepe3 HOpMaJbHUU Iiepepis [M/c], b — mmumpuna miaiBku [M]; & — TOB-
muHa mriBky [M]. MiniMaabHa DOTYKHICTE Ng, AKY HEe00XiZTHO HAZaATH
pizuHi 134 nepeMmineHHsa I yepes AuUcHepr'yBaJbHUI IPUCTPii, ZOPiB-
HIOE KiHeTWYHi#N eHeprii, 110 BUTpPAaYaeThbCsA B OAUHUIIO Yacy Ha Iepe-
MillleHHA PiAUHT 0 KPOMOK po3mopoiliryBaua [3—7]:

1 s 1 9
N, =—pQu° = =pbhuu”.
K ZPQ 5 Pohu,

Tyt p — ryctuna pigusu [Kr/m°], u — abcosoTHA MBUAKICTE PiWMHY B
MOMEHT cX0Ay ii 3 KpoMoK posmnoporrryBaua [M/c]. Ilicaa cxony pigunu 3
KPOMOK POS3IIOPOIIyBaua ifi JOJATKOBO IIOTPiOHO HAZATH €Hepriio mJisd
IPOIlecy PO3MOPOIIEHHs, MiHIMyM K01 HOpiBHIOE I'eILMTOIBITOBIN Bi-
JbHIN eHeprii, HeoOXigHiN AJA CTBOpPEHHS 3arajibHOI IIJIOIIi IOBEPXHi,
YTBOPEHOI KpallJIAMU PiAnHHT, i 1 B3acMHOI TypOyJIisaIlii moTokiB Ko-
HTakTyBaJbHUX (as. IloryxkHicTh Ny, IIT0 BUTPAYAETHCA HA CTBOPEHHS
BisIbHOI ITOBepXHi pignHM, 3a 3aKOHOM 30epesKkeHHs eHeprii [8—11] xopi-
BHIOE
60@
NF = d ’
K

ne 6 — koe(dinieHT moBepxHeBoro HaTary pizunu [Ix,/M%], dx — cepen-
Hifl gismerep Kpamenb piamuu [M]. KoedimienT KopucHoi aii 1 6yab-
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AKOTO AUCIIepraTopa PifuHU JOPiBHIOE BiTHOIIIEHHIO KOPUMCHOI YaCTHU
eHeprii, To0To eHeprii, 1110 BUTPAUYAETLCS AJISI CTBOPEHHS IIOBEPXHi KOH-
TAKTYy i Ha TypOyJaisaItiio ¢pas, 40 Bciel eHeprii, 110 BUTPAYAETHC:

Ie Np — KOopuCHa IOTYyXKHicTb, N, — ycsa (IIOBHA) IIOTYKHIiCTb, IO BU-
TpavaeThbCcsAa Ha POOOTY JucIiepraTopa.

IloBHaA moTy:KHiCTH, HE3aJIEKHO BiJf Ty KOHCTPYKIIiI posmoporry-
Baya, CKJIAJAETHCA 3 MOTYXKHOCTH N, III0 BUTPAYAETHCA HA TPAHCIIOP-
TYBaHHA PiAVHM A0 caMoro Buxoxy ii 3 posmopoIiryBaua, Ta Ny — IIOTY-
JKHOCTH, III0 BUTPAYAETLCA Ha BCilAKi BTpaTu uepes TepTd (B Tpydax,
MexaHismax i T. iH.). [lo nux ckaamoBux HeoOximuo momatu N,,, — IIO-
TY:KHICTb, AKa HeoOXimHa AJIs IepeTBOPEHH PifnHu B MeTacTabiIbHMI
cTaH, i Ny — MOTYKHIiCTh, SKa 0e3I0CepeIHbL0 BUTPAUAETHCA HA 30iJb-
IIIeHHS IOBEePXHi KOHTaKTy (has.

3MeHIITyBaTH €Hepriio IIpu AUCHepryBaHHI piimHM MOKHA 3a paxy-
HOK CKJIaJoBuXx eHeprii N;, N,,, i B HedHauHil Mipi 3a paxyHOK Ny . Teo-
PETUYHO CKJIAAOBY N, MOKHA 3MEHIITYBAaTHU O 30BCiM MaJinX 3HAUEHbD.
[ 1boro Tpeba sSMeHIITyBaTH CKJIAAOBI IBUAKOCTEH U i u, piguau. du-
CIIepraTopu 3 TAKUM CIOCOOOM PO3IOPOIIIEHHS PiAUHY € — IIe eJIeKTPU-
YHi ¥ yIBTPa3BYKOBIi gucnepraropu [2, 4, 5]. IlIBuakicTs nepemitneHHs
piguau y HUX He Bimirpae icrotHoi posi. Tomy BuTpaTu emeprii HeoO-
XigHi TIMBKM AJA moAAYi piAuHM M0 MicIld PO3IOPOIIEHH, a e — B3a-
raJi-to HedHauHa BeanunHa. OgHOYACHO B TAKMX PO3IOPOIITyBadyax BHU-
TpadyaeThCs He3HAUHA KiJbKicTh eHeprii i Ha TypOyJeHTHY CKJIALOBY
IIOBHOI ITOTYKHOCTU N, -

IloBepxHsa KOHTAKTY (pas3, YTBOPEHA KPAILIIMU PO3IOPOIIIEHOI pimu-
HU, 00epHEHO IIPONOPIliiiHA cepeIHBFOMY PO3Mipy Kpamesb [2, 9, 12]. ¥V
CBOIO Uepry, i uac po3IOpOoITyBaHHA IIJIIBOK PiIMHU cepemHiill misme-
Tep Kpameib IPOIMOPIiAHNNA TOBIIMHI / PO3IOPOIIyBAaHOI IIIiBKHY pigu-
Hu [13, 14]. Tomy ana 3gificHeHHSA HU3bKOEHEPTETUYHOTO BUCOKOSAKIiC-
HOT'O Ta BEJIMKOTOHHAYKHOTO HTPOMMCJIOBOTO KOHTAKTHOTO PO3MOPOIITY-
BaJIHOTO TeIIJIOMAacOoOOMiHYy HeoOXiZHO ofep:KyBaTH B MOTPiOHIN Kijab-
KOCTi Ta 3 HaMEHIITMMY BUTPATAMU eHeprii cTifiki pifuHHI NJIiBKHU He-
00xigHOI Ta cTabiIBLHOI TOBIMHMY i 3a MOMKJIMBOCTY IMUPIIi. 3 IUX Mip-
KyBaHb BUILJIMBAE, M0 PeTeJbHEe BUBUEHHS CIIOCOOIB OJep:KaHHSA TOH-
KX ILIiBOK i3 TPUUAHATHUMHA AJIA ITPOMUCIOBOCTHA XapaKTePUCTUKAMU
Ta CIIOco0iB SKiCcHOrO AucHepryBaHHA iX 3a MiHIiMAaJIbHOTO €HeprocIo-
KMBaHHA He BTPATUJIO CBOTO 3HAUEHHS i B HAIIT Yac.

3. PO3B’A3AHHA ITPOBJIEMH

[ oOTpyHTYBaHHSA NMIJIAXiB BUPINIIEeHHS ITOCTABJIEHOI MpobeMu HeoO-
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XiTHO cCKOpHUCTaTHCA SHAHHAM (DiBMYHUX BJIACTUBOCTEHN PiinH i BiAIOBi-
IHUMU Timore3amu. Bruepite Ha 1110 mpobiemy 3BepHYB yBary K. Bycci-
Heck [10, 11, 15-19]. 3a iioro MPOrHO3HUM YABJIEHHAM piguHa CKJIaaa-
€ThCA 3 OKPEMUX MiKpP000’eMiB, Misk AKMMU € mopoKHeui (mipku). Typ-
OyJIEHTHUII CTaH PyXy PiAWMHYM 3yMOBJIEHO Iepemavero eHeprii He Bcieio
piguHOIO, a OKpeMUMU 00’ eMaMu BCepeanHi pignun. I3 BUKOpuCTaHHAM
HOHATTA (QJIOKTyaliii TypOyJIeHTHICTh IIOB’sS3aHA 3 BUHHUKHEHHAM
GIIOKTYyAaIlill ITBUAKOCTEHN, I'yCTUH (KOHIIEHTPAIIil YaCTUHOK), PO3MipiB
CTPYKTYPHUX €JIEMEHTiB PiAuHMT i T. iH. 3a CyuacHUMHU YABJICHHAMH IIe-
pBUHHI myabcallii MIBUAKOCTEH MOMKYTH MATH MAacInTabd, AKuil MakcHu-
MaJIbHO JOIIYCTUMUM AJIA JAaHOTO CIIOCO0Y PYXY pPiguHM.

T'imoresu Byccimecka Hagairi pospunynu Peiitnoabac, Ilpanaras, Jla-
HOay, JleBud Ta immi[10, 11, 15-19].

3okpeMa, Jlangay Ta JleBuu BUCYHYJIU TillOTe3UW, AKi JaJau MOMKJIM-
BiCcTh B JeAKUX BUIIAJKaX OJEPKaTH KiJbKicHI BUpasu AJIA OCHOBHUX
GIIOKTYBaJIbHUX BeJIUUMH — JiHIHHUX pPo3MipiB mysabcaniil i mysabca-
it mBugKocTeil. CYTHiICTh IUX ImepeayMoOB, MOAM(iKOBAHUX HAMU IJIs
BUIIAAKY PYXY PiAMHU II0 TBEPAiH MJIACTHHI — ILIiBKOYTBOPIOBAYY, IIO-
JISITAa€ B HACTYITHOMY.

IIpu pyci merkommHEUX PigvH (PIAUH TUIY BOAM) AK Y JaMiHapHO-
MYy, TaK i B TypOyJeHTHOMY peKUMaX y MiCIlAX 3iTKHEHHA piAuHU 3
TBEPAOIO0 MOBEPXHEI0 YTBOPIOEThLCI MekoBuit miap [9, 15, 20—-22]. Ha
BiIMiHy Bij JaMiHapHOTO PEXKHMY IIPH TypPOYJIEHTHOMY PEXKUMI PyXy
piguHYy el TOHKMUM MeXKOBUH Iap PiAuHMN B:Ke He € JaMiHApHUM — B
HBOMY HABITH ITOOJM3Y caMoOi TBEpPAOi IMOBEePXHi MOYMHAIOTL BUHUKATHU
TypOyJIeHTHI myabcallii IMBUAKOCTH Au, AKi mepemaroTbeA CyCimHiM
00’emaM pigmuu Ha meBHY Bigmaas L [9, 10, 15]. ¥V pasi, Koau miiBka
Mae He3HaUHY TOBIIUHY, (DIIOKTyaIlil MOIINPIOIOTLCS Bil TBEpAoi mIoBe-
PxXHi 10 BibHOI OBepXHi pigumHM. ¥ pesyabTaTi TAKMX IIPOIECiB KiHe-
MaTHUUYHA Ta JUHAMiuHa B’A3KOCTi pifMH MAIOThL iHI 3HAUYEHHS, HiXK B
pasi mamimapsoro pyxy. Ilosmaunmo KoediiieHTn B’SI3KOCTH B I[LOMY
BUIIAJKY Uepes V,,, [M°/c] i u,,, [[Ta-c].

Bennunau TypOyeHTHOI KiHEMaTHUUHOI B’ IBKOCTH V,,,, 1 TYpOyJIeHT-
HOI AMHaMiuHOI B’ ABKOCTH Ll,,,, MOKYTh OyTU BUSHAUEHi 3 MPUNYIIeHHA,
110 eHeprifd, AKa HaJaeThCA PiguHi, BUTPAYaEThCA B OCHOBHOMY Ha 30y-
IKeHHSA BeJINKOMACHITA0OHUX JiHiHHNX (urokTyariii. Taki pospaxyuku
HaBemeHO B[15]:

ou _,

turb — turb =a aL > Mewre = PVeurs *

Vo = AuLza—uLL , V
oL
Mexaniume TypOyJeHTHe HATIPY KEeHHSA TePTA T,,,, BUBHAYAETHCA CTAa-
HIapTHUM cimiocobom 3a HpIOTOHOBHMM 3aKOHOM B’A3KOTO TepTs [6—8,
18]. B nmpromy BuMmaaKy r'pafi€eHT MIBUAKOCTH OepeThbcs PiBHUM BigHO-
IIeHHI0 3MiHU IIBUJKOCTH Ha Biagasi jixifiHOTO po3mipy GarorTyarii
IO po3Mipy (hyIroKTyarrii:
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2
F Au ou
Tturb = E = uturb (Tj = ap L2 ﬁ .

3 IuX IPUITYIeHb 3BHAXOAUTHCA BeauurnHa QoK TyaIii v, IBUIKOCTH!:

Tturb

U, = .
pa

Tyt L — ninitiaui posmip (MacmiTab) uokTyalliii, oo — Koediiieur,
III0 BPaXOBY€ HEPiBHOMIipHicTh posmomisy eHeprii Mixk miHmiiHMMHT
duaorryamiamu (o=0,17 [9]). IIix L y TypOyjieHTHOMY pesKuMi B pasi
PYXy TOHKOI PigKoi ILIiBKM IO IJIiBKOYTBOPIOBAUY 3 BEJIHUKUM HaOJIM-
JKeHHAM [0 iCTMHHOI KapTHHU MOKHA IPUUHATH TOBIUHY A TOHKOI
IUTiBKM. 3 IIUX PiBHAHD BUILJIKMBAE, IO UMM MEHIIIe TOBIIMHA A IJIiBKH
pigumHM, TUM CHUJIBHIINII BigfHOCHI (IOKTyAaIlil MIBUAKOCTY Ta BiAmoBimmHi
TypOyJIeHTHI HAIIPYKeHHSI BUHUKAIOTh Y HilA.

BunukHeHHA OONMCAHUX IIPOIECiB y IJIIBKAX 3YMOBJIIOE ITOPiBHAIBHY
JEeTKiCTh PO3PUBY CYIIiJIBLHOI TOHKOI IJIiBKY piguuM, TOOTO ii ApobIeHHs
(mucmepryBaHH:A). I 1110 He MeHIII BaXKJINBE, 1[0 BUHUKAIOUi TypOyIeHTHi
HaOpy:KeHHs 30yAKYIOTh BCe OiIbINI BeIMKOMAacIITa0Hi (GroKTyarlii e
TiTBKY CePeaHbOI IIIBUAKOCTH, ajie if IPOCTOPOBI (PJIIOKTyaIlil KOHIIeHT-
paiii 4aCTMHOK, II0 CYIPOBOIKYIOTHCA YTBOPEHHAM MOJATKOBOI KiJb-
KocTH (PIIOKTYBaJbHUX MYCTOT — MipoK. Bunmkaioui gipku, K i 0yan-
AKi IMOPYIIeHHS CTPYKTYPH PiANHN, HEe3aJeKHO BiJ MOXOMKeHHS X mif
BILIMBOM TYPOYJIEHTHOTO HAIIPYKEHHS 30iIbIITYIOTHCA 10 MiKpPOKAaBepH,
HOPOKHUH, AKi IPOHM3YIOTHL BCIO TOBINY IIiBKM. CamMe Taki mpoiecu
IepeBOATh PiAMHY B MeTacTaOiIbHui cTaH. AJle I 30y :KeHHS BeJIu-
KoMacIITa0OHUX IIyJIbcaIliii HeoOXimHO 3aTpaTuTu eHepriio. K Bigomo
[6—8], enepria B oguHUIi 00’eMy pisuau abo rasy BU3HAYAE HAIPY KEH-
Hs, III0 BUHUKAE B HUX (B0OKpeMa THCK). ¥ CBOIO UepTy, KBagpaTaMu ao-
COJIIOTHUX BEJUUYUH JiHIHHMX PO3MipiB (PIIOKTyaIlifi IMIBUAKOCTU BU-
3HAYAETHCS €HEeProcIoKuBaHHA [6, 7, 15]. 3Bigcu BumInBae BUCHOBOK
PO Te, IO AJA eHeprosdepe:KeHHsa TP JUCIepIyBaHHI pigue Heooxif-
HO BUKOPHWCTOBYBATU TaKi BUAM PYyXy Ta IIePETBOPEHHS IIOTOKiB pigmH,
B AKUX a0COJIOTHI MaKcUMAaJbHI po3Mipu myJabcalliii 0yau 60 MiHiMasb-
HuUMHI. A 11e, Ha mificTasi momepeaHiX MipKyBaHb, MOYKJINBE TiIILKHU B TO-
HKUX ILTiBKaX.

Arx Bimomo, pigmHa 3a CBOEI0 CTPYKTYPOIO MPOSBJAE BJIACTHUBOCTI
Kpucramiuamx Tin[1, 6, 8, 9, 17, 20—23]. 3 Teopii pyitryBanHs [10, 24]
BijoMo, 1110 OyAb-aKa JedopMallisa miciida IeBHOTO 'PaHNYHOTO KPUTHY-
HOrO 3HAUeHHs BimOyBaeThCs MMMOBLIBHO Maiiyke 0e3 eHeproCIIO:KU-
BaHHA. OCKiTbKY pifMHA MIPOABJIAEC KPUCTAIIUHI BJACTUBOCTI, TO TaKi
IpoIlec MMMOBLIBHOTO PYHHYBaHHSA MAIOThL BigOyBaTHCA HE TiILKU B
TBEePAUX Tijiax, aje i B pigmui. Ile osHauae, 1110 Imicaa npuBeeHHA Pi-
IUHU B MeTacTaOiJIbHUIA CTaH, KOJU TypOyJaeHTHI myiabcaiii BUKJInKa-
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I0Th HANIPY:KEeHHA BUIMe MeXX MimHocTu pigmau [14, 15], pinuna mae
MUMOBOJII pyHHYBaTHUCA 3 IyKe BEJIUKOIO IITBUJKICTIO i 3a HaA3BUUYANTHO
HeBeJIMKi IIPOMiKKHY dacy.

IIi mipKyBaHHSA ITOKAa3yIOTh, II0 IJIS HU3bKOEHEPTEeTUYHOTO IIOAPio-
HeHHS piguHu i crmoyaTKy Tpeba IIepeTBOPUTH B ILIiBKY 34 MOKJIMBOCTH
MiHiMaabpHOI ToBIIMHY A. CaMe B TaKiil miaiBIi HaBiTL B3araJji-To HeBe-
JUKIi 3a aGCOIOTHOIO BEIMUYNHOIO Oy Ab-AKi QoK TyaIii MoK yThb ITPOHU-
3yBaTHu ii HACKpPidhb, TOOTO BOHM CTAIOTH OiJbIlle KPUTUUYHUX i TOMY 3Y-
MOBJIIOIOTh TPAKTUYHO MUTTEBE PYUHYBaHHA IIiBKU. 14 eHeprosdepi-
raiouoro IepeTBOPEHHs OyIb-IKOT0 3a (DOPMOIO IIEPBICHOrO CTPYMEHS
piAvHY B TOHKI IJIiBKM piBHOMipHOI TOBIMHN HE0O0XimHO BuOpaTH Taki
KOHCTPYKIIii IIJIiBKOIIEPETBOPEHHS, B AKUX OM BUHUKAJIU CUJIH, ITIO Je-
(OopMYIOTH TOBCTUH CTPYMiHB y IJIIBKY IIPU BUTPATi MiHiMaJabHOI KiJb-
KocTu eHeprii. MajoeHepromMmicTKuMU, «IapoOBUMU» CUJaMU € I'paBiTa-
itiHi cuam i Oy ab-AKi iHmri cuau abo ixHi cKIamoBi, aKi cupaMoBaHi mme-
PHIEeHIUKYJIAPHO MIBUAKOCTI PyXy i TOMY He BUKOHYIOTH MeXaHiuHy po-
00Ty, aje HAUCHJIBHINIMM UMHOM MOKYThH BILIMBATH Ha Iporecu ¢Gop-
MyBaHHS IIiBoK. Cepel TaKUX CUJ, KPiM I'paBiTamiiiHuX, OCHOBHA POJIb
BigBoguThcsa KopiosicoBuM cuiaM i CKJIAZOBUM BiJIIeHTPOBUX CHUJ iHe-
p1ii, AKi BUABIAIOTECA B 00€PTOBUX PO3MOPOIITyBadYaX.

4. PO3TIKAHHA PITUHU HA CTATHYHOMY
IIJIIBROYTBOPIOBAYI

Teopis posTikaHHS pigmHU po3pobiaanaca 6araTbMa (IUB. HATTPUKJIA
[7, 18]). Ilicna BuBUeHHA IUX Ta iHIIUX POOIT HAaMU OyJIO OO PYHTOBAHO
IPOCTi KOHCTPYKITil IPUCTPOIB AJIA OlePKaHHA IJIiBOK piBHOMipHOI TO-
BIIIUHY 3a MOTPiOHOI MiaA mpoMuciaoBocTu mupunu. Hatimpocrimumii 3
TaKUX IIPUCTPOIB — CTATUUYHUI IJIaCKUU IJIiBKOyTBOpIOBau. I'osi0BHI
eJIEeMeHTHY KOHCTPYKILil IIJIaCKOT0 CTATUYHOTO IJIiBKOYTBOPIOBaUa MOKa-
3aHO Ha puc. 1[25].

OcHoBHA ifes, 3aKJiafleHa B KOHCTPYKIIiI0 Ta IPUHIIUI POOOTH CTATH-
YHOTIO IJIIBKOYTBOPIOBAaYaA, € mpocToio [25—28]. Hexait KifbKa cTpyMeHiB
piIMHM KPYyTJIOoro, KBaApaTHOro abo 6araTOKyTHHOTO IIepepisy BiJIBLHO
BUTiKa€e BePTUKAJBLHO BHU3 3 OTBOPiB Y TOPUBOHTANBHIN mackiil manti
1, 1110 € OCHOBOIO 1A 30ipHUKA pimmau. CTpyMeHi 6e3 BigOMBaHHA IOT-
pamATh Ha IIOBEPXHIO IJIACKOI HEPYXOMOI IIacTuHu 2, BCTAHOBJIEHOI
T KyTOM 0 BepTUKAJi, AK Mokasano Ha puc. 1. Ilmactuna 2 € cratmu-
HUM ILTiBKOyTBOpIOBaueM. IlepeTBOpEeHHA CTPYMEHS B TOHKY ILIiBKY Ha
HBOMY BiiOyBaeThcA TaKuM criocoboMm. KokeH cTpyMiHb ajgae Ha IMOXH-
Jay miaactTuHy 2 i poarikaeTbes B pisHi 6oxu. IlepBicHa cramis mepeTBo-
PEeHHS OKPEMOTO CTPYMEeH:A B ILTIBKY € CKJIaAHOI0. AJie IicjiA HeBeJInKOl
TiISHKY PyXy MOBEPXHs OAUHOYHOI IJIiBKY cTabimisyerhes, a il moBepx-
HS CTAa€ MPAKTHUYHO MapajebHOI0 MOBepXHi miaactuuu. Ha meakiit Bin-
JaJti oKpeMi pifKi mIiBKY 3JaMBarOTHCA B cyIiibHY (mmepetud C—C Ha puc.
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Puc. 1. TosioBHiI eleMeHTH KOHCTPYKIII IIACKOTO CTATUYHOTO ILIiBKOYTBOPIOBA-
1
4a.

1, sug A). Pyxarouuchk gaii BHu3 Big nepetuny C—C, mIiBKa H0AATKOBO
cTabimisyeTnhesa (mapaMeTpu il pyxy yCepeaHIoIoThCA), i cyIijbHA IIIiBKa
HOPiBHAHO IIOCTiHHOI TOBIMMHM CTiKa€ 3 KPOMOK ILTiBKOYTBOPIOBaUa.
CxeMy IJ1s1 pO3pPaxyHKY IIapaMeTpPiB OAMHOYHOI IIJIiBKH, IIT0 GOPMYyEThHCA
Ha CTaTUYHOMY IIJIiBKOYTBOPIOBAYi, ITOKAa3aHOo Ha pPUC. 2.

IloObyayemo HepyxoMy MPAMOKYTHY CHCTEMY KOOPAMHAT TaK, IIOO
miomuuaa XOY 36irajacs 3 mMOBepXHEIO IIJACTHHHU ILIiBKOYTBOPIOBAYA.
ITomicTHMO TTOYATOK KOOPAWMHAT Yy TOUKY HEPETUHY OCi CTPyMeHsd 3 II0-
BepxHeK IriBKoyTBopioBaua. [omaTtHiti HampsaMok oci OX Bubepemo
BHU3 II0 X0y OCHOBHOTO IIOTOKY piguuu. Bick OY poaTairyemo mepieH-
InKyaapHo oci OX, AK moxkasaHo Ha puc. 2, a Bick OZ y TaKOMYy BUIA/I-
Ky € HOpMAaJbHAa A0 ILJIOIUHY ILTiBKOyTBOpIoBava. Hexait nis KOHKpeT-
HOCTY CTPYMIiHBb DifJuHM — KpyTJIOrO Iepepisy, pagiyc sikoro R =d/2.

Ocob6uBicTs (hOpMyBaHHSA ILTIBKY PiAUMHM HAa ILJIACKIN IJIACTWHI IIOJIS-
rae B TOMY, II10 i3 HATIPABJIEHHSIM CTPYMEHS 10 HOPMAJIi 0 IOBEPXHi I1Iac-
tHU (00 = 90°) BOHA POBTIKAETHCA CUMETPUYHO Ha BCi OOKM Bij TOUKU ma-
miHaa. A B pasi pyxy mig kytom o < 90° BoHA BiTHOCHO TOBEPXHi MJIACTHH-
KU PO3TIKAETHCA CUMETPUUHO 111010 oy X OZ, 1110 MiATBePAKYEThCS
MIPSIMUMU CIIOCTEPEKEeHHAMY i Mipsauaamu (puc. 1, 2).

B pagi BiIbHOTO PyXy CTPYMEHS JETKOIIUHHUX PiinH, OJIU3BKUX 3a
BJIACTUBOCTSAMM 0 BOAH, 31 mMBUAKicTIO Y 1—4 M/c i 3a TOUaTKOBOI TOB-
IMVHY IJIiBKY nopaAKy Bix 5 no 20 MM, Re = uh/v 6inbime 2500, To6TO
HaBiTh (OPMATILHO PEKUM PYXy Mae OyTu sSBHO TypOyJeHTHUM. Ta iy
TOUKaX 3iTKHEHHS CTPYMEHs Ta ILIIBKOYTBOPIOBAUA PiAKUI IOTiK 6e3-



DOPMYBAHHS ITJIIBKY PITITHII HA CTATUYHOMY IIJIBKOYTBOPIOBAYI 573

Puc. 2. CxeMa A po3paXxyHKY IIapaMeTpiB OAMHOYHOI IIJIiBKH, II10 (POPMYETH-
cs Ha CTAaTUYHOMY ILJIIBKOYTBOPIOBAUi.

IepepBHO Ta MAKCHMAJLHO TypOyiaisyerbcsa. OgHaK ITic/is MOPiBHAHO
HeBeJMKOI crabimisamifinol AlIAHKM, KOJU TOBIIMHA IJIIBKM iCTOTHO
3MEHIITYETLCS, IIOMePBax TypOyJIeHTHI myJIbcallii saracaioTh, i pyX mepe-
XOAUTD Y PIBHOMipHO-TYpOyJIeHTHUH (i30TPOIHO-TYPOYISeHTHIH).

Taki pexuMu Pyxy MDOTOKY PIAWHU OIMKCYIOTHCS PiBHAHHAMU, ¥
AKMNX, BiATIOBigAHO MO OCHOBHUX rimores Pefinmoanaca, Byccinecka, Ilpa-
Hatada, Kanumni, KumuaeBeskoro ra iu. [8, 15, 16, 18], mix mBugKicTio
eJeMeHTa PifMHM PO3yMilOTh HIBUAKICTH, yCEepeaHEeHY II0 TypOyJIeHT-
HUM IYJIbCAIlisIM IMIBUIKOCTH (AMHAMIUHY MIBUIKICTB).

5. BHACHOBKH

PosrianyTo TeopeTHuHi OCHOBU IIEPETBOPEHHS CTPYMEHS PiAWHYN B ILTi-
BKY.

PospobieHo cxeMy AJd PO3PaXyHKY IIapaMeTpPiB OJAMHOYHOI MJIiBKH,
1110 POPMYETHCA HA CTATUYHOMY IIJIiBKOYTBOPIOBAYi.

Hami pesysbTaT 1ai0Th MOMKJINBiCTH PO3POOUTH IPOCTi IPUCTPOT AJIA
oJlep:KaHHsa PiBHOMipHOI TOBIMWHMN 3a HEOOXiAHOI AJA IIPOMICJIOBOCTH
HIMPUHY Ta 3 MiHIiMaJIbLHUMU €HeproBUTpaTaMM.

Astopu BucsoBai00Th oAaKky MOH Vkpainu 3a ¢inamcoBy migTpu-
MKy pobotu (mpoexT Ne0118U003584 «ATomicTmuHe Ta CTaTUCTUYHE
peAcTaBJIeHHA (DOPMYBAHHS Ta TEPTSI HAHOPO3IMiPHUX CHUCTEM » ).
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HocaigsxeHo BIJINB HAHOCTPYKTYPHO-0i0KOJOIAHMX MTPOIECiB ¥ MOPCHKHUX Oca-
Iax Ha PEeOoJIOTiUHi BJIACTHUBOCTI KOHIIEHTPOBAHWX 3aJIi30aIIOMOCUJIIKATHUX
nucuepciii. ITokasamo, 10 3MiHA 1XHiX PeOJOTIYHMX BJIACTUBOCTEH iCTOTHO
BILIMBAE Ha KaTacTPo(iuHi ABUIA B MOPCHKUX TYpOiAiTHO-IIeJariuHux ocamax.
3 ypaxyBaHHAM 3aKOHIB (isuko-xemiunoi reomexanikm (PXI'M) posxpuro
OPUYMHU Ta MeXaHidMu TpaHc(popMaIllii auciepciii i ocazgiB B ymoBax KaTacT-
podiurmx aBui. BcraHoBIIEHO, IO TaKi SBUIMA HOYNHAIOTHCS IIPYU JOCATHEHHI
MeXaHiuHOl HaIpyru, sIKa BiAIoBiae mouaTKy mepexony Big IPYKHBOI 10 ILIa-
ctuuHoil Aepopmairii gucnepciit i ocaxis. Ilig miero pisHMX YMHHUKIB OPYKHA
medopMallis CIOYATKY IEePeXOIUTh OO0 JaMiHapHUX YJIbTPaaHOMAaJbHOI, a Io-
TiM [0 rimepaHoMaJbHOI maacTU4YHOI Teuii i gaai 7o TypOyJeHTHOI Teuii uepes
IUIaTaTHY, PEONEKCHY Ta THKCOTPOIIHY CTaAil B YyMOBaX 3CyBY BeJIUUYE3HUX Mac
0ocafiB i I'PYHTIB 3 yTBOPEHHAM KaTacTpodiuHux TypOigiTHUX OTOKiB. Bmepiie
MOKAa3aHo, IO TaKi ABUIIA KOHTPOJIIOIOTHCS He CTiIIBKY KOHTAKTHUMHU HAHOCT-
PYKTYPHUMH B3aEMOMiAMHU y AUCIEPCiAX, BUKJIMKAHUMU KOJOITHUMM, HAHO-
XeMiuYHMHU Ta TeOMeXaHIUHNMH HPOoIlecaMM, CKiJIbKY 0i0KOJOIZHUMU, 3YMOB-
JIEHUMH CIIOUYaTKy 0aKTepisiIbHUMU, a IMIOTIiM XeMiuHuMHU peaKiiamMmu. B ocTaH-
HiX IIpollecax Ba'KJIMBY POJIb BifirpaioTh 3ayidopeAyKyBajbHI I aBTOTpPOGdQHI
b6axTepii, AKi TpoAyKYyIOTH TUCAYL aMpidinbaux [IAP mentuamoro pany. Taki
ITAP npuimBuAInyoTh JUCIIepraiiio MiHepaJsiB ocamiB g0 HAHOPiBHSA, 3TiAHO i3
saxoHaMu PXI'M, 3a paXyHOK IIPUIIBUAINECHHSI HAHOAECTPYKILil 3a/1idoaaomMo-
CHJIIKATiB 3a MeXaHi3MOM aBTOTiApaTaIliifHOTO JUCIIePI'YBAHHS.
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The influence of nanostructural-biocolloidal processes in sea sediments on
rheological properties of concentrated iron—aluminosilicate dispersions is
studied. As shown, the change of their rheological properties significantly
influences on catastrophic phenomena in sea turbiditic—pelitic sediments.
Considering the laws of physicochemical geomechanics (PCHG), the causes
and mechanisms of transformation of dispersions and sediments in the condi-
tions of catastrophic phenomena are revealed. As established, such phenome-
na start by reaching the mechanical-stress level, which corresponds to the
beginning of the transformation from elastic-into-plastic deformation of dis-
persions and sediments. Under the act of different factors, the elastic defor-
mation first proceeds to laminar ultraanomal and then to hyperanomal plas-
tic flow, and after all, to a turbulent flow through the dilatant, rheopexic,
and thixotropic stages. It happens in conditions of sliding of huge masses of
sediments and soils with the formation of catastrophic turbidity currents. As
shown for the first time, such phenomena are controlled not as much by the
contact nanostructural interactions in dispersions caused by colloidal, nano-
chemical, and geomechanical processes, but by biocolloidal interactions
caused initially by bacterial and then by chemical reactions. In the last pro-
cesses, iron-reducing and autotrophic bacteria, which produce thousands of
amphiphilic surfactants of peptide series, play the important role. Such sur-
factants accelerate the dispersion of sediment minerals up to nanolevel, ac-
cording to PCHG the laws, due to the acceleration of nanodestruction of
iron—aluminosilicates by the mechanism of autohydrational dispersion.

Karouosi croBa: karactpodiuni aBuiia, peosorisi, MopcbKi ocaau, 6i0KoJ0i-
Hi TparHchopMaIlii, HaHOCTPYKTYPHi TpaHchopmarrii.

Key words: catastrophic phenomena, rheology, sea sediments, biocolloidal
transformations, nanostructural transformations.

(Ompumano 10 nromozo 2020 p.)

1. BCTYII

CrpecoBo-KaTacTpodiuni asuia Sk y 3eMHil Kopi, Tak i Ha i moBepxwi,
a TaKOXK yV CKJAJHUX IMOJiMiHEepadbHUX 0araTOKOMIIOHEHTHUX JOHHUX
MOPCBKHUX IUCIIEPCiAX, Mo0yIOBaHNX 3 PiBHUX 3aJ1i30aJIIOMOCHUIIKATIB,
IoYaJIi aKTUBHO BUBYATHCS Ie0JIOTIYHNMY HayKaMu I1Te Ha mouaTKy 20-
ro croaiTtsa. Ile mamo 3Mory y BUIIaAKy MOPCBKUX OCaliB 3aJi30aII0MO-
CHUJIIKATIB POSTVISHYTHU HA 3araJIbHOMY PiBHI (PisvuHi YMHHUKY BILIUBY
Ha HUX, TaKi AK 3eMJIeTPyCH, 3MiHM aKBaTOpili, BiTpoBi Ta TemaoBi
BILJINBU, IIyHaMi, BUBEP:KEHHA HAABOIHUX i HMiTBOAHMX BYJIKAHIB, Mi-
HepaJoriuHi oco6MBOCTI OcaziB, aHTPOMOTeHHY AifAJbHICTH TOIO [1—
10]. B Toi1 :xe yac KoJoinHi, 610KOJI0IMHI Ta HAHOXEMIiUHI mpoIlecy Ipu
IIBOMY IIPAKTUYHO He PO3TJIAMATINCDH, a TOCTiMKeHHA XeMiYHIX MIpoIle-
CiB He 3aBK AU KOper'yBaJncs 3 PismIHUMU.

OpHaK Ha CHOTONHIIIMHIN Uac BiKe 3’ SIBUJINCA HePIIi AK TeOPeTHUYHO,
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TaK i IPaKTUYHO OOI'PYHTOBAHI IIOIepeaHi MipKyBaHHA PO 6Gi0KO0JIOi-
HO-XeMiuHi Ta HaHOXeMiuHi 3aKOHOMIipHOCTI BKasaHUX mpoiieciB [11-—
26]. K ocranuim ciin, B IepIiry uepry, BifHecTy YABJIEHHS IPO 3HAUHU I
BILIUB OKPEMUX BUJiB HAHO- Ta MiKPOUYACTMHOK HAa MeXaHi3M1 HAHOCT-
PYKTYPYBaHHA BOAHUX AMCIIEPCiH 3aJ1i30aIIOMOCIJIIKATIB, 8 TAKOMK IIPO
B3a€EMO3B’ 30K IXHiX (isuKO-XeMiuHNX, 010KOJOIJHNX, HAHOXEeMiUYHUNX,
(GisUHUX, PEOJIOTIYHMX i reoOMeXaHIUHUX BJACTUBOCTEH i3 3aKOHOMIp-
HocTaMu GisuKo-xemiunoi reomexarirku [20—27]. I1i mocaimxenns ciin
TAKOK POIIJIAAATH K CKJIALOBI BayKJIMBUX PO3MLIIB Cy4acHOI KOJIOIM-
Hoi HaHoHayku [11-16, 18-21, 24, 26], aki icToTHO BIIMBAOTL HA iX-
Hill pO3BUTOK.

Oco00611BO I[IKaBUMHI HA CYYaCHOMY eTalli MOAiOHMX HOCTiIKeHb € IIe
HeIOCTaTHBO apryMEeHTOBaHI MOJAeJbHI KOJIOIZHO-XeMiuHi yABIeHHSA
IIPO YMOBHU CTPECOBUX (MUTTEBUX) 3CYBiB BUCOKOAMCIIEPCHUX KOHIICHT-
poBaHUX MOPCHLKUX OCaJiB HA HMiABOAHMX CXUJIaX i MITyYHUX mambax 3
YTBOPEHHAM y IOAAJBIIOMY KaTacTpodiuHmX (IOCTATHLO TPUBAJIUX)
rpPA3bLOBUX IIOTOKiB, AKi CYIIPOBOMKYIOTHCS BEIUKHMM HEI'aTUBHUMU
COIIiAJIPHO-eKOHOMIUYHNMHY ¥ eKOJIOTIUHNMU HacJigkamu. HegocTaTHBO
PO3TIAHYTO KOJIOITHO-XEeMiuHiI OCHOBM MeXaHi3MiB Aii HeIaBHO BigKpu-
Toro edeKTy yJabTpaaHoMmaJii i edpeKTy rinepanomaJii B’sizkoctu [12—
16], aKi cympoBOIKYIOTHCA JJaMiHAPHOIO TeUielo AucHepciii HAHOCTPYK-
TYypOBaHUX 3aizoasioMocuiaikaTHux cucteMm i marepiaxie (H3ACC i
H3ACM). He posriasgHyTO CYIPOBOIKYBaJbHI TaKy TeUil0 MpOIeCH B
(azoBUX HAHOPO3MIpDHMX B30HAX KOHTAKTIiB YACTUHOK JHCHepcii
H3ACC 3a yuacTio 3aJi30TiIpoOKCHUAHNX, CHIIKATHUX i KapOoHaTHUX
cTpyKTyp. He mokasano BasKJIMBY POJIb BiTpiB y (hopMyBaHHI MOPCHKUX
dazeosiHOBUX TPUOEPEKHUX MYJiB 3 HACTYIHOIO Aielo Qisuko-
XeMiuHuX, 0iOKOJIOIZHUX i reoMexXaHiYHUX YMHHUKIB, IKi IPUBOIATD
IO YTBOpPeHHA TypOimiTHO-MysoBuX Kommosuiliii ma ocuHoBi 3ACM i
H3ACM na rimbUHHUX MOPCBKHX cxmJjax. HemocTaTHBO PO3BHMHEHO
YABJIEHHS IIPO BILJIMB Ha TeYilo OcajiB MexaHi3MiB KOHTAKTHOI HaHO- i
MiKpocTpyKTypHOI mepebynosu aucmnepciii H3ACC i HBACM B ymoBax
3MiHU IXHiX peoJioriuHMX mapaMeTpiB. ToMy BaKJUBICThH i aKTyaJib-
HiCTBb 3a3HAUEHUX JOCJIIKEHb € He3alepeuHoIo.

2. ®I3UKO-XEMIYHI XAPAKTEPUCTHKY MATEPISIJIIB
I METOJHY TOCJIIIKEHD

ITonepeHi mouaTKOBI AOCJIiI3KeHHSA IIpolieciB TpaHchopMalii mix Brin-
BOM TIeOMeEXaHiUuHOTO Ta HAHOXEMIiYHOT'O AUCIepI'yBaHHSA, IIOJiMiHepa-
JBHUX MiKpoaucuepcHuX i HaHOCTPYyKTypoBanux 3ACC i H3ACM mpu-
POAHBOTO Ta TEXHOT€HHOI'O IMOXO/YKEeHHS (3aJi3Hi pyau, 'PyHTH, IIEJIiTO-
Bi ocanm, IeJyioifiy, IPUPOAHI Ta TEepMOJEeCTPYKTYpPOBaHI I'VIMHU, IIiCKU
TOIIO) IOKAa3aJu, 110 B Pe3yJIbTaTi 3MiHN YUMHHUKIB BILIMBY Ha HUX MiK
iXHiMM KOMIIOHEHTaMU MOKYTBb BimOyBaTumcsa pisHi Bzaemogii [11-16,
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18-21]. Buxoasuu 3 mporo, Bubip 00’€KTiB mociimxenHs 6asyBaBcsa Ha
TUIIOBUX 3pasKax i3 ysaraJbHIOBAJbHUMU BJIACTUBOCTAMM, XapaKTep-
HuMu s 6inbimoctu SACC i HBACM, Bukopucranux B[12—16].

Taki 3paskm ¥ iHIII MaTePiaAJn Ta KOMIIO3UI[il OUMIaIn 38 METOL-
kKamu [12—-16]. PerrrenogudpakToOMEeTPUYHI Ta PEHTI'eHO(MII00PECIIeH-
THI JOCJLIMKeHHS IIOJIiMiHepaJIbHUX AUCIIEPCHUX CUCTEM i KOMIIO3UITilA,
TOJIOBHI pe3yJbTaTy IKUX IIPeAcTaBJIeHo B Taba. 1, moxasasu, 1o B ix-
Hi#l CTPYKTYpi OpUCYTHI MiHepasu KaoJiHIT, Tijpocsroma, MOHTMOPH-
JIOHIT, TJIAYKOHIT, CAIIOHIT, 'eTUT Ta iHImi. ¥ CKJIaAi MIIKuX (pparkmii y

TABJINIA 1. Xemiunuii cKJa TUIIOBUX 3aJi30IIOMOCUIIKATHIUX MaTePiAIiB
(3ACM i H3ACM).!

Bui . Camowniro- TypbixiTHO- MouT™MopunoHiT (HaHOJO0ABKA
MiCT OKCHUJIiB, . . . i
Mac. % reruTosa TIeJIiTOBUM MY.JI IO MYJIiB i KOMIIO3UILi it
KOMIIOSUIIid Yopuoro mopa B MOJIeJIbHUX CHUCTEMAaX)
Sio, 46,4 54,6 49,5
Al,0, 5,2 11,4 21,1
FeO 2,8 — 2,7
Fe, 0, 22,2 5,5 —
Ca0O 4,1 3,7 5,7
MgO 0,5 1,5 1,6
MnO 0,4 0,1 —
Na,O 0,9 0,2 0,4
K,0 0,4 0,9 0,3
y.I.1I. 17,1 12,1 18,2

IIpumimka: y.n.1. — yTpaTu IpU IPOIiKaHHI.

Puc. 1. Posmozis po3mipiB sepeH (YacTUHOK, ar'peraris, IIicKiB) y HAWOiIbII THUIIO-
BIX 32JIi30aTIOMOCHIIKATHIX Ocafax (3 JOMIITKaMy OKCHAO0-TiZPOKCHiB 3a1i32).2
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MEeHIi# KiTbKOCTi IpUCYTHI 3MiIlIaHONIIapyBaTi YyTBOPEHHSA MOHTMOPH-
JIOHITO-TiIPOCJIIOANCTOrO Ta IVIayKOHITOBOIO THUIIY 3 IepeBaro rigpoc-
JIOOUCTUX YTBOPEHD.

HomatrkoBe 06pobsenua SACC i HBACM nposoauiaocsa 3TigHO 3 pe-
Komengamiamu [14—16], a HaHoAMCIIEPCHUH KapOoHAaT KaJbI[il0 TOTyBa-
BCA 3a METOOUKAMU, BUKJIAAeHUMH B poboTi [16].

IIpu mocraimxeni SACC i H3ACM BukopucTaHO HaIiBTEOPETHUHI Me-
TOAM MOJIEJIIOBAHHS M €KCIIePUMEHTAJIbHI MEeTOAM: XeMiuHy, PeoJIoriu-
HY, PeHTIr'eHOIu(PpPaKTOMETPUUHY, AepuBaTorpadiuny, eJeKTPOHHO-
Mikpockommiuny i IY-cneKTpocKOomiuHy MeTooW aHaJIidu, a TaKoM, 3a
HeoOximHocTH, r'paBiTalliiiny Ta MarHeTHY cemaparii i MemmuHO-
6iosoriumi metomu [12—-16].

3. PE3YJBTATHU TOCJIIKEHHA 11X AHAJII3A

3.1. Anamisa ¢isuunux i pisMKo-XeMiUYHUX TOCTiIKeHb 0CATOHAKOIIH-
YeHHA B MiTABOAHIN YaCTHHI MOPCHKUX aKBATOPIii Ta IX HACHITKKN

Ha pucynky 1 maBemeHo y3arajJbHeHi JaHi pos3IoAiny 3epeH 3a po3Mipa-
MU 3a IepPeCcyBaHHA HeJTiTO-TyPOiJiTHUX MOTOKIB 110 MiIBOAHUX CXUJIAX.

Ax 6aunmo, Ko Gpakiiii MiIKUX 3epeH i3 posMmipamu Menimie 1 MKM,
mosia akux pocdAarae 10% , BXOOATH THUIIOBL KOJOIAHI Ta HAHOYACTUHKU
MyJIoBUX MOTOKiB. Taki WacTMHKM € TOJIOBHMMU CTPYKTYPOYTBOPIOBA-
JpHUMU (hopMaMu I'PsA3bOBOTO MyJy. BoHU ocimaroTh ocTaHHIMEU 3 MYy-
JIOBOTO (I'PA3HOBOT0) IOTOKY, CKJIAAEHOTO 3 IeJIiTO-TyPOiJiTHIX KOMIIO-
HEeHTIiB, AKUHN mepeMimlyeTbcsa 0 MOPCHKUX CXUJIAaX Mif Iie€ro rpasita-
mittnux cui. IK mpaBuJio, TypOiniTi 3 posmipamu 3epeH Oigbire 250
MKM OCiIalOTh MEPIIUMHU Ha AOCTATHBO KPYTUX CXUJAX MiABOTHUX ITiJ-
HATH. [lasi HA MeHII KPYyTHUX CXWJaX OCiJaioTh 3epHa 3 po3MipamMu y
100—-250 mKM. A mTOTiM IPaKTHUYHO Ha IIOJOTUX CXUJIaX i Ha abicaabHuX
pPiBHMHaX MOPCBHKOTO MHA HAKONMUYYIOTHCA OCANM, PO3MIpP 3epeH AKUX
mocJrimoBHO 3MeHITyeTbesa Big 100 mxm go 100 M i MmeHIIIE.

Haii6inbIn po3BUHEHI YABJIEHHS IIPO TPAHCIOPTYBAaHHS IIOIIEPEeIHbO
rpybomucneproBaiux KommnoHeHTiB SACM BukiaazeHo B [2-5, 7-9].
Taxk, 3rifHO 3 UMM YABJIEHHAMU, IIPU TPAHCIOPTYBaHHI e 3mina ¢o-
pPMU Ta 3MEHIIIEHHSA PO3Mipy OKPEMUX YaCTUHOK, IO, B MEPIIY Yepry,
OB’ sA3aHe 3 TepPTAM iX ogHa 06 ogHY ab0 3 ymapaMu YacTHHOK OIHa 00
OIHY, & TaKO}K XEeMOTEeHHUMM IIpoIlecaMu PO3UYMHEHH:A (00JIOMKHM Ball-
HAKiB, pakymaaxa) [9].

TpaHCcHOPTYBaHHS, AKE CYIPOBOIKYEThCA MOAPiIOHEHHAM i IIEpBUH-
HUM POS3IOAIJIEHHAM B Ocajlax iHI'pelieHTiB i3 3MiHOI0 MiHepaJIbHOIrO Ta
XeMiuHOro ckKJamy (paxiiiii, BUJajJeHHAM 3 HUX 3aJisza abo iHimmmmu
mpoliecaMu € AysKe CKJIaIHUM i He Mo:Ke OyTH HaAiliHO ysarajbHeHO 0e3
BUKOPHCTAHHA YSABJIE€Hb KOJIOIAHOI, 0i0KOI0iAHOI Ta HaHOXEeMiuHOI Ha-
VK, a TaKOK (ismKo-xeMiuHOI reoMexaHiKu, sKa IIUPOKO BUKOPUCTO-
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Bye peoJioriuni metogu. Taka gymMKa moope oOT'PYHTOBYETHCA IIPU aHa-
Ji3i BiKe ofep:KaHMX TEOPETUUYHUX i eKCIlepMMeHTaJIbHUX JTaHUX, BU-
KJIameHuX y poborax [11-21, 27], AKi HagaioTh YABJIEHHS IIPO ITIO IIPO-
6semy. BoHN TaKoMK cBiguaTh, IO ILJISXM BUKOPHUCTAHHA HAPOOOK Cy-
YaCHUX HAHOHAYK JJIS PO3BUTKY IIPOIIECiB MOIeJII0OBAHHA Ta MeXaHi3MiB
reoJIOTiYHOIO YTBOPEHHS PYAHUX BiIKJIamiB 3 ocamiB, a 3 yacoM i pomgo-
BUIIT TeMaTUTy, MAarHeTUTy, TeTUTY, IIUPKOHY, PYTHUJY Ta 6ararbox iH-
IIUX eJIEMEHTiB € Hafi01JIbIIT IePCIIeKTUBHIMU.

Iopanbmuit posraayn ¢isnuyHuX i GisMKo-XxeMiuHUX acleKTiB ocamio-
HaKOIIMYEeHHS B MiTBOAHINA YaCTHHI MOPCBKMX aKBaTOpPiil BKa3ye Ha Te,
10 BigkJaazeHi Ta mepesigkaagzeri ocagu SACM mocTymoBO JiTHDIKY-
IOTBCSA Ta IIePETBOPIOIOTHCS B IIiJIbHI IMPChKi IOPOAM B IIpoIleci giarene-
3y. Ileii mpoItec MosKe IMIOUYMHATHUCS OAPAasy K ITiCJIA BiTKJIagaHHA ocalliB
y TmOoTJInOJeHHSIX MOPCHKOTO JHA Ta MOXKE IIPOMOBIKYBATUCS IIPOTATOM
Bciel reosioriunoi icTopii mopoau. BamamBo, m1o misgreHes i meramop-
¢isM 3ax0opoHeHHA OcaIiB He MOKHA YiTKO posmiauTu [1, 2]. Bunukaro-
4yi mpu MbOMY HILJIBHI TOPOAY 30€piraroTh MiKpPOAMCIIEPCHY KPUCTAJIiU-
HY CTPYKTYPY 3 po3sMipaMu KPUCTAJNITiB, HAOJMKEHUME A0 iXHBOTO IIe-
PBUHHOTO HAHOCTPYKTYPHOT'O CTaHy B CBiKOOCaIKeHOMY MaTepidJi.
Pimuuna mosasrae JuIe B TOMY, IO B CBi3K0OOCAI:KeHOMY MaTepidaIi mo-
pucricts € maibinbiroo [9]. Hani BoHa 3 wacom 3meHIryerbesa. [Ipu
IbOMY Mi’K IIEPBUHHUMM YaCTHHKAMU 3a YYaCTIO IIOPOBOI MOPCHKOI BO-
I MOXKYTh IIPOXOINTH i HaHOXeMiuHi peakIii. Taki peaknii mpuBoAATH
a00 10 pPo3UMHEeHHA YaCTUHOK, 400 10 3aMiIlleHHs iX BTOPUHHUMH MiHe-
panamu. Hanpuknazn, peakiii ioma K' y MopchKiil Boxi 3 KaoJsiHiTOM
a00 MOHTMOPUJIOHITOM NPUBOAATH MO YTBOPEHHSA TiApocJogu — Haii-
OiJBIIT PO3IIOBCIOMKEHOr0 MiHepasay IesliToBUX ocafiB i memoimis. Bin-
MMOBiAHO paHHSA AiATeHeTUUYHAa TpaHchopMAallid BaOIHAKY HPUBOAUTH IO
ftoro mosomiTusanii npu samimenni Ca®* tomom Mg?", axuii posunne-
HUI y MOPCHKi# Boai [9]. MokamBUi TaKOMK iHIIINHA MIJIAX AiAT€HETUY-
HUX 3MiH K Pe3yJbTaT OCAJKeHHSA 3 BHYTPilITHLOIIOPOBOI BOAY B CAMUX
mopax TaKWX MiHepaJiB, AK KBapIll, KaJbIIUT, OJOJOMIT, Ie0JiTH, iHIIi
sasizoamomocuiikaru [1, 2, 20]. 3epHa MiHepasiB MOXKYTh PO3pocCTa-
tucsa[1, 2, 20], HOKK He 3aIIOBHATDL IOPH 1 He 3aBEPIIUTHCA IleMeHTaIlisa
3epeH Yy MiKPOIIOPUCTIiHA CTPYKTYPi 3aj1i30aII0MOCHUIIKATHOTO MaTepisd-
ay. ITpu nboMy INIMHUCTI YaCTUHKY 3 PO3IMOAiIEHMMU B HUX HAHO- Ta
MiKpoOYacTMHKAMM TiIPOKCUAIB 3ajiza Ta KapOOHATIiB 3JIUIAIOTHCAH,
YTBOPIOIOUi IPU CTUCKYBaHHI JiTH(MiKOBaAaHUN TOHKOAUCIEPCHUN ITOpU-
cTUii MaTepiAJ i3 pparmMeHTaMU HAHO- Ta MiKpocTpyKTyp [11, 20, 21].
3po3yMisio, [0 XapaKTEePUCTUKN BUHHUKAIOUNX KOMIIO3UIIN MOMKYTH
icTOoTHO 3MiHIOBaTHCSA B XOM1 IXHiX MepeTBOPEHbD, IIT0 BKA3Yy€E HAa BaXKJIU-
BiCcTb BUKOPUMCTAHHS BiZJOMOCTEH IIPO PEOJIOTiUHi BJIaCTMBOCTI OcaaiB.

CyuacHi JocaifKeHHs MOPCBKUX OCAAiB TaKOXK IIOKAa3aJid, IO BOHU
3acejieHi pisuumMu Mikpooprauismamu [2, 8, 9, 11-22]. IIpomecu KuTTe-
IiJIBHOCTU MiKPOOPraHi3MiB CyIPOBOIKYIOTHCA 3HAUYHUMU 3MiHAMHU B
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OUCIIEPCHUX OCajax, IT0 BIJIMBAE Ha 3MiHU IIpoIecy ixX miaremesy. Taxi
3MiHU momepeaHbO 6yJI0 pos3rasuyTo B [12—21] 3 mosuriit KoaoigHoi Ta
0i0KO0JIOIMHOI HAHOHAYKM, HaHOXeMil Ta (pisuKo-xeMiuHOI reoMexaHiKu.

Ocajau mOoCTyIIAaIOThL Ha MOPChKeE JHO PidHUMU HIIAXaMU AK 3apas, TaK
i mpoTArom MinbiOHIB pokiB [4, 7—9, 23]. 3ame:xHO Big crmocobiB mepe-
MillleHHA, BUIIIAIOTh JeKiabKa TumiB ocanis [ 7—9], ame rosoBuuMu ce-
pen HUX CJix BBasKaTu IejariuHi, 40 SKMX BXOMAATH i OpramiuHi ocagm,
Ta TypOimiTu. Bomm y cywminri wacTo CKJamaioTh OCHOBY IIeJIariuHO-
TypbiZiTHMX ITOTOKIB pi3Hoi cusu Ta Macu.

Haxkonuuenuii Ha chOTOAHIITHIM uac qocBin [1-21] Bike YMOIKINBIIIOE
OI[IHUTH CEepeaHI0 YacTOTy, 00’e€M, eHepreTHUYHi ¥ iHIIi mapameTpu My-
J0BO-TypOimiTHUX moToKiB. Tak, HAITpUKIan, sTigHo 3 nanumu [2, 7, 9],
€ mikaBuUM TypOimiTHMI KaTacTpoiuHUil MOTIK, KU BUHUK, AK BBAa-
JKaeThCs, HMicJsa 3HauHOoro 3eMmiaerpycy B 1929 porii. BHacaimox mporo Ha
migBOOHiN piBHMHI yTBOpuBCA TypOimiTHMII ocam TOBIIMHOI V 1M Ha
momti 6inxeme 100 Tuc. km?. Bin mommpusca Ha Biggans 1o 720 kM Bif
MicIld BUHUKHEHHSA, a Horo MmBUIKicTh ckiaamanaa 40—55 km/rom. Ocki-
JbKHU MIBUIKICTh TAKUX IMOTOKiB MosKke mocaratu 100 xMm/ron, HagaHUi
IPUKJIAJ IOKAa3ye, I0 IIOTiK MaB cepenHi nmapamerpu. Ilpuiimatoun, mio
TOBIIHA OCAIy Ha KOHTUHEHTAJILHOMY CXUJIi, AKKUH II0UYaB IIepecyBaTH-
cA micJiA BUHUKHEHHA MUTTEBOI CTPECcOBOi cuTyalii (IomrToBxy 3eMHOI
KOpU B pe3yJbTaTi 3eMJeTpycy abo IyHaMi UM TO CUJIbHUX IIITOPMiB),
ckiaagaina 6ima 500 M, a rmubuHa poaramtyBauua ocany — 6imxa 2000 M,
po3paxyHKOBA HOBXKHHA OeperoBoi 30H1, Ha AKill MoyaJu CII0B3aTH, Ha-
ouparoun IIBUAKICTb, TypOimiTHI BigKJIamgu, JOpiBHIOBaJa IIPUOJIM3HO
100 kM. 3rigHo 3 KapTaMu celicMiuHOl aKTUBHOCTH, BUCOKA Ta CepemHsa
AKTHUBHICTh IPOABJSIETLCA B palioHax 6eperoBoi 30HU OKeaHiB JOBIKIU-
Hoto 1o 100 Tuc. KM Ha riiubuHax Big 4 mo 11 xm. Bigmosigmo, cepenus
KiTbKicTh MicIleBUX IMiZBOAHUX 3eMJIETPYCiB (IIOIITOBXiB) 3a PiK CKJa-
nae 6imbire 1000 Ha pisHMX OeperoBUx AiMAHKAX Y PiBHUX MIiCIIAX CBi-
TOBOTO OKeaHy. BigmoBigHo, MOKHA BBasKaTH, M0 CXOMKEHHA BUKJIU-
KaHUX IIOIIITOBXaMU MOTYTHIX HiBOIHUX JaBUH, AKi MOUMHAIOTLCA HA
rimbuHax 0ijabIilie 2 KM i mepeMinyooThesa o rauduH Ha piBHi 6—11 KM,
craanae 200—300 cxomxkeHb Ha pPik. BuKopucToByOUM eMITipuyuHi piB-
HAHHA VIS PO3PaxXyHKY eHeprii MoTOKiB, HaxaHi B [7], eHepreTuyHa Mi-
ITHICTDH IIOTOKiB MOXKe HAOIMKATUCS HO eHePTeTUYHOI MIiITHOCTI AgepHo-
ro BuOyxy [6, 10]. 3Bizcu BUXOAUTH, IO MOTYTHI TypOimiTHI moTOKU
MOJKYThH He TiIbKHU IPOBOKYBATHUCA 3eMJIeTpycaMu, TalipyHaMu, ITyHa-
Mi, magiHHAMY HEOECHUX TiJ, a i caMi MOXKYTh IPOBOKYBATU TNIMOUHHI
ceiicmiuni migBoaui sBuma. Taky cuTyalliro HagaHO Ha PO3POOJIEHil Ha
ocHOBi manmx [1-21] mozmenbHiit cxemi (puc. 2). Ak 6auumo 3i cxemu,
MOTYTHI HigBoAHI TypbimiTHI MOTOKM, AKI mepeMimnIyoTh 3a piKk Ha OKe-
aHcbKe aHO 0inbirie 200 MIpa. TOH MicKiB, aJeBpUTIB 1 MyJTy 3i IBUAKI-
ctio y 50—-100 KM /T0A, MOKYTh BUKJINKATA a00 MiKpocelicMiuHy aKTH-
BHiCTB, KA, AK Bimomo, mpoasiageTbea 3000—4000 pasiB Ha pik, abo
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Puc. 2. HanoCTpyKTypHO-010K0JIOI MU MOIEb IIePeHoCy, 0i0KOIOigHOI TpaH-
chopmarrii Ta cxomyKeHHS MiqBOAHOrO TypOimiTHOTO KaTacTpodiyHOTO IOTOKY,
SAKUHA IPOBOKYE MiKPOBYJIKAHIUHY JiAJBLHICTHL HA MOPCHKOMY AHI a60 BUKJINKAE
OigBOIHUI 3eMJIETPYC.

BUKJNKATHU IIPOPUB TOHKOI 3eMHOI KOPU Marmoio.

ITeit mpoiec CyIpoBOMKYETHCA BiIIOBIAHOIO MiKPOBYJIKAHIUHOIO ITi-
IBOIOHOIO MifJIBHICTIO 3 BUBEP:KEHHAM JOJATKOBOTO MATEPisday Iopin,
AKi po3TaIIoByIOThCA HA OKeaHChbKMX abicaJbHMX piBHHMHAaX ab0 B OKe-
aHCBLKUX KoJobax. TakuM umHOM, IpOBeAeHAa aHaJida QisumuHmMx i Bi-
BUKO-XEeMIiUYHMX YMHHUKIB HAKOIIMUYEHHS 0CaJiB Ha MOPCBKOMY OHIi ITO-
Kasye (pmc. 2), 1110 3HAUYHY POJIb y IIUX ABUINAX MAalOTh BimirpaBarwu,
KpPiM HaHOCTPYKTYpPHO-O0iOKOJI0IZHNX, i peosoriuHi mpomecu, AKi xapa-
KTepus3yIoTh 0COOJIMBOCTI Teuii ocasiB 3a/1€KHO0 Bif MiITHOCTH BIJIMBY Ha
HUX MeXaHIUHUX 3yCUJb, BUKJINKAHUX I'paBiTallieio.

MopchKi KapTu TaK0K IMTOKAa3yIOTh, 110, KPiM 30H YTBOPEHHA 3HAUYHUX
MYJIOBO-TYPOiZiTHNX ITOTOKIiB HA JOBMKUHI KOHTHHEHTAJILHUX CXUJIIB O
100 Tuc. KM, Ha 3eMHil KyJi € B IeKiiTbKa pasiB OiJabIlli 30HN, HA SKUX
MOJKJIMIBE CXOIKEHHSA IIiJBOAHUX JIABUH 3 HUMKYOIO 3a CEPEeIHIO eHepre-
TUYHOI0 akTuBHicTI0. ToMy Mo:kHa BBaskaTu, IO 3a PiK Bci migBommi
CXOMIKeHHS IepeMiIllyIoTh Ha OKeaHChbKe MOpPChKe aHOo Oimbire 500 mip/.
TOH 3aJi30aJIOMOCHJIIKATHUX MAaTepidaiB. BoHM MOKYTh IPUBOIUTH
IpU IILOMY K HEraTMBHUM 3MiHAM €KOJIOTiUHMX i MIMOMHHUX YMOB 3a
PaxyHOK 3a0pyIHEHNX MATEPiAJiB ocamiB, AKi HAAXOIATH i3 BiKe 3a0py-
JHEeHUMU Ha ITOBepXHi 3eMJIi TypOiiTHO-MYyJIOBUMHY IIOTOKAME. SIKIIO I1i
mrporiecu mepediraroTs Aajgeko Bix 6GeperiB Ha (cxmiax) MiABOIHUX ILJIATO
Ta maropbax, To 3a0pyAHEeHHS MATEPifAJiB MOTOKiB BimOyBaeThca B pe-
3yJbTaTi B3aeMofii IXHiX cCOpOIifiHO AKTHBHUX BMCOKOAMCIEPCHUX
KOMIIOHEHTIiB TUITY TJIMHUCTUX MiHepaJIiB i riApoKcuaiB 3aisa i3 posun-
HEHUMU B MOPCBKUH BOZi 3a0pyAHIOBAUAMM OPraHiUYHOTO MOXOMKEeHHSI
Ta BAXKKHMHU MeTajamMu. Taki mpoiecu ocTaHHIM 4acoM €KCIIOHEHI[iMHO
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HApPOCTAIOTh i MOXKYTh IIPU3BECTH B HANOJIMIKUOMY MaiOyTHHOMY IO TJIO-
0aIbHUX HETaTUBHUX €KOJIOTiUHWX IOPYIIeHb, SIKi BiKe BCTAHOBJIECHO B
armocdepi 3emi, a TakoK B rigpocdepi MopiB i okeanis. Tomy HegocTa-
THS yBara o TaKHuX IPOIleciB B HAIII yac Ma€ OyTH JiKBiJoBaHOIO.

3.2. HaHOCTPYKTYPHO-0i0K0IOIMHI IIpoIlecH Ta PeoJIOTiuHi BJIaCTUBOCTI
OHUCIIepCiii MOPCHKHUX 3aJIi30aIIOMOCHIIIKATIB B yMOBaX iXHiX KaTacT-
podiuHuX MepeTBOPEHb i MOKIUBUX €KOJOTIYHNX HACIIIKIB

Amnaiiza gireparypuux [1-10] i ogepskaHuX JOJATKOBUX €KCIIEPUMEH-
TaJbHUX pe3yabTaTiB [11-21], a TaK0K MOmeI0OBaHHSI KaTacTpodiuHmx
IepeTBOPEHDb IeJITO-TYyPOiAiTHUX BiAKJIaAiB Ha MiABOAHMX KOHTHHEH-
TAJIbHUX CXUJAaX MOPiB i okeaHiB (puc. 1, 2) yMOKIUBUIN 3pOOUTH J€-
KiJbKa moIlepenHiX y3araJbHIOBAJHLHUX BUCHOBKIB CTOCOBHO 6iOKO0JIO1-
JTHUX ABUII i eKOJOTiYHMX 3MiH, IIT0 BUBYAIOThCA. Tak, € He3amepeu-
HUM, [0 MiITHiCTh KOHTAKTHMX B3a€MOJIINA MiK HAHO-, KOJOIZHUMMU Ta
MiKpouacTuHKaMu i arperaramu ix y aucuepciax H3ACC i H3ACM, B
epIry 4Yepry, 3yMOBJIEHAa HAHO(Pa30BUMU KOHTAKTHIMU CTPYKTYPHUMU
3B’sA3KaMU 3TigHO 3 [24] HA OCHOBI Pi3HUX OKCUAHO-TIAPOKCUAHUX CIIO-
JyK 3aiiza. CuloKcaHOBI Ta KapOOHATHO-KAJNBIIiHIOBI 3B’dA3KM B ITUX
B3a€EMOJiAX MalOTh BTOPUHHE 3HAUEHHSA, K IIOKa3yIOTh OJlepiKaHi HaMu
pawmimre [11-18] pesyabraTu, i 6igbII XapaKTepHi 114 KpeMHe3eMHUX i
KapOoHATHUX KOMIIOHEHTIB. B misiomy Bci Tpu Tumu 3B’ A3KiB, 110 BUHIU-
KaloTh IIiJ] BINIMBOM OiOKOJIOIZHUX ITPOIIECIB, 3yMOBJIOIOTH DPEOJIOTiUHi
BJIACTMBOCTI JucHepciii 3a1i30aII0MOCHJIIKATIB AK B iHAMBiAyadbHUX
MiHepaabHUX (popMax (IJIMHUCTI MiHepasiy, IMOJBOBL IMNATH 3 AOMIIII-
KaMu OKCHUIIiB 3aJriza Ta imIi), Tak i B CKJIAIHUX CyMilllax pisHUX MiHe-
paniB. TunoBuMu npejcTaBHUKAMU TaKUX CyMiIleil € mesiToBi Ta Typ-
OimiTHI BimkJaagu, a TAKOMXK 0CaJOBi aMOPPHO-MiKpOKpPUCTATIUHI 3aTisHi
pPyau MOPCHKOTO 6i0K0JI0iAHOTO TOXOMKeHHA (Tada. 1).

IIpomecu KouTakTHuX B3aemoxnit y H3ACC i H3ACM, aki samexaThb
Big ixmix HaHoxeMiuHMX, OiOKOJOIAHUX i KOJIOIZHO-XeMiuHUX Tpamc-
dopmariiii, MOB’A3aHUX T'OJIOBHUM YMHOM 3i crosiykamu Pepymy, € oc-
HOBOIO MeXaHi3MiB HAHOCTPYKTYPHO-0i0KOJIOIAHIUX IIePeTBOPEHb BiAIo-
BimHUX nmucnepciii. BoHu TaKoK € OCHOBOIO MeXaHi3MiB TeXHOTeHHUX i
reoJIOTiuHUX TpaHchOpMallili MaTepiAaiB IITYYHUX MOPCHKUX AaM0 i
maMb pisHHMX BOJOCXOBHUII Ta I HMiZABOJHUX OCAIiB, PO3TAIIOBAHUX HA
MOPCBKUX KOHTHHEHTAJbHUX CXUJIaX i HA CXUjaaX IMiABOAHUX IMiAHATH i
rip Ha nHi okeaHiB. IIpoBeneHi monmepeaHi JOCITiAKEeHHA MeXaHidMiB Mi-
HepaJIOTiuHuX TpaHchopMalliii y MopchbKux ocagax [12, 13, 15] tako:x
MIPUBEJN A0 PE3YyJbTaTiB, AKi HMiATBEPI:KYIOTHCSA MOMIOHMMU YABJIEH-
HAMHU iHIMUX aBTOpPiB [23, 25]. ToMy BOHU € Ba)KJIUBUMU AJIS POSBUTKY
MexaHidMiB KaTacTpodiunux mnepeTBopeHb. Taki mexaHisMu q700pe Mo-
IeJIIOIOTHCA 3a JOIOMOTOI0 PEOJIOTIiUHMX OI[iHOK ABUI MIPYKHBO-
IJIACTUYHOI, TimepaHOMaJbHOI I yJabTpaaHoMaJbHOI Teuii ocazmis [11—
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13, 15, 18-20, 26], 10 BUBUaOTHCS (hidMKO-XeMiUHOIO reoMeXaHiKoIo.

Bxazami aBuia Ta mpolecu peaid3yloThCsa B yMOBAaX HAKOIMYEHHS
IUCIIEPCHUX TYpPOiZiTHO-IEJiTOBMX MOPCBKUX IIiABOAHUX ocamdiB [2—5,
7-9, 12,13, 15, 25, 26].

Taki ymMmoBU HakOOmMUYeHHA IIOB’sA3aHi 3 6ararbMa YMHHUKAMU: T'eOr-
padiero cequMeHTAI[IHOTO CXUJIY UM TO OaceiiHy, BiggaJsIio CcearMeH-
TaiifiHol mioIli Bix Oepera, Je HAKOMHUUYETHCA CeAMMEHTAIliAHNNA Ma-
Tepisai, BITpOBUMH IIPOIlecaMu, 3MiHOIO KJIIMATHUYHIX a00 reoJOTivHNX
YMOB i B HAIll Yac iCTOTHOIO 3MiHOIO eKoJioTiuHmx ymoB [22]. Hampu-
KJaajn, 18 Tuc. pokis masajg BimOyJiocsa s3arajibHe IMigHATTA PiBHS MOpH,
10 IIPUBEJO A0 3MiHU (PisMUYHUX i (PiBUKO-XeMiUHMX YMOB 3ajJATaHHA
ocafmiB y mpubepesKHil 30Hi, Ha IMIeJab(POBUX MJIOINHAX, HA KOHTHHEH-
TAJIbHUX CXUJIAX, & TAKOK 0 3MiHU IITBUJKOCTHU IIePEMIIlleHHA OCaliB Y
rIuOMHY OKeaHiB. B KimmmeBoMy cTaHi ocamgu Big sMiHuM mpupomHiX reo-
JOTIYHUX YMOB IXHBOTO 3aJIATaHHA 3 Pi3HOIO IMBUAKICTIO, aje BCe 3K Ta-
KM HAKOIINYYIOThCA Ha abicalbHUX PiBHUHAX, Y TMTHO0KOBOIHUX KOTJIO-
BMHaX i skosobax. Ha mepemimteHHsa ocafiB 3 BepxHiX miapiB mMopiB i
OKeaHiB y MOPCBHKi I'NIMOMHMN BIJIMBAIOTH i KJOiMaTHUHi yMOBH Ta ixHi
sminu. Hampukiaan, sMiHM cujiv Ta HAIIPAMKY BiTPOBUX TOTOKiB, AKi
MOJKYTBh JIOCATaTU MaKCUMaJIbHOTO piBHA B TalipyHaX, iCTOTHO BIJIU-
BAIOTh Ha 30i/JbIIIeHHA IMIBUIKOCTH HAKOIMUYEHHSA 0CaliB y IJIMO0OKOBOI-
HuX ningakax. Taki sk mpollecu IMBUAKOro KaTacTpoiuHOTO Iepemi-
MIEeHHA 0CaiB MOMKJIUBI IPU XBUJIAX IIyHaMi, CIPOBOKOBAHUX ITiJBO/I-
HUMU 3eMJIETPYCAMU UM TO BUBEDPKEHHAM ITiIBOJHUX BYJIKAHIiB y 30HaX
PO3JI0MY UM 3MillleHHA KOHTUHEHTAJIbHUX IJINUT. SIKIO Taki ocaagu B pe-
3yJbTaTi cTabiIPHUX YMOB 3aJIATaHHA Ta BiANIOBIAHMX KoaryJaaIiliHO-
KOHJIEHCAIlIMHUX ITPOIIECIiB YIMIIbHAIOTHLCSA YIPOAOBMK HECATKIB THCIY
POKiB, a MOTiM IIeMEHTYIOTLCS 0 TBEPAOro KaM’ SHUCTOTO CTaHY IPOTH-
roM MiJbIIOHIB POKiB y pe3ysabTaTi AiAreHe3y Ta JiToreHe3y, TO BOHU
BJKe IIepexXoJATh y TipchKi mopoau, AKi He 3JaTHI 10 mepeMillleHHA de-
pes 3asHaueHi BuUIlle YMHHUKH. ToMy I[iKaBUMM OJi aHAJNI3U BUHUK-
HEeHHA KaTacTpo(hiuyHMUX IIPOIIECiB MIBUAKOTO IIEPEMIINIEHHA MOPCHKUX
MaTepiAmiB € ocamu, AKI HAKOMUYYIOTHCA Ha GeperoBux IMeab(oBUX i
BePXHill YacTHMHI HerIMOOKMX KOHTHUHEHTAJNLHUX CXUJIiB, JOCTYHIHUX
I BiTPOBOi, XBUJILOBOI Ta XeMOT'eHHOI epoaii, a TaKkoK 06ioJIoTiuHO aK-
TUBHUX 3a0pyaHeHb. I1i mpoliecu B HAIII Yac CTAIOTh Oy’Ke Hebe3meuHu-
MU, i ixHa He6e3IMeuHicTh eKCTPpeMaJILHO 3pocTae y 3B’ A3KY i3 3acMiueH-
HaM CBiTOBOTO OKeaHy Pi3HMMU OPraHiYHNMU IIOBEPXHEBO-aKTUBHUMU
BigxomaMu Ta MOTIiPIIEHHAM eKOJOTiUHMX YMOB SIK HACJIiZOK MiKpo0io-
JoriuHmX i 6iokosoigHMX mpoIecis [22].

B nnbomy ceHci ikaBuMM € ocagu, AKi HAKOMUYYIOTHCA B MIEJIL(OBUX
MOPSX OPOTATOM THUCAY POKIiB B yMOBax IOMAJaHHA 3 CYyIIi BEJIUKOI Ki-
JBKOCTHU TEPUTEHHOI'0 MaTepifaay, OCTAaHHIM uacoM 3a0pydHEHHS SKOT'0
Oiosoriumo HerarusuuMu ITAB 1mBuAKO 3pocTae uepes BiAmoBigui sMinu
KJIiMaTy Ta MUPKYJIAIil B MOPCbKOMY Oaceiini. B Takux ymoBax BigK.a-
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IaeThCcA HECTINKMUYM HEJOCTaTHHO CTPYKTYPOBAHUY IIOPUCTHUI aJIeBPUTO-
BUii i TIMHUCTUN MaTepida. AJle B Cy4acHOMY CTaHi IMOPYIIIEHHS eKO0JIO0-
riunoi piBHOBaru He TiJILKM HA IIOBePXHi SeMJi, a #1 y rmubuHaX Tigpoc-
depu MOKJIUBI Taki sMiHU, AKi POOJIATL JOCTYIIHUMH IIPOIIECH TOBTOP-
HOI gumcrepraiii ciabo 3aTBepIiNX MOPUCTUX CTPYKTYP, HAIPUKJIAM,
3a 3POCTAHHSA BiTPOBOI OYPXJIMBOCTU MOPS Ta 3MiHM HAIPAMKY IIepeMi-
mienHsa Boau. Ilig yac Takoro craHy BiKe BiIKJIAAEeHiI IOPUCTL aJeBPUTO-
TJIVHUCTI IIOPOAM IIiJ Ai€io Oi0KOJIOIZHMX IIPOIleciB, MOPCHKMX XBUJIb i
CUJBHOTO BiTPY MOCTAaTHLO IITBUIKO IIPOTATOM JECATHUJIITHL 3HOBY TPAHC-
dopMyIOThCA 10 AUcHepcHOro cramy sriguo 3 [20—22]. Bap’epHi ocTpo-
BM, JIOHW Ta MiJIMHU BiJICTyIIalOTh IIPU I[LOMY BiJl CyIlli, a yTBOpPEeHUH
TypbiZiTHO-TIeIiTOBUII MYJI BUHOCUTBLCA 3a Ieab(d i masi Ha BepxHi mi-
JSHKY KOHTUHEHTAJbHUX CXWUJIB, YaCTO «HABMCAIOUMW» HAJ BEJIUKUMU
rIUOMHAMY KPYTUX CXUJIiB, INIMOMHA AKUX 3TilHO 3 MOPCHKUMHU KapTa-
MU MO:Ke cKJaagatu 2—5 KM (puc. 2).

HakonuueHHsa MaTepiAny i3 OpyKHBO-IJIACTUYHUMY BJIACTUBOCTSIMU
MOJKe JOCSATATH B IIUX YMOBaX TAKOTO PiBHA, KOJU BiH MOUMHAE «IIOB3-
THU>» II0 CXUJY 3TiAHO 3 BiIOMUMU Ta BCTAHOBJICHUMU HEIOJaBHO HOBU-
MU PeoJIOTiYHMMHU XapakTepuctukamu [12—-16, 19-21, 26] Ta 3aBgaxku
cunaMm rpasitanii. Peosioriuni KpuBi, ysarajabHeHi Ha OCHOBi KJacudy-
HUX 1 BUKOHAHMX HAMU PEOJIOTIYHUX mocaimkensb [12—16], mpexncras-
JIeHO Ha puc. 3.

CyMmicHo amajisyiouu mami, HaBemeHi Ha puc. 2 i 3, MOKHA 3pOOUTH
IeKiibKa JIoriuHO OOr'pYHTOBaHMX BUCHOBKIiB. Ilo-mepime, TypOimiTHO-
MeJIiTOBUI MaTepisas, AKUN MOKe 3HAXOAUTHCS Ha OPiBIli KOHTHUHEHTA-
JBHOT'O CXUJY iHOIi IIPOTATOM JEeCATKiB, COTeHb ab0 THCAY POKiB 3HaXO0-
IUTHCA B MeXaHIUHO HAIPYKEHOMY CTaHi, AKUHN XapaKTepU3yEThCI AK
npy:RHbO-ILTacTuuHuii. ToOTo #oro moBeAiHKA IiAIIOPSATKOBYETHCA B
yMOBax IIOUATKY Teuil mepexoaoM Bia MPyKHBOI'O M0 IIJIACTUYHOT'O CTa-
HY, III0 IIPEACTaBJIeHO HA puC. 3, ¢ Y BUIJIALL PEOJIOTIiUYHUX KPUBUX, AKi
BiATIOBiAAIOTh TIPOABY edeKTy yJIbTpaaHOMaJbHOI B’SI3KOCTH, BiAKpU-
ToMmy HemaBHo [12, 13]. fIx 6auumo, Ha puc. 3 IpeaCcTaBJICHO ABA TUIU
KPUBUX e yJIbTPAaaHOMAaJbHOI Teuil, AKUX MiATBEPAKEHO eKCIIepUMeH-
TaabHO [12—-14]. 3rigHo 3 KpuBUMU, AKiI HaxujeHi y mpaBuii 6iK (KpuBi
1, puc. 3, e), Teuia (IMIa3y4dicTh) AUCIEPCHUX OCAIB, III0 MAIOTh MaKCH-
MaJILHO MOKJNBY KOHIIEHTPAIIil0 TBEepAOoi a3y Ta I'yCTUHY IacTH, IIO-
YMHAETHCS 3a JOCTATHIX AJIA IMX IIPOIleciB HaBaHTaxKeHHAX. Kpusi 2
(puc. 3, e), HaxujeHi y JiBuii 6iK, i mepexigHi 40 KPUBUX TUIY «€» Ma-
IOTh TPOXU IIOHMKEHY KOHIIEHTPAIIil0 Ta I'yCTUHY CyCHeH3il BCchboro Ha
IoJii abo meKisnbKa BifiCOTKIB y mOpiBHAHHI 3 KpuBuMmu I (puc. 3, e). Aje
e IpuBOAUTEL 10 3HaYHOTO (Ha 20—30% ) moHMKEeHHA MeXaHiuHOTO Ha-
BaHTaKeHHA, 3a SKOT0 IIOUMHAETHLCS IIJIAa3yYiCThb, IO IIEPEXOAUTh Y
CTPECOBY TeUio.

3rigHo 3 KpuBuMu el i e2 yapTpaaHOMAaJbHOI Tedii, ofep:KaHuMU Ha
peoBicKo3MMeTpi 3 KOAKCiAAPHUMY ITWJIIHAPAMHU, 3a 3POCTAIOUOTO I'pa-
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BiTamiiiHOro HaBaHTaKEeHHS TeUid HNPUINMBUAINYEThCA Yy uaci [13], m1o
YMOKJIMBJIIOE CYCIIEH3iAM IMePeMillyBaTUCs 3 MEHII IIOXUJINX MiJIKOBO-
nuux menab@oBux (raubumaa mo 200 m) mpubepeskHUX HA OiIbIT KPYTi
KOHTHMHEeHTaJbHI cxuau (rimudbuna 6insire 200 m), 1o 36iabinye edex-
TUBHICTH I'PaBiTAI[iiHOT0 HaBAHTAKE€HHSA, IPUBOAUTL OO 3MIiIlTyBaHHS
0ocaJiB i3 MOPCHKOIO BOJOIO i, AK HACJIIOK, OO 3MEHIIIeHHA KOHIIeHTPA-
il TBepaoi (pasu Ta I'yCTUHU CYCIIEH3il i pi3KOoro mpumiBUAIIIEHH Tevii.
IIpu 1boMy Tedisa BiKe MiATIOPSAAKOBYETHCA PEKUMY THUIY «e» (puc. 3,
e), axuii BimoOpasKkae 3aKOHOMipHOCTI Teuii B yMoBax ImpoOsaBY eheKTy
rinepanomauiii B’asxoctu. IIpu nmbomMy IMIBUAKICTE ITepeMillleHHs ocaIiB
11e 30iJabIITyEThCS.

Jlajri ToBTOPIOETHCA MPOIleC PO3PiAKEeHHA CyCcIIeH3i] HOBUMY MacaMu
MOPCBKOI BOAM, Ime 0ilbIlle TOHMMKEHHI KOHIIeHTpAaIlii TBepaoi dasu Ta
TYCTUHHU OCaliB, Iepexin Teuii go Ttumy «z» (aumarancii). Hactymme
OPUINBUAINEHHA Tedii cycneHsii IpuBOAUTE A0 Iepexony ii 1o TUIry «8»
(peomnekcis), a gaji g0 TUIiB «6» (TUKCOTPOIiA) i «a» (Teuid HEHBIOTO-
HOBOI pimuHM).

Kpim onrcanoro mexanismy Teuii, Ha il MIBUAKiICTh MO3UTHUBHO BILJIU-
Ba€ 3POCTAaHHA KPYTHU3HU CXUJIiB i3 riInOMHOI0, Ha AKY HepPeMilyeTbes
ocan. I3 mepexomom Teuii mocJriJOBHO BiJl «€» IO «@» BOHA €KCIIOHEHIiH-
HO MPUIIBUAINTYEThCA. TakuM UMHOM, ITOUMHAIOUYNCHh AK JaMiHapHa (B
yMoBax e i d), Teuia mepexoauTh y TypOYJIEeHTHUN pe:KuM, AKUHA IOCHU-
JIIOETHCA BiZl YMOB «2» IO «a». JlaBuHOMOAiOHMT TOTIiK mepeMimnyeTbes
aji 3 TaKOI0 BEJMKOIO IMBUAKICTIO, 3a AKOl IIEePEMIITyBaHHSA 3 MOPCH-
KOIO BOJOIO BaBAAKMN AN Y3iTHUM raJibMyBaHHAM i BINIMBY MIITHUX Ha-
HOCTPYKTYPHUX (PA30BUX KOHTAKTIiB 3BOAUTHCA MPAKTUYHO 10 HYJIH.

Koau mBuakicTs JgaBuHOIOAiOHOro moToKy pmocarae 50-100
KM/TOOUHY, BiH KeHe mepen co00i0 MOPCLKY BoAy. BoHa mocTyIoBo ra-
CUTh IIBUAKICTH IIEePEeMiIlleHHs OO0 MOCATHEHHS IIOTOKOM abicaJIbHOTO
IHa OKeaHy, Je YTBOPIOETLCS KiHIleBa CJIa00KOHIIeHTPOBaHA CYCIIeH3isd,
3 AKOI e KiHIleBe r'paBiTalifine ocam:xenHsa. 3adikcoBaHi peaabHi Ha-
CALOKM TAaKUX KaTacTPodivHUX HPOIECiB MOKA3aau, 10 BOHU IPOBOKY-
IOTH IepeHeceHHs ocaaiB Ha Biggasi 1o 700—1000 kM, moxkpuBatwuu abi-
canbHe JHO Ha miomax 0 100 tuc. km? i 6iIbIe 3a BUCOTH MIapy TypOi-
TiTHO-TemarivHuMX BigkJaazmis y nmukjai Boyma mo 1 M i macu, ska gocsArae
170—200 MJIH. TOH 3a OAUH [TUKJI.

MoryTHicTh KaTacTpohiuHUX TYypOiAiTHO-TIENAaTiYHUX MOTOKIiB MOKe
IIOCUJIIOBATHCEH 400 3MEHIITYBaTHUCA B YMOBaX CUJILHOIO BiTpy (IIITOPMH,
Tali(pyHU) 3aJIeKHO BiJ oro HampaMKy (Bim Oepera um mo Oepera), Ha-
MPAMKY Ta CUJIU TPpubepekHUX i TMITMOMHHUX Teuiil, XBUJIb IyHaMi, 3e-
MJIETPYCiB TOIIIO.

Haii6insir MOTyTHI 3 IIMX ITOTOKIB JalOTh IOIITOBX CTPECOBUM IIPOIle-
caM, TiJg AKMMU PO3YMIi€TbCA IIBUAKOILUIMHHUN Iepexis MaTepisainy Bix
MIPYKHBOTO JI0 IIJIACTUYHOTO cTaHy [13], B ToMy umcJIi Ha 3HAUHO OiIbIITIX
TOBYKUHAX MIPUOEPErKHOI 30HN OPiBKY KOHTUHEHTAJIbHUX CXUJIiB.
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Bigxmamu ocamiB TakoK IPUINBUAIINYIOTE TigpaTalliiiHi IpoIecu aBTo-
IucIIepI'yBaHHA Ha HAHOPiBHI TBepmoi uacTuHu ocazis [27]. B pesyabrari
TaKNX YNHHUKIB 3HAYHO IMOCUJIIOIOTLCA IIapaMeTpu KaTacTPopiuHmuX Ty-

pOimiTHMX IIOTOKIB, AKi MOBOAATE ceOe 3TiHO 3 BiKe BUKJIANeHNMI MeXa-
HiZsMaMuH.

0 e

Puc. 3. YzarambHeHi peosoriuni xapakKTepucTUKY Tedii 3ayrisooKkcumHOCHIiKAa-
THIX MaTepiaais Tuny 3ACM i H3ACM.*

14 —e— IpAMMIA Xif
12 —o— 3BOPOTHIH xin

n, lla-¢
[N N o> B <]
1

0 2 4 6 8 10 12 14 16
P, Ila
a 0

Puc. 4. 3anexuicTs edekTUBHOI B’sA3K0CTH (1) Bixg Hanpyru 3cyBy (P) misa 6io-
KoJIoinHOI cycnensii SACM 3 BMicToM MOPCBKOI coi y 28 r/aM?, 3 BoJoricTio y
34% (a) i miei :x BACM 3 BoJioricTio y 34% , BigMuTOI JeKaHTAaIli€i0 BijJ BHUCO-
KOJMCIIePCHUX UYAaCTHMHOK BOOIO 3 BMicTOM MopchKoi coxi y 28 r/am?® (6). @ —
IPAMUHN XiJ PeoJOTIYHNX KPUBUX IIPU 30iIbINIeHHI HATTPYTHY 3CYBY; © — 3BOPO-
THifi Xix Ipu 3MeHIIeHH] Hapyru 3cyBy.’
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—e— IIpAMUI Xix
6 5\ —O— BBOPOTHIN xix
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P, Ila
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Puc. 5. 3anexuicTh eeKkTUBHOI B’sA3K0CcTH (1) Big Hanpyru 3cyBy (P) mias 6io-
Kosoiguoi cycmensii 3ACM, BigMuTOl JeKaHTAIli€l0 Bifi BUCOKOAMCIIEPCHUX
yacTUHOK (puc. 4, 6), 3 BoJoricTio y 34% 3 momaBauusMm: (a) 2% MOHTMOPHUJIO-
HiTy; (6) 4% MOoHTMOPUJIOHITY; (8) 6% MOHTMODPUJIOHITY. ® — ImpAMUI Xifm peo-
JOTIYHMX KPUBUX TPHU 30iJbINIeHHI HATPYTru 3CyBY; O — 3BOPOTHIi# Xim mpwu
3MeHIIIeHHi HaIIpyru 3cyBy.®
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Puc. 6. 3anexuicTh ederkTUBHOI B’sA3K0CTH (1) Bixg Hanpyru 3cyBy (P) pisa 6io-
KoJIoigHOl cycneHnsii BizMuToro Bix BucokoaucnepcHux yactuHok 3ACM (puc.
4, 6) 3 Bogorictio y 34% 3 momaBauuaM: (a) 2% rigpocatonu; (6) 4% rigpociro-
Iu. ® — MPAMUN Xil PEOJOTIiYHUX KPUBUX OpU 30iJbINIeHHI HATIPYTHU 3CYBY; O
— 3BOPOTHIH Xiz IpU 3MeHIIeHH] HAIPYTH 3CyBY."
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TakuM umHOM, BUKOPHCTAaHHSA DPEOBiCKO3MMETpa 3 KOaKCiAJIbHUMU
MUIiHApaMHu I8 3aMipy PeoJIOTiuHMX ImapaMeTpPiB OiOKOJOIZHUX CY-
CIIeH3ill i3 MaKcuMaJIbHO BUCOKUM BMiCTOM TBEPAMX KOMIIOHEHTIB i I'y-
CTUHOIO, II[0 BiIIIOBiar0Th XapaKTepy OLIBIIIOCTH MOPCHKUX KOHTHHEH-
TaJbHUX BiZKJaIiB, AKi HiAIIOPAIKOBYIOTHCA 3aKOHOMiPHOCTSAM YJIbT-
paaHoMaJIbHOI IPY:KHBO-TIJIaCTUYHOI medopmarii (puc. 3, KpuBi e),
YMOKJIUBJIIIOE OIiHUTU HAIPYTY, 3TaTHY CIPOBOKYBATU CTPECOBi ABUIIA
y BigKJagax, a TaK0K IXHIO HACTYIHY KaTacTpPodiuHy IIOBEeIiHKY.

Tomy BiAKPUTTA ABUINA YJIbTPAaaHOMAJIbHOI Teuil Ta BUKOPUCTAHHA
IJIsT Moro (pikcarii peoBicKo3uMMeTpa YMOJKJIMBJIIOE BHECTH ITO3UTUBHI
3MiHM B OIIiHKH Teuil MOPChKUX BiIKJamiB, K Ile IOKa3aHOo BUIIE, Y IIO0-
PiBHAHHI 3 MeTOMIOIO0 3aMipy PO3TiKaHHA 3 BUKOPUCTAHHAM ATTepbep-
TOBOTO KiJIbIld.

3HaueHHsA paHillle BUKOHAHUX PEOJIOTIUHUX JOCaiasKeHb [12—16] nasa
POBKPUTTA Ta IPOTHO3YBAaHHS MeXaHidMiB MOBEIiHKM MOPCHKUX TYpPOi-
TITHUX BiAKJIAMIiB ITiATBEPIKYETHCA TaKOMK €KCIIEPUMEHTAJIbHUMU [a-

20
—e— NPAMHAM Xif
O— BBOPOTHIN Xix

n, Ia-c
)

8

Puc. 7. 3anexuicTh ederkTUBHOI B’sA3K0CTH (1) Bixg Hanpyru 3cyBy (P) miasa 6io-
KOJIOimHOI cycmensii BimMuToro Bix BucokoaucnepcHux yactuHok 3ACM (puc.
4, 6) 3 BostoricTiOo ¥ 34% 3 momaBauHaAM: (a) 2% KaouiHiTy; (6) mo 2% KaomaiHiTy
Ta rigpociionu; (8) mo 2% KaomiHiTy, rigpocarogu Ta MOHTMOPUJIOHITY. ® —
IPAMUHN XiJ peosoTiYHNX KPUBUX IIPU 30i/IbIII€HH] HATIPYTHY 3CYBY; O — 3BOPO-
THiff Xix Opu 3MeHIIeHHI HaIpyru: 3cyBY.®
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Puc. 8. 3anexuicTh edhekTUBHOI B’sA3K0CcTH (1) Bixg Hanpyru 3cyBy (P) mias 6io-
Kos0imHol cycmensii Bizmuroro SACM (puc. 4, 6) 3 Bosorictio y 34% 3 moxma-
BaHHAM: (a) mo 2% rigpocioau, KaoJiHiTy Ta MOHTMOPHUJIOHITY i1 1% HaHOKa-
asruTy; (6) mo 2% rigpocaoan, KaoJiHITy Ta MOHTMOPUJIOHITY i 2% Mikpoka-
JBIIUTY. ® Ta A — OPAMUI XiZl PEOJIOTIYHNX KPUBUX NPU 36iJbIIIeHH] HATPYTH
3CyBY, O Ta A — 3BOPOTHIil Xifl Ipy 3MeHIeHHi HANIPyTH 3CyBY.°

Puc. 9. 3anexuicTh ehekTuUBHOI B’sA3K0cTH (1) Big Hanpyru 3cyBy (P) mas 6io-
Kosoiguux cycrnensiit SACM 3 BosoricTio y 34% , BiIMUTHUX BijJ BUCOKOLMCIIED-
CHUX Y4acTUHOK (puc. 4, 6) 3 nogaBarnuam: (a) 1% uanoranwsmury; (6) 1% mik-
POKAJBIIUTY. ® Ta A — IPAMHUI XiJi PEOJIOTIYHNX KPUBUX IIPU 30iJbIIIeHH] Ha-
IPYTH 3CyBY, O Ta A — 3BOPOTHIil XiJ Ipu 3MeHIIIeHHi HAIPYTH 3CyBY. '’

HUMU, HaBeJleHUMHU Ha puc. 4—10 3 moACHEeHHAMH y IiATINCaX 10 HUX.
PosraanyTi npomecu € rojioBHUM uYuHOM (ismuHmMU Ta (Hisuko-
XeMiUHUMU, AKi TaKOXX BUBUAIOTHCA i (Pi3MKO-XeMiuHOIO reoMexaHi-
Koro. Ogaak @XI'M yMOMKIUBIIIOE JOTATKOBO JOCJiIKYBaTH KOJOITHO-
xeMiuni, 6ioKoI0inHiI Ta HAaHOXeMiuHi HpoIlecHu 3a JOIIOMOTOIO PEOJIOTi-
YHUX METOZ, OOI'PYHTOBYIOUM iX pEHTI'eHO(Da30oBUMHU, e€JEeKTPOHHO-
MiKPOCKOIIYHUMM, XEeMiUYHNMH, MiKPOOiOJIOTiYHUMY, CHEKTPAJIbHUMU
1 immumu merogamu. Oco0aMBO IiKaBUMU € 010KOJOIAHI MeTonu, B OC-
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8 2

Puc. 10. 3anexkHicts edhexkTuBHOI B’A3KocTH (1) Bixg Hampyru 3cyBy (P) mid:
6iokomoiguoi cycrnensii SACM s BoJiorictio y 36% i 3 BMicToM MOpPCBHKOI couri B
pomi y 28 r/am?, BiTMHUTOrO POIOIO Biji BUCOKOAUCIEPCHUX UYACTUHOK (a); 3pas-
Ka «a» 3 BMicToM coaiy 1 r/am® i 3 rogaBannam 1% HaHOKaabmuTy (0); 3paska
«6» 3 BMicToM couri y 20 r/am® (8); spaska «6» 3 BmMicToM coui y: 25 r/am?® (1d),
30 r/mm® (2d), 35 r/om® (8d). 1!

HOBY AKUX MOKJAAEeHO BUBUEHHA OI0KOJOITHUX ABUII AK 3aKOHOMipPHO-
cTel KOJIOITHO-XeMiuHNX B3Aa€EMO/Iill sKMBOI Ta HEXKMBOI MaTepii y cKJa-
Ii 6ioreorenosis [11, 20], a Takok BUBUEHHS KOJOIJHO-XeMiUuHUX i Ha-
HOXEMiUHMX MeXaHi3MiB AUCIEPI'yBaHHA IPUPOAHIX MiHepaJsiB OioreH-
HUM ILJIAXOM, III0 MOYKe PO3IJIANAaTUCh AK BarKJINBe 3aBIaHHA AJIA Ha-
CTYITHOI pOGOTH.

AHaJOTiYHMMY MIIAXaMU MOYKJINBO BECTH i TOCTiIKEeHHS BIJINBY Ha
1Ii Ipolecu TepMOMiITbHUX XBUJb, BUBUEHHA AKUX TiJIbKU IIOUNHAETD-
cd, a TaKOXK IOPYIIIeHb eKOJOriyHOol piBHOBArm Ha OKeaHiYHMX MiJIAH-
Kax rigpocdepu y 3B’A3KY i3 3pOCTAI0UMM 3aCMiUeHHAM iX TJIACTUKO-
BUMMU i1 iHIIIMMU opraHiuHuMH Bigxomamu. OcTaHHI B TPOIMIYHMX 30HAX
OKeaHiB 3gaTHi Iij giero 30BHINIHIX YMHHMKIB i OioreoreHosis gocrar-
HBO HIBUIKO PO3KJIANATUCA 3 YTBOPEHHAM IIKIiAINBUX AJA HABKOJIUII-
HBOTO CepefoBUINA MoBepxHeBo-aKTUBHUX peuoBuH (ITAP). Taki IIAP
3rigHo 3 BcraHoBiAeHUMY 3akoHaMu PXI'M [20] Ta mpUIIBUAIIIEHHS ITi]T
iXHIM BILTMBOM TipaTalliifHOT0 HAHOCTPYKTYPHOT'O aBTOAMCIIEPI'YBaH-
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TABJINIIA 2. Xemiunuii cKJIag TUIIOBUX 3aJIi30aTIOMOCUIIKATHUX MaTePiAIiB
(3ACM i H3ACM).*?

. MouTMOPUIIOHIT
. | CamosiTo- .. . . .
CrJazm oKCcuiB reTHTOBA TypbigiTHo-emiToBUll |(HaHOZOOABKA IO MYJIiB
mac. % . myJa YopHoro Mmops i KoMITO3MITiH
KOMIIO3UITisA
Y MOJEeJIbHUX CHCTeMAax)
SiO, 46,4 54,6 49,5
Al O, 5,2 11,4 21,1
FeO 2,8 — 2,7
Fe,0,4 22,2 5,5 —
CaO 4,1 3,7 5,7
MgO 0,5 1,5 1,6
MnO 0,4 0,1 —
Na,O 0,9 0,2 0,4
K,0 0,4 0,9 0,3
y.IL.I0. 17,1 12,1 18,2

IIpumimka: y.n.1. — yTpaTu IPU IPOMiKaHHI.

HsA TBEPAUX KOMIIOHEHTIB TypOimiTiB [27] He TiIbKY 3acMiUyIOTh TIU0M-
HU OKeaHiB, a i 361JIBIITYIOTh, HEI'aTUBHI €KOJIOTiuHI HacJaigKu Bim s3poc-
TAI0YO0l YaCTOTH CXOIKEHHA JaBUHHUX IIOTOKIB Ha abicayjbHi riambuHHI
OKeaHCBhbKi piBHMHU, B JKOJ00U Ta MPOBAJLIA B MIiCIAX 3iTKHEHHA KOH-
TUHEHTAJbHUX IJAUT. OCKiJIbKY CJif dekaTyu HaHOIUKIUM YaCOM €KC-
MMOHEHI[IHHOTO HeraTUBHOTO BILJIMBY TaKHUX IIPOIleCiB, IX BUBUEHHS 3 Me-
TOIO PO3POOKY PeKOMEeHIAIlill 1A YIPaBJIiHHA MONi0OHUMHU ABUIIIAME 3a
JTOIIOMOTOI0 PO3BMHEHUX METOJ i ySIBJIeHDb CTa€ HATAJbLHUM i HeBigKIaMd-
HUM 3aBIAHHAM.

4. BUCHOBRKH

HocmimxeHo HaHOCTPYKTYpPHO-0iokomoinHi Tparnchopmarliii SACM tumy
MOPCBKUX OCaJiB Ta 1XHill BIJIMB HA PEOJIOTiUHi BJIACTMBOCTI BOTHUX
cycmensiit i gucmepciii. [lokasano, 1o Tpaucopmailii SACM icrorHO
BILJIMBAIOTH Ha Mepebir CTPeCcOBUX i HACTYITHUX KaTacTpPodiuHUX IpoIie-
ciB B ocazax Ha cxXmJjaxX MOPIiB i OKeaHiB. 3a JOIOMOI'0I0 aHaJIidu JiTepa-
TYPHUX JaHUX i 0JlepiKaHUX aBTOPaMu POOOTH PesyJIbTaTiB AOCIiIKEeHD
PO3BKPUTO IPUUNHYU Ta MEeXaHi3MU IMOBEJiHKHU AUCIepciii i ocagiB B ymo-
Bax KaTacTpohiuHUX ABUIII.

BceranosiaeHo, 110 Taki mpoliiecu i ABUINA TOUMHAIOTHLCSA MPU JOCAT-
HeHHiI MexaHiuHOI (r'paBiTaiiiiHol) Hampyru, IO BiAlIOBifae IOYaTKY
IPYKHBO-ILJIACTUYHOI fedopmariii gucnepciii i ocaxis. Ilig giero pisamx
YMHHUKIB (T'paBiTarisa, semjerpycu, IIyHaMi TOIIO) IIPYy:KHsS gedopma-
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IIiAg Ha mMoUaTKy OPOoIlecy B JaMiHaAapPHUX YMOBaX IEPEXOAUTH IO YJIbTpa-
aHOMAJIBHOI, a IIOTiM — JI0 rimepaHoMaJbHOI IIJIacTuuHoi Teuii. ITpu mo-
IaJbIIIOMY JaBUHOIIOAIOHOMY 3POCTAHHI IMBUAKOCTH Tedil mij BIInBOM
MeXaHiuHMX HaOpyT BimOyBaeThCA BiATIOBimHMI epexin Big JaminapHoi
o TypOyJIeHTHOI Teuii (uepes auiaaTaTHY, PEONEKCHY Ta THUKCOTPOITHY
cTamii) BeIWUe3HUX Mac OCAiB i I'PYHTIB 3 YTBOPEHHAM KaTacTpodiu-
HUX TYpOiAiTHUX ITIOTOKIB.

Buepie mokasaHno, mo Taki sSBUIa KOHTPOJIOITHCA KOHTAKTHUMU
HAHOCTPYKTYPHUMM B3AEMOIiIMM B IUCHEPCisdX, BUKJIUKAHUMU He
TLIBKY KOJOITHIMY, HAHOXEMIiUHNMH Ta TeOMeXaHIUYHUMU, a i, B IEePIITy
yepry, 0iOKOJIOIZHMMMU IIPOIlecaMM, 3yMOBJIEHUMU OAKTEPiAJbHUMU Ta
XeMIiUHIME peakIigaMu. B ocTaHHIX BaKJMBY POJIb BiirparmoTh 3aJ1i30-
penykyBasbHi i1 aBTOTpodHI OaKkTepii, AKi BupobasioTs 1o 3000 amdidgi-
abpuux ITAP nmentunuoro pany. Taki IIAP 6epyTs yuacTsb y MIBUAKiN qu-
ciepraiiii MmimepaJiB ocaziB 1o HaHOPiBHA 3TigHO i3 3akoHaMu PXIT'M 3a
PaxyHOK IPUIIBUAIIEHHA AeCTPYKILil 3ajlizoaJ ioMOCHUIiKaTiB 3a Mexa-
HiZ3MOM aBTOTiApaTaiiiHOro AUCIIEPTI'YBAaHHA B COJIOHI!I MOPChKil BOi.
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ITABLE 1. Chemical composition of typical iron—aluminosilicate materials (IASMs and NIASMs).

2 Fig. 1. Distribution of grains by size (particles, aggregates, sands) in most typical iron—
aluminosilicate sediments (with admixtures of iron oxide—hydroxides).

3 Fig. 2. Nanostructural-biocolloidal model of transportation, biocolloidal transformation, and
converging of underwater catastrophic turbiditic current that provokes microvolcanic activity
on a sea bottom or induces underwater earthquake.

4 Fig. 3. Generalized rheological flow characteristics of iron oxide—silicate materials of IASM and
NIASM type.

® Fig. 4. Dependence of effective viscosity (1) on shear stress (P) for biocolloidal suspension of
IASMs with a content of sea salt of 28 g/dm?® with 34% humidity (e) and the same IASMs with
34% humidity, washed by decanting from highly dispersed particles with water with content of
sea salt of 28 g/dm? (6). e—direct way of rheological curves with increasing shear stress; o—
reverse way with decreasing of shear stress.

5 Fig. 5. Dependence of effective viscosity (1) on shear stress (P) for biocolloidal suspension of
IASMs (washed by decanting from highly dispersed particles with water) with 34% humidity and
addition of: (a) 2% of montmorillonite, (6) 4% of montmorillonite, (8) 6% of montmorillonite.
e —direct way of rheological curves with increasing shear stress; o—reverse way with decreasing
of shear stress.

" Fig. 6. Dependence of effective viscosity (n) on shear stress (P) for biocolloidal suspension of
TASMs (washed by decanting from highly dispersed particles with water) with 34% humidity and
addition of: (1) 2% of hydromica, (2) 4% of hydromica. e—direct way of rheological curves with
increasing shear stress; o—reverse way with decreasing of shear stress.

8 Fig. 7. Dependence of effective viscosity (n) on shear stress (P) for biocolloidal suspension of
TASMs (washed by decanting from highly dispersed particles with water) with humidity 34% and
addition of: (1) 2% of kaolinite, (2) 2% of kaolinite and hydromica each, (3) 2% of kaolinite,
hydromica and montmorillonite each. e—direct way of rheological curves with increasing shear
stress; o—indirect way with decreasing of shear stress.

9 Fig. 8. Dependence of effective viscosity (1) on shear stress (P) for biocolloidal suspension of
TASMs (washed by decanting from highly dispersed particles with water) with humidity 34% and
addition of: (a) 2% of kaolinite, hydromica and montmorillonite each, and 1% of nanocalcite, (6)
2% of kaolinite, hydromica and montmorillonite each, and 2% of microcalcite. ® and A —direct
way of rheological curves with increasing shear stress, o and A—reverse way with decreasing of
shear stress.

10 Fig. 9. Dependence of effective viscosity (1) on shear stress (P) for biocolloidal suspension of
TASMs (washed by decanting from highly dispersed particles with water) with humidity 34% and
addition of: (@) 1% of nanocalcite, (6) 1% of microcalcite. ® and A —direct way of rheological
curves with increasing shear stress, o and A—reverse way with decreasing of shear stress.

1 Fig. 10. Dependence of effective viscosity (n) on shear stress (P) for biocolloidal suspension of
IASMs with humidity 36% and containing 28 g/dm?® of sea salt in the brine washed by decanting
from highly dispersed particles with water (a); sample ‘a’ with a salt content of 1 g/dm?® and with
addition of 1% of nanocalcite (6); sample ‘6’ with a salt content of 20 g/dm? (s); sample ‘6° with a
salt content of: 25 g/dm? (1d), 30 g/dm? (2d), 35 g/dm? (3d).

12 TABLE 2. Chemical composition of typical iron—aluminosilicate materials (IASMs and NI-
ASMs).
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3 BUKOPHUCTAHHAM CYyYacHHUX (PiZMKO-XeMiuHMX MeTO] AOCJIiIsKeHO KOJOiaHi,
HAHOXEeMiuHi Ta HAHOCTPYKTYPHi TpanchopMmarii cycnensiit sanizoaniomocu-
JIKATHUX KOMMOO3UIIN Y MOAEJbHUX I'eOMeXaHOXeMiuHnX 0i0KOJOIIHUX IIPO-
mecax. PosrisgHyTO MexaHisMu KaTacTpoiyHMX TPOIEeCciB Ta iXHill BIJINB Ha
BHCOKOJUCIEPCHI HAaHOCTPYKTYPOBaHi I'IMOMHHI MOpPCHKi memiToBi ocamm y
cyMmimri 3 rpy6ogucIiepCHUMU KapOOHATHO-3a/Ii30aII0MOCUITiKaTHUMY ITila-
HuMH nopopamu (TypbimiTamu). PosriaHyTo MOAesbHI YMOBU IepeMillleHHs
MOPCBKUX TYpPOiAiTHO-TEJITOBUX KOMIIO3UIIM y CKJIaAl MyJiB mpubepesxHUX
mrenbGoBUX 30H i3 rambuHOoo A0 200 M Ta HAa MiABOAHNX KOHTHHEHTAJbLHUX
cxuaax Ha rambuaax y 200—-2000 M, a TaK0K IXHIO IMIOBEAiHKY HA TVIMOMHAX Y
2-8 k™ i Baemogito B riimbokoBogHUX (8—10 KM) Mi*KKOHTHHEHTAJIbHUX BIIa-
OUHaX i IpoBaLIAX 3 MAarMaTUYHUMU HAIiBPO3TOILJIEHUMU 3aJTi30aJIFOMOCHUJIi-
KaTHUMU MaTepidmamu. Bmepie po3riasHyTo I OOTPYHTOBAaHO MeXaHiZMU
CKJIQIHUX IIpoIeciB (hjopMyBaHHSA, MePeMillleHHA, Teuil, a TAaK0XK KoaryJIsaIii-
HO-KOHIEHCAIliMHOTO HAHOCTPYKTYPYBAHHA I YIMiJIbHEHHS 3aJ1i30aJIFOMOCHJIi-
KaTHUX KOMMIO3UIlili i3 30epeKeHHsIM PO3BHMHEHOT0 HAaHO- Ta MiKPOIOPHCTOTO
CTaHy 3TrifHO i3 3aKOHOMipHOCTAMU (Hi3MKO-XeMiUuHOI reoMexaHiKuM Ta KOJIOII-
HOI HAaHOHAYKU. PO3TIsAHYTO POJIb BiTPOBUX i TEIIJIOBUX BILJIMBIB i CIPOBOKO-
BaHUX HUMU HAJBOTHUX TYpPOYJIEHTHUX 1 HigBOOHUX JIAMiHapHUX (TepModi-
JIbHUX) XBUJIb AJIA Teuil 3a1i30aIIOMOCMIIKATHIX 0CaAiB IPU KaTacTPoMiuHmX
sApuIinax. BigmiueHo BasKJIMBY pOJIb i BILIMB Ha TaKi ABUIa epeKTiB rimepaHo-
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MaJtii i yapTpaaHomMaJii B’SIBKOCTH 3aJIi30a/IIOMOCHJIIKATHUX AUCIepciii 3a
IXHBOTO IIEPEXOAY BiJ IPYKHBOTO A0 ILJIacTUUYHOTO crany. HagaHo BigmoBigHi
MOJeJIi BKaszaHUX ABUII i CYIIPOBOAKYBAJIbHUX I1X PEOJIOTIUHUX IIPOIIECiB.

Using modern physicochemical methods, the colloidal, nanochemical, and
nanostructural transformations of suspensions of iron—aluminosilicate com-
positions are investigated in model geomechanochemical biocolloid processes.
Mechanisms of catastrophic processes and their effect on highly dispersed
nanostructured deep marine pelitic sediments in combination with coarse-
dispersed carbonate—iron—aluminosilicate sand (turbidites) are considered.
Model conditions for displacement of marine turbidite—pelitic compositions
in the composition of coastal shelf silt with a depth of up to 200 m and un-
derwater continental slopes at depths of 200—2000 m as well as their behav-
iour at depths of 2—8 km and interaction in deep water (under 8—-10 km) in-
tercontinental trenches and dips with magmatic semi-molten iron-
aluminosilicate materials are also considered. The mechanisms of complex
processes of formation, displacement, flow as well as coagulation—
condensation nanostructuring and compaction of iron—aluminosilicate com-
positions with the preservation of the developed nano- and microporous state
are first considered and substantiated according to the laws of physicochemi-
cal geomechanics and colloidal nanoscience. The role of the wind and thermal
influences as well as their superficial turbulent and underwater laminar
(thermophilic) waves on the flowing of iron—aluminosilicate sediments dur-
ing catastrophic phenomena is considered. The important role and influence
on such phenomena of effects of hyperanomaly and ultraanomaly of viscosity
of iron—aluminosilicate dispersions during their transition from elastic state
to plastic one is mentioned. The corresponding models of the mentioned phe-
nomena and the accompanying rheological processes are given.

Karouosi croBa: KaracTpodiuHi ABUINA, PEOJIOTisA, MOPChKi ocaam, 6i0K0J0-
inui Tpanchopmarii, HaHOCTPYKTYpPHI TpaHnchopMmaIrii.

Key words: catastrophic phenomena, rheology, sea sediments, biocolloidal
transformations, nanostructural transformations.

(Ompumano 10 aromozo 2020 p.)

1. BCTYII

JocsaArHeHHS HAYKM i TEXHIKM YMOKJIMUBJIIOIOTH PO3POOJIATH HOBi €Ko-
HOMiuHO OOT'PYHTOBAHI, eKoJoTiuHO Oe3meuHi i eeKTUBHI cmocodu, Te-
XHOJIOTII Ta MeTOAM BUPIIIeHHs IIpobJeM, 1[0 BUHUKAITh. Tak, HayKo-
BO-TeXHIUHMH mporpec B o0aacTi PisuKo-XxeMiuHOI reoMmexaHiku, reodi-
3UKHU, reoxeMii, 6iokosoigHol xemii, HaHOXeMil, eK0o0e3ImeKn, MeIUIH-
HU Ta KypPOPTOJIOTii CTBOPUB ITUPOKI MOYKJIUBOCTI AJId BUKOPUCTAHHA 3
BHCOKOI0 e€()eKTUBHICTIO CyYaCHHX BHMCOKOJINCIIEPCHUX 3aJ130aJII0MO-
CHUIiKATHUX MATePiaaiB 3eMHOI KOpu Ta KOMIO3UI[iA Ha iXHili ocHOBIi
(BACM) B exo0iOTeXHOJOTifIX, TEOTEeXHOJOriAX, y MeIUYHO-
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JiKyBaJbHIiN i KocMeTnuHi# mpakTuii [1-6]. OcTarHiM YacoM BCTaHOB-
JeHo, 1o Bukopucranua SACM maiibinsin epexTuBHE Y hopMi HaHOCT-
pykrypoBanux cucrteM (H3ACC) i xommosutiti (H3ACM), aki € ocHo-
BOIO CKJIATHUX TeXHOJIOTIYHUX CIOPYI TUITY JaM0 Ha BOAOMMAaX, IIPOTH-
dinrpTpamiinnx TOHHUX eKPaHiB Ta aHTHUCTPeCOBUX (aHTHUKATacTpodiu-
HUX) TOMIIIIOK y CKJIali HAABOAHUX i MiIBOMHUX IPUPOIHIX Ta aHTPOIIO-
reuuux cxuiaiB [5]. OcobauBoO IIiKaBUM Ha CydYacHOMY €Talli PO3BUTKY
TaKUX JOCIIIKEeHb € Ie HeBUBUeHe (pOpMYyBaHHA YMOB CTPECOBUX 3CY-
BiB BMCOKOJMCIIEPCHUX VIMIJIbHEHUX OCAAiB i I'PYHTIiB Ha IIiABOIHUX
MOPCBKHUX CXMJaX i MITYYHUX AaMOaxX 3 YTBOPEHHAM Y IIOAAJBIIOMY
MIBUAKKUX T'PSA3LOBUX IIOTOKIB 13 BEJIMKMMM KaTacTPOPIiUHMMMU HACJIiMI-
kamu. He pos3radgHyTo HayKOBi OCHOBU MeXaHi3MiB il eheKTiB yabTpa-
aHomaJiii Ta rinepanomautii B’A3KocTu [6], AKi IPOBOKYIOTH TOYATKOBY
aaminapry tedito nucnepciiit H3ACC i H3ACM. He posriaHyTo mpoiie-
cu, IO CYIIPOBOIKYIOTH TaKy TeUiio, B (h)a30BUX HAHOPO3MipHUX 30HAX
KoHTaKTiB uactTuHok aucrepciiit H3ACC 3a yuacTio cCuJIOKCaHOBUX, 3a-
JizorigpokcuIHUX i KapOoHAaTHMUX CTPYKTyp. He moKasaHo BayKJIUBY
Poab BiTpoBUX XBUJb Y (hOPMYBaHHI MOPCHLKUX (Das3eosliHOBUX IIpude-
PEeKHUX MYJiB i3 MOJANBINIOI0 Ai€l0 QisuKo-xeMiuHuX, 6i0KOoMOImTHuX i
reoMexXaHiuYHUX YMHHUKIB, AKi IPUBOSATL MO YTBOPEHHS TypOimiTHO-
MyJaoBuX Kommosuiliii Ha ocHoBi 3ACM i H3ACM Ha rambuUHHUX MOP-
ChbKUX cxuiaxXx. HemocTaTHLO MOCTiMKeHO MeXaHisMU KOHTAKTHOI HAHO-
Ta MiKpoCcTpyKTypHOI nepebynosu aucnepciit HBACC i H3ACM B ymo-
BaX mepexony ixX Bif mMpy:KHBOTO A0 IJIACTUYHOIO CTAHy Ta HaBmaku. He
HaJlaHO BiAIOBimHI Mozesi BKaszaHUX IporeciB. ToMmy BaKJIMBICTD i aK-
TyaJlbHICTh 3a3HAUEHUX NOCJIIKeHb y BKasaHuX HaIpsaMaxX € Hesalepe-
YHOIO.

2. ®I3UKO-XEMIYHI XAPAKTEPUCTHUKN MATEPISAJIIB
TOCJITKEHD

Ilonepenui mnouaTKOBiI JocJjifsKeHHS IIpolieciB TpaHchopmallii mix
BILJIMBOM T€OMEXaHidHOro Ta HAHOXEeMIiuHOro AMCHepryBaHHSA, ITOJiMi-
HepaJbHUX MiKPOAUCIEPCHUX i HAHOCTPYKTYPOBAHUX 3aJ1i30aJIIOMOCH-
dikatHux cucteM i marepiaxis (BACC i H3ACM) nmpupoAHLOTO Ta TEX-
HOTeHHOT0O MOXOIKeHH (3aJisHi pyau, 'pyHTH, IeJiTOBi ocanu, meJoi-
I, IIPUPOAHI Ta TepMOAeCTPYKTYPOBaHI IIMHM, HiCKH TOII0) IOKa3a-
JU, III0 B Pe3yJbTaTi SMiHM UMHHUKIB BIJIUBY Ha MiKpOAWCIIEPCHI Ta
naunogucnepcHi 3ACC i H3ACM wmixk iXHIMM KOMIIOHEHTaMU MOKYThb
BimOyBaTuca pisHi Bzaemonii [4—6]. o Ttakmux B3aemogiii y 3ACC i
H3ACM caig BimmecTu BigHOBU 400 OKMCHEHHS, IIOAAJbBIIE AUCIIEPIyY-
BaHHA a00 KOHTAKTHE MiKUaCTHHKOBE YIMiJbHEeHHA, i30TepMiuny 1epe-
FOHKY, 3MiHY IIOBEPXHEBOI'0 Mi’KYaCTHHKOBOI'O a00 MisKarperaTHoro
HaAHOCTPYKTYPHOTO (pa30BOTO CKJIANy, XeMiuHe BUJIYKHIOBAHHS, aJCOP-
O1rifo, aaresiro, Koresiro, MoHHMNI 00MiH ToIfo. Taki B3aeMoxii HamaOTH
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nucuepcauM SACC i H3ACM HoOBUX BJIaCTHUBOCTEN i 3MiHIOIOTH IXHi xXa-
pakTepucTuku. Hafiuacrimie mogi6Hi 3MiHM BUHMKAIOTL Y 3eMHill Kopi
Ta Ha ii TOBepXHi B pe3yJIbTaTi MPUPOAHiX ab00 TeXHOTEeHHUX ITPOIIECiB.
OpHaK goTelmep Ipo IIpollecH, IKi BigOyBaloThbCA Yy TaKHUX CHCTEMAaXx i
KOMIIO3UIIiAX MaTepidAaiB, CyqATh II0 KiHIIeBUX IIapaMeTpax, III0 He II0-
SICHIOE TIEePIIMONIPUYNHY Ta MEeXaHi3MHU IMTOYATKOBUX II€PETBOPEHD, IKi He
3aBXKIU JIETKO cIocTepiraioTbeda. oci HeMae emmHNX, HAYKOBO O0T'pYyH-
TOBAHUX KOJIOITHO-XEMIUHUX YABJIEHDb 100 TpaHchopMallii mosimMmine-
panpaHuXx 3ACC i H3ACM B ymMmoBax iXHLOTO reoMeXaHiuHOTO Ta HaHO-
XeMiYHOTro AUCIIEPI'YBAHHSA B IIPUPOJIHIX I'e€0JIOTIYHUX YMOBaX, BiCyTHI
TAKOK IIPUHITUIIOBI Moesi 010KOJIOIgHO-XeMiuHIX B3a€MOAINA y moai0-
HUX CHCTeMaXx, AKi 0 JaJau MOXKJIMUBICTH OOI'PYHTYBATH IIPOIlECH YIIPaB-
Jinuda moBeminkoio Ta xapaktepuctukamMu SACC i H3ACM. Buxonsauu 3
IIbOT0, BUOip 00’€KTiB MOCHim:KeHHA I'PYHTYBaBCsS Ha 3pasKax i3 ysa-
TaJIbHIOBAJIbHUMHU KOJIOITHO-XEeMIiUHMMHU BJIACTUBOCTAMM, XapaKTep-
HuMu A 6inbimoctTu SACC i H3ACM. B akocTi KOHKpeTHHUX 3aj1izoa-
JIIOMOCWJIIKATHUX MaTepiasiB panimie [4—6] BKe OyJa0 BUKOPUCTAHO:
pisHi I'DyHTH Ta I'INHU; IOJiMiHepaJbHI 3aJ/1i30aIOMOCUIIKATHI KOM-
mo3uIlii, BuaijeHi i3 3adisHUX pya; mejaariudi MiJIKoBoAHI Ta raIunbOKO-
BOIHi ocaau Ta negoinu Yopuoro it A30BCLKOT0O MOPiB, OEHTOHIT i MOHT-
MOPHJIOHIT, IKi BUKOPUCTOBYBAJINUCA TaKOMK B iHINMX myOaikamiax [1—
3]. XemiuHMII CKJaJ TUIOBUX YCEPEeIHEHUX MAaTEPifAJiB HaBeIEeHO B
TabJI.

Bukopucrani mpu gociiiKeHHI ycepeqHeHi 3a CKJIAIOM TJIMHMCTI ¥
iHITL MaTepigam Ta KOMIIOSUIIiT OUMUIITAIN 34 3aTaJIbHOIIPUAHATUMU Me-
ToguKamu [ 7] Ta moapiOHIOBaIM 10 PO3Mipy UaCTUHOK MeHIe 63 MKM.

TABJUIIA. Xemiunuit cKJIam ycepefHEHNX TUOBUX 3aJ1i30aII0OMOCUTiKaTHUX
marepisaris (3ACM i H3ACM).!

BMiCT OKCH- IToniminepanbua CamonitoBo-| My
iB. Mac. Y 3astizoasiroMocuiaikaTHa retuToBa |YopHOro|MOHTMOPUJIOHIT
ALB, -0 KOMIIO3UI[iA KOMOO3UIlisd | MOpsA
SiO, 19,5 46,4 54,6 49,5
Al,0O4 2,9 5,2 11,4 21,1
FeO 2,6 2,8 — 2,7
Fe,O,4 50,1 22,2 5,5 —
CaO 2,87 4,1 3,7 5,7
MgO 0,6 0,5 1,5 1,6
Mno 7,9 0,4 0’ 1 -
Na,O0 0,3 0,9 0,2 0,4
K,0 0,3 0,4 0,9 0,3
B.II.I. 13,9 17,1 12,1 18,2

IIpumimka: B.I.II. — BTPATU IPU IIPOXKAPIOBAHHI.
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PenrrenogudpakToMeTpuuHi Ta PEHTIeHOMJIIOOPECIIeHTHI IOCJIi-
MKeHHA MOJiMiHepaJbHUX AUCIEPCHUX CHCTEM i KoMmmoawuii (rabJi.,
puc. 1i 2) mokasanu, 110 B iXHill CTPYKTYPi IPUCYTHI MiHepasn KaoJi-
HiT, rigpociaona, MOHTMOPHUJIOHIT, IJIAYKOHIT, CAIIOHIT, T'eTUT Ta iHIIi.
VY cxkaani apibHUX PpaKIliii y MeHIIil KiJIbKOCTi IpUCYTHI 3MilTanoIa-
pyBaTi yTBOPeHHA MOHTMOPHUJIOHITO-TiAPOCIIIOAUCTOTO Ta TJIayKOHiTO-
BOT'O THUITY 3 IIEPEBATOIO0 I'i IPOCIIIOAUCTUX YTBOPEHbD.

Puc. 1. PeurrenonudpaKkTorpaMu Ta TepMorpaMu npupogabsoro (1) ta BigmMuTo-
ro (2) Bixg rimHMCTHX MiHepasiB i iXHiX HAHOUYACTHMHOK 3aJ1i30aJIIOMOCHUIIKAT-
HOT'O MaTepiay.

Puc. 2. Mikpodororpadii npupoguboro (1) ta Bigzmuroro (2) Big ramHmMCTHX
MiHepaJIiB i IXHiX HAHOUACTHHOK 3aJIi30aJIOMOCIIIKATHOTO MaTepiary.?
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IadpauepBoHi cIeKTPpU XapaKTepU3yBaJIUCI CMyTraMy MOTJIMHAHHSA 3
makcumymamu mpu 480, 546, 700, 805, 925, 950, 1020, 1047 Tta 1126
cM ', aki 3a qarmmu [7, 8] BigHOCATHCA 10 0061acTH BasmeHTHHX Si—O(Si)-
ta Si—O-xoxuBaub (1020, 1047, 1126 cm'). Makcumymu npu 925 i 950
cM ! BigHOCATHCA IO AedOpMAIiHHNX KOJMBAHL CTPYKTYPHUX TifpOK-
CUJIBHUX TPYI, 3B’A3aHUX i3 okTaegpumunumu Al*‘-kariomamm; cmyra
mpu 546 cm ! — BigmosimHO, KO medopMamiMHMX KOJIMBAHb BKABAHNX
BUIIE TPYI Y CTPYKTYPL KaodiuiTy [7]. 3arajabHuil BUTIAL TPUIIETY B
o6J1acTi BaJeHTHIX KOJMUBAaHb i3 Makcumymamu 1020, 1047 i 1126 cm !
€ OLJIBIII XapaKTEePHUM AJIS KAOJIiHITIB, HiMK JJI4 TrigpOoCIof.

HomatrkoBe 006pobsenua SACC i HBACM nposoauiaocsa 3TigHO 3 pe-
Komengamiamu [9, 10], a HamomucnepcHU KapOoHaT KaJabI[il0o TOTYBaB-
cd 3a METOIUKAaMM, BUKJaJeHuMu B pobori [4].

B mociizax 3acToCOBYBaJIM TAKOMK XeMiUHO UMCTi KapOoHAT i riapox-
CHUJ HaTPilo; CUJIIiKaT HATPilo TOTyBaJu 3 TiAPOKCUAY HaTpito i amopd-
HOT'0 KpeMHe3eMy 3a 3arajbHo BimomuMu Metomukamu. Cycmeusii goc-
JiIKyBAaHUX MaTepidaiiB moapiOHIOBAIU B MOPIEIAHOBOMY KYJIbOBOMY
MJIMHI B IPUCYTHOCTI XeMiuHIX T00ABOK, IO MiCTATL HAaHOKJIACTEPH Ta
HAHOYACTUHKU.

3. METOIH JOCJITKEHHS

IIpu mocaimxeni SACC i H3ACM BuUKOpPUCTAHO TEOPETUYHI METOAU MO-
JIeJJIOBaHHA U eKCIIEpUMEHTaJIbHI MEeTOIN: XeMiUuHy, PEOJIOTiUuHY, PEHT-
reHOAU(PPAKTOMETPUUHY, €JEeKTPOHHO-MiKPOCKONIiIUHYy, AepuBaTOrpa-
diuny i [Y-cIeKTpOCKOIIiYHy METOIM aHaTi3!, a TAKOK 3a He0OXigHOC-
TH — I'paBiTalliiinoi Ta MarHeTHOI cemaparlii i MmeguuHO-6i0IOTiUHI Me-
ronu [4—10].

Xemiuna ma peHmrenoparopecyeHmHa aHali3u, BUKOPUCTaHi IIpu
JOCJIi;KeHHI 3pa3KiB, BUKOHYBAJUCA 10 BiIOMUX MeTOAMKAxX AKicHOI
Ta KiJIbKiCHOI MeTOI aHAJIi3Y 3aJIi30aIIOMOCUIIIKaTHUX ITOPiI.

Penmrenodugpparxmomempuiiy aHari3y 3pasKiB 3ailicHIOBaIM Ha
mudpaxromerpi JIPOH-YM-1 3 CoK ,-BunpomMiHeHHAM i HikJeBuUM ¢i-
JBTPOM 3a KiMHaTHOI Temnepatypu. [ludppakromerep 6yB coayueHU
i3 camomnuciiem KCII-4 gnsa sanucy audpaxrTorpaMm. 3HOMKa IIPOBOIMU-
Jlacs 3a HACTYITHUX YMOB: MIBUAKICTh 3fioMKu — 1 r'pajn/xB. PeecTpairia
PenTreHoBoro BUIPOMiHeHHsA 3AilicHIOBaJacd Ha CIUHTUJIAIIAHOMY
givnnsauRy BIC-6.

Enexmponna mixkpockonis 0ocaidxcenux 3pa3kie. EaeKTpoHHO-
MiKPOCKOMiUHi 3HIMKY OJEeP:KyBajau 3a JOIIOMOTOIO eJIEKTPOHHOTO MiK-
pockomna ITOMY dipmu «Ceami» B pesxuMi ¢BiTIIOBOTO 1mojisd. 3aCTOCOBY-
BaJIX Taxko i ckanyBaJybHi Mikpockonu TESLA BN, JEOL NeoScope
JCM-5000 i JEOL JSM6490 LV 3 eHeprogucmepciiiHuM IpPUIAAOM
INCA ENERGY-450 (¢pipma Oxford, Berukodopurauis).

Ilepusamozpagivna arnaniza. Hada TepMorpaBiMeTpUUYHUX TOCJi-
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JKeHb BHKoOpucTOByBaau gepuBatorpad Q-1500 D MOM Budapest
(Yropmiuna).

Peonoziuni xapaxmepucmuku TOCHiIKYyBaHUX CUCTEM i MaTepidaJiB
BU3HAYAJIN 34 JOIIOMOI0OIO0 POTAIliIfHOTO BiCKO3MMeETPA 3 KOAKCiAJbHIMU
muiainapamu « Rheotest 2», 3’equanoro i3 camonuciem.

CmpyxmypHo-MexaHiuni eaacmueocmi AUCIEPCIiNl BUBUAIUA TAKOMK
Ha nmpujaazni Beiinmepa—Pebinmepa 3 aBTOMaTUYHUM 3aIMCOM KPUBUX Je-
dopmarig—uac.

4. PE3YJBTATHU OOCJAIIKEHHA TA IX AHAJI3A

4.1. EkcriepuMeHTaJIbHi Ta MOJEJIbHi ySIBJIEHHS IPO HAHO(OPMYBaHHA
Ta TpaHchopMAaIliio 3aTi300KCHIHO-TiTPOKCHIHUX ATIOMOCHIIKATHUX

¢as

Taka mpobJeMa IJid CHUJIIKATIB 1 aJIoMOCHIiKaTiB, 3acMiueHUX OKCHUIO-
riIpoxcugaMu 3aJriza, YaCTKOBO BiKe poarianaiacd [4—6, 11-17]. Boua
TiCHO KOHTaKTy€ 3 IIpo0JeMoi0 0iokoJ0igHOI B3aeMomii MiKpoopramis-
MiB i3 MeTaJTiYHUMU Ta HEMETAJTIYHNMY MOBEPXHAMU i 3 Tp0o0IeMoro 0i-
oJioTiuHO1 TpaHchopmMallii 3a/1i300KCUTHO-aTIOMOCUIIKATHIX MaTepid-
aiB B mporeci yrBopenas H3ACC [11-17]. V¥ saraibHEUX pucax Bigomo,
110 6i0KO0JIOITHY BBAEMO/iI0 MOKYTh CIPUUYMHATY IK CaMi MiKpoopraHi-
3MHU, Tak i ixHi arpecuBHi MeTaboJiT — KucaoTu, Jyru, ambpidinpai
ITAP ra inmri cnmoayku. ITpu mbomy Ha mOBepXHi 3ajisa, BiTHOBJIEHOrO i3
3ACM, abo B CTPYKTYpPi OKCHUIO-TiAPOKCHUIIB Ta 3aJIi30aJIIOMOCUIIKAT-
HUX IOJIiIMiHEPAJIbHUX YTBOPEHDb KOJOHI1 6aKTepiilt MOKYTH CTBOPIOBATHU
HapocTu Mineais abo causy. Ilig HuMu Ay Th BigmoBigui Mikpobiosori-
yHi Ta xeMmiuHi OiokoJoimHi mpollecu reomMexaHiuHOro Ta (disuko-
XeMiuyHOTro AUCIepryBaHHA, a TAKOK HaHOXeMiuHOI TpaHc(opmarrii 3a-
JgizoamiomocuaikariB. Taki aBula xapakTepHi g AuCIepr'yBaHHSA Ta
HaHOXeMiuHOI TpaHc(opMaIlili Ha TOBEPXHi OKCUAO-TiIPOKCHUIiB 3asrisda i
3aJ1130JTIOMOCHJIIKATHUX CTPYKTYD, CyabQinis Ta inmux crmonyk. Tak,
HampuUKJIaL BiJoMO, III0 aMepUKaHChKa KOPIIOpAallid 30JI0TOBUIO0YBAH-
Ha B M. Jleusep (11T. Kosmopamo) nepepobJisie cyabdingui pyau y cymirnri is
3aJIi300KCUIHO-ATIOMOCHJIIKATHUMY TTOPOJAaMU 3a JOIIOMOTOI0 CYJIbQo-
b6axTepiii pogy Thiobacillus [11]; a mokmagu mKecoigiTiB (3a1isokBap-
IIUTiB) BUHUKJIYU 3a 2 MJIPJA POKiB [0 HAIIIOTO Yacy 3a y4YacTIO I[iTHOOAK-
Tepiii [12]. BimoMo TakoK, 1110 cuJIiKaTHI 6aKTepii JormomMaraoTh BUJIY-
JKHIOBAHHIO MeTaJIiB 3 pya [13], 1110 cBifUnTh PO IePCIeKTUBHICTE 6io-
KosoigHol Mikpo6iosoriunoi rimpomeranyprii [14]. B [15, 16] mokasa-
HO, IIT0 B IIPOIleci BUKOPUCTAHHA MiKpobiosoriunoi acorisiii 6axkTepii
T. Ferrooxidans M1 (cymim 6axtepiit T. Thiooxidans, Leptospirillum
sp. 3 nepeBa:kHuM BMicToMm T. Ferrooxidans) mig uac oKucHeHHA Big0Oy-
BaJIOCA OUCIEPTyBaHHSA 3aJ1i30a/IIOMOCUIIKATHOI pyau. Ajle MexaHisMu
TaKUX IIPOIeciB Ha KOJIOiZHOMY, 6I0KOJIOITHOMY Ta HAHOPiBHI He PO3T-
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JAAANNCH.

IIpunyckaioTh, 1110 y ()OPpMyBaHHI POJAOBUI MeTaJiB IIEBHY POJb MO-
TJIX BifmirpaBaTu MiKpoopraHismu. ¥ j1abopaTOPHUX YMOBaX HA IMOMKIUB-
HUX CepeloBUINaX, 10 MiCTATh PO3UMHEHe Ta 3aBucje (K0JIoiagHe) 30JI10-
TO, IPOTATOM ABOX MiCAIIiB BUPOIIYyBaJHU IIE€BHI CIILJIBHOTH MiKpoopra-
HidMiB i BogopocTeii, 1m0 KUBYTh B OxoTchKomMy Mopi. CrmeKTpanabHa
aHaJiza mokasaJa, IO IIi CHiJIbHOTH IIePEBOAATH 30JI0TO 3 POUMHY Ta
cycIeH3iy B ocag. HacTUHKM H0oT0 po3MipoM y 3—9 MKM CTAHOBJIATEL 35—
70% ocany. Takum umHOM, 0YyJIO IIOKA3aHO, I[0 CIIJIBHOTH MiKpoopra-
Hi3MiB MOKYTh OpaTH y4acTh y IIPOIECi, IPOTUIEKHOMY AMCIIePTaIliii-
HOMY, TOOTO B YKPYIIHEHHI YaCTHHOK 30JI0Ta Ta KOHIIEHTpaIlii iioro B
pomoBuiax [17], 110 MoKJIMBe i AJIA iHIITNX MaTepPiAIiB.

B nporecax gucneprysanasa SACM i ix nmeperBopennsa B HBACM, sk
IPOMiXKHI TponykTH, MaloTh 3uaueHHsa Green Rust (GR) a6o 3enena ip-
ska [18—20]. BoHu BUHHMKAIOTh 34 yYaCTIO MiKpOOpPTaHi3MiB y TeXHOTeH-
HUX YMOBaXx, B JlJabopaTopHiil mpakTuili Ta B JoBKimii. MogemioBaHHS
mporecy paszoyrBopeHHs GR B abiotuunmx ymoBax [18] a6o B ymoBax
MOpPCBKOI Kopo3ii [19] smificHioBaau 3a JOIIOMOT'0I0 MiKpOOpraHisMis.

Bzaemopgiro Mmikpoopranisamis i3 MiHepasaMu i opraHiuHUMYU PeUOBU-
HaMM B IIPUPOIHIX eKocHucTeMaX OeTAaJbHO mociim:keno B pobori [20].
IumiuMm, e HeBUBUEHUM ACIHEeKTOM TAaKOTrO JOCTiIKeHHS MOXKe CTaTu
BCTAHOBJIEHHA KOJIOITHO-XEMiUHUX MexXaHi3MiB (popMyBaHHA pPiZHUX
MiHepaJIiB, B T.4. AUCIIEPCHUX 3aJIiB00KCUIHO-ATIOMOCUIIIKATHNX MiHe-
paiiB, 6i0TeHHMM IIJIAXOM 3 BUKOPHUCTAaHHAM MiKpooprauismis. Ile mi-
ITBEPAKYETHCA JOCJiKEeHHAMU yCepeTJHEHUX 3pasKiB 3aJ1i300KCUTHO-
aJIIOMOCUJIIKaTHUX IeJIarivHUX ocamiB (puc. 3).

Ak Oaummo 3 HaBeJeHUX MHaHWX, B YyMOBaxX MiKpobGiosoriuHo-
0i0K0JI0IZHOTO BiIHOBIIOBAJIBLHOIO IIPOIECY B IIejariuHiil cycmeunsii apo-
cTae KOHIIEHTPAIliA ABOBAJIEHTHOTO 3aJIi3a Ta AUCIEPTIyBAHHA YaCTUHOK
ycepeaHeHO1 cycreHaii opu BiTHOBJIEHHI 3aJ11300KCH THO-
aJIIOMOCUJIIKATHUX CTPYKTYD 3a IMOIepeIHiM MeXaHi3MOM, AKUii OB Po-
3raAnyTUi y [4—6] 04 KOHKpeTHUX HeycepenHeHUX 3paskiB. [laui, Ha-
BeneHi B [4—6] Ta Ha puc. 3, MaJo BiApisHAIOTHCA, IO BKA3ye Ha IpPaK-
TUYHY He3aJIeKHICTDh mporiecy Bif smin coctaBy 3ACM y BMU3HAUEHUX
BimxuiaeHHaX. Buginenui i3 cycneHsii OKCHUIO-TiTPOKCUIHUI MaTEPiAT
3a mranuMu PPA maB cTpykTypy o-FeOOH (retuty), AKMil 3a mMeBHUX
yMoB nepexoaus y maruetut (Fe;0,).

TakuM YWHOM, MiKpOoOioJOriuHe BUIY:KHIOBAHHS 3aJi300KCHUIHO-
AJIOMOCHUJIIKATHUX CTPYKTYP HPUBOAUTL A0 yTBopeHHA o-FeOOH abo
Fe;0,, 110 36iraeThca 3 KJIaCUUYHUMHU yABJIEeHHAMU MiHepaJorii [21]. Bi-
OKOJIOIJHUI IIPOIleC YTBOPEHHA I'eTUTY YM TO MATHETUTY IPOXOIUTH 3a
PaxyHOK HeOpPraHiYHMX XeMiYHUX peakIliil i3 BuKopucranuaMm (epMeH-
THUX IIOBEPXHEBO-aKTUBHUX NpoAayKTiB (IIAP) merabosismy mMiKpoop-
rauisamiB. Posb (hepMeHTiB, KiIbKiCTh AKX B I[LOMY HIPOIIECi mocsrae
3000 [22], sBoguThca m0 ixHBOI il Ak amdidinpaux ITAP srigzo is 3a-
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Puc. 3. [[muamika 3minu B’askoctu (1), Hanpyru 3cyBy (P) Ta Mikpobiosoriy-
Horo nokasHuka (1gKYO) uacTKoBO [e3aKTHUBOBAHUX YCEePETHEHUX CYCIEeH3iit
TJINO0KOBOAHOTO MyJay YOpPHOrO MOPS B IIPOIIECi 3POCTaHHA HOTO 6aIbHEOJIOTI-
YHOI aKTUBHOCTH, a TakoX 3MiHa BMmicty Cp, Fe(Il) i Fe(IIl) B gucnepciiinomy
cepeloBUII B IPOIecax BifHOBH—OKUCHeHHH. !

KoHamu (hisuKo-xeMiuHOI reomexaHiku [4, 6, 17]. 3Beprae Ha cebe yBary
1 Te, 1110 3pocTaHHA (puc. 3) B’A3KOCTH CycHeH3ii € Hanbimrbmum y mepion
spocraHHsa Kimbroctu Fe(Il) B gucnepcitiHoMy cepemoBuilli B iHTepBaJIi
30—-60 mi6 3a ogrouacHoro nagianuA Bmicty Fe(Ill). Ile cBimuuTs mpo Te,
1o Fe(IIl) 3 mucmepciiiHoro cepeqoBuIla MePeXoquTh Y KOHTAKTHI 30HU
MiKpPOUYaCTHMHOK AJIOMOCHJIIKATIB y BUTJIAAL (a30BUX HAHOCTPYKTYP i
BigmoBizmae 3a MiIHicTh 3B’A3KIiB i peoJIoriuHi XapaKTepUCTUKY CYCIIeH-
3iti. Aje Takuii (peHOMEH HOTPeOy€e MOJAJBIINX MOCIIMMKeHb i IXHbOI
aHaisu.

Byso Takok ekcnepuMeHTaJIbHO BCTAHOBJIEHO, ITI0 iHTeHCUBHUM IIPO-
mec dopmyBanaa H3ACC tpusae mporsarom 50—100 mi6 3 HacTymHUM
BUXOJOM CHCTEMH y cTarioHapHui crau (puc. 3) B inTepBaai 100-180
Ii0 i TouaTKOM IIfe MaJOAOCIiAKeHNX MOAAJIbIINX B3a€MOAil. 3 X aa-
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HUX HaNOiJbII BiporifHUM € MOJeb 0i0KO0JIOIIHOT0 HAaHOXEeMIiuHOI0O Ha-
HOCTPYKTYPHOTO IPOIIECY, AKUHM IPOXOAUTE 38 HACTYITHOIO CXEeMOIO:

e HaHo MiKPO- | MaKpO-
Fe,0, - GR -» Fe,0 ¢ vFeOOH P aFeOOHkpuerainnnmii
23 34 \arnernT EIAOKPOKHT i (1)

Fe,O,

I Giotpancdopmalin icHyBarHA micns GioTparicchopmadi N
B HAHOYTBOPEHHA | Ha pisHi 4o 100-150 rogui |

3 1iei cxemu BuiLIuBae, 1o Green Rust (GR), uac icHyBaHHS AKUX He
nepeBuirye 50—-100 roauu [23], € TpoMisKHMMU peyoBMHAMU i B IIoja-
JbIioMy IiepexonaTh y HanomaruHetutr (Fe;O,), manomenimoxpoxit (y-
FeOOH) i mikporerut (a-FeOOH). Ane KOHKpeTHI MeXaHi3Mu ITUX IIPO-
IeciB MPakKTUYHO He PO3KPUTO Ta He OOI'PYHTOBAHO, OCKiJIBbKM 3TigHO 3
BimomMmuMu xemiuHuMu wmogzensamu [23—25] B TaKux Ipolecax Oepe
yuacTs peuatreHoamopdua Fe(OH),, a Ha mepsunHii cragii e it FeO y
BUTJIAAI HAHOKJIACTEPiB, HAHOMJIIBOK a00 OCTPiBIIEBUX HAHOYACTUHOK 3
poamipamu meniie 10 um (06JIacTh iCHYyBaHHSA HAHOXEMIUHUX B3a€EMO-
niit) [26]. Tomy HaBemeHuit momenab (1) He MOXKe BBasKaATUCA MOBHUM i
moTpedye CKJIATHUX i JOBrOTPHBAJINX MONAJBIINX, OLIBINI AeTalbHUX
IOCJILIKEeHb.

IIi ocobumBoCTi mpoIlECiB MOXKYTH OyTH OOI'PYHTOBAHI B 3araJibHOMY
BUIJISAAL IPU IPUAHATTI AK MOJIOBHOTO HaHOXeMiuHoro [26] Ta KoJoix-
HO-xeMiuHOro i 6ioKosoigHOTO0 MOAediB [4—7, 27] Ta yaBiaens QpisuKo-
XeMiuHOI MeXaHiKM i reoMeXaHiKM AUCIEePIyYBaHHSA TeXHOTeHHUX i pya-

EQNOTIYH @noxn

HaHOXiMiuHe yTBOpeHHA

Fe, 0, nH, 01— biokomoiame ||  Fe(OH), »| MOTiAZEPHHX TiZPOKCOSATIZHIX
TIepeTBOPEHHA

Y

HAHOKJIACTEPiB

IzorepmiuHa ImeperoHKa 3 YTBOPEHHAM TpaHchopMAamia HAHOKPHCTALIE B
> HaHOokpucraiais GROH, GRCO* HaHoMarHeTHT (Fe;04, FeFe:0.)
GRSO0', GRCI
v
Tpanchopmariia HAHOKPUCTATIIB B Tpanc(opManis HAHOKPHCTAIIE B

i s MiKPOKPHUCTANIUHUA MATHETHUT
Jrenigoxpokit (Y-FeOOH) POKp

A 4

Tpaucpopmania HaHOKpHCTATIB B
MIKpPOKPHCTAIIYHAH IeTHT

(o-FeOOH)

Puc. 4. Cxema 6iokoJi0igHOI HaHOTpaHCchoOpMAllil OKCUIO-TiAPOKCHUIIB 3ai3a y
criani SACM i HBACM B KOHTaKTHIX 30HAX KOJIOIJHUX MiKPOYaCTHHOK.®
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HUX MaTepiaris [28].

TeopetuuHo 6inbIil moBHA cxeMa (1) Mae BUTIALATH HACTYIHUM YU-
HoM [4—7, 23—28], sobpakeHuM Ha puc. 4.

Cxema (puc. 4) miaTBepm:KyeTheda i mpu aHamisi ganux [29], HaBene-
HUX Ha puc. 5. Ik 6aunmo, posunrHicts Fe(OH),, axuii mocrauae Fe?"
nasa yreopeunna GR, maiibinbiia B ay:xHOMY cepemoBuili (pH 8-11), B
Toi1 yac AK posdunHHicTs Fe(OH); B ibomy inTepBasi menma. Tomy mpo-
IIec B ILJIOMY JIIMiTy€ThCA YTBOPEHHAM TiZPOKCHUI-HOHIB, AKi KOMIIEH-
CYIOTh napaJiesbHe yrBopeHHA H'-fioniB. Ile [23] mpuBOAUTE [0 3CyHEH-
Hs piBHOBArM IIporecy B 0iK YyTBOpeHH JenigoKpokiTy (a-FeOOH). Ane
Ieli BUCHOBOK, Hagauuii y [23], me miaTBepaKyeTbca BucHoBKamu [21] i
[29].

3a saranbHO Bimomumu yaBiaeHHaMH ([29], puc. 5) Ginbin Biporigue
icHyBaHHA IPOTATOM Yacy, B T.Y. I'€0JIOTiUYHOT'0, TeTUTY, a He JIeIiJoK-
POKiTYy, AKUIl € IPOMIKHOIO XeMiuHOI0 cmoaykoio [21]. lamxi yTBOpIO-
eTbcs 3a yuacTio Green Rust mHaiibinbin cTilikuii (3 MiHEepaJIOTiuHOrO I10-
raany [21]) maraeturt (Fe;0,, FeFe,0,), HaTpuKJIam 3a CXeMOIO:

Fel'Fel' (OH),,SO, - 8H,0 + 0,50, — Fe,0, - 3Fe0 - 13H,0 + FeSO, + 20H"
Fe,0,3Fe013H,0 —% >Fe,0,  +3[FeOH,0]+10H,0

MHUKpPO KJ1acTep
(2)

3rigHo 3 puc. 5, MAarHeTUT HAWOLIBIN cTiiKui B inTepBaJyi pH 8-12, B
TOI Yyac AK reTuT Oinbi critikuii npu pH 6—10. Ile mosAacHIOIOTL TUM, ITI0
BuBUeHUu y [23] npo1ec iige y 6iJbIlI KMCJIOMY CepeIOBUIIi HA CIIEIis-
JBHOMY MOAEJIbHOMY IIPUCTPOI 3 00epTOBUM 3ayIisHUM Auckom. Ile mpu-
BOJIUTL O BUHUKHEHHSA, B MEPIIy Yepry, JeIiToKPOKiTy, III0 B yMOBax
IOCJIiAiB, B AKMX IPOIieC JiMiTyeThCs MIBUAKiCTIO Audysii, mepexoauTn
y TeTUT, B TOI Uac AK MarHeTUT BUHUKAE 3HAUHO Mi3HiIlle, IIicas yTBo-

Puc. 5. IcuyBaHHS 3aIi3HUX CIIOJIYK B 3ajexxHocTi Bix pH [29].°
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peuHa HeoOxigHOI KinbKocTHu fiouiB OH™ iixHboI 1u@ys3iliHoi JocTaBKM B
30HY peaxIriii.

Haii6inpmn xapaKTepHiI Ipu IIbOMY TAKOMK HACTYIIHI XeMiuHi peak-
Imii:

FO,,.,+H,0 — Fe(OH), , (3)

6Fe(OH), + H,0 + 0,50, + 2H,0 — Fel'Fel"(OH),, - CO, - 3H,0, (4)
3Fe(OH), + 20, —2"—Fe,0,,..., + 60H ", (5)
4Fe(OH), + 0, —% 5 4(a-FeOOH) + 2H,0. (6)

TakuM umHOM, IPOBEJeHe MOJeJbHE AOCIiI)KEeHHA U aHaJisa oaep-
JKaHUX JaHUX, a TAKOXK JiTepaTypHUX BiZoMocTeil mmokasaju, Io Ipo-
mec KoHTaKTHUX B3aeMoxinn y HBACC i H3ACM zanexkuTh Bif IXHiX Ha-
HOXeMiuHMX, OiOKOJMOIimHMX i KOJIOiZHO-XeMiuHMX TpaHcpopMAaIliii,
OB’ ’sA3aHUX 3 OKcUZaMHU 3ajiza. BiH € 0CHOBOIO MexaHi3MiB TeXHOIeH-
HUX i reoJIOTIUHUX ITePeTBOPEHb CKJIAMOBUX IIITYUYHUX maMb i migBogHMX
ocaZiB Ha MOPCBKUX cxXmiax. Taxi mepeTBOpeHHS MOXKYTH IIPUBOIUTHI
Io crpecoBux (KaracTpodiunmx) mpolecis. IIpoBeneni momepenui moc-
JigyKeHHS MiHepaJIoTiuHUX IIpolieciB y 3eMHiH Kopi [4—7] Takox 36ira-
I0ThCA 3 BuUCHOBKamMu po6oTtu [30] i € BaXKIMBUMU /1T POBBUTKY HOMi0-
HUX yABJEeHb GismKo-xeMiuHoi reomexaHiku B Teopii katactpod [31—
36], Aaxka MoiKke OyTH PO3BMHYTOIO 3a JOIIOMOTOIO PEOJIOTiUHOI MeToau i
SIBUII IPYKHBO-IJIACTUYHOI, YJIbTpaaHOMAaJbHOI Ta TrimepaHoMaJbHOI
Teuii gucnepciit [4—6, 21-28].

4.2. MoaenioBaHHSA reoMeXaHIYHNX KaTacTpod)ivyHuX HpoIeciB B oca-
JaX HAa MOPCHKHMX CXHMJIAaX

Brasani sBuIia Ta mmporecu IpoxoAaTh B YMOBaX HAKOINUYEHHS AUCIIE-
pcHUX TypOiAiTHO-TIEJTiTOBUX MOPCHhKUX ocafis [4—6, 21-28, 30]. Ymo-
BU HaKONWYEHHA IIOB’A3aHi, B IepIIy uepry, 3 reorpadieio ceguMeHTa-
mifiHoro O0aceiiHa, oro BiAmaJIi0 Big Oepera, Ha AKOMY IepPeMillyeTbCs
TEPUTEHHUN MaTepifAi, a TaKoK YMOBAMU TUPKYJIAIl BOAU B 3aJI€KHO-
cTi Bixm BiTpoBUX, TepMODIIbHUX Ta iHIIMX TpoIeciB. 3aaeKHO Bif reo-
JOTIYHUX YMHHUKIB, 0cagy HAKOONWUYIOTHCA Ha PiBHUX MiJAHKAX CXU-
JiB i MopchKoOTO MHA: 1meabdax (raubuau 10 200 M), KOHTUHEHTATBHUX
CXMJIaX, Ha OHI rIuOOKOBOAHUX K0J100iB i OaceiiHiB, abicanrbuux (TJu-
OMHHUX) piBHUHAX 3 abicanpbHUMU mmaropbamu BucoToro Big 50 go 500 M,
a TaKOYX Ha BepIIMHAX i cXmjax OiIbIIT BUCOKHX HiABOOHUX IIiTHATH
(rip). B KiHIIEBOMY paxyHKY ocaau i3 3MiHOIO IPUPOAHiX i reooTiyHMX
YMOB, 0COOJIMBO 3MiHM XapaKTepy IMOBEPXHEBUX i MiABOIHUX TepModi-
JbHUX XBUJIb ITiJi BILIMBOM CHUJIM BiTPOBUX IIOTOKiB, AKI MOMKYTH JIOCS-
ratu piBHA Tal(dyHiB, ab0 BIJAMB IIyHami, abo mpu BIJIWBI 3MiHM Ha-
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Puc. 6. Mogenb cyyacHMX HAHOCTPYKTYPHUX MOPCHKUX IepeTBopeHb SACM
Ta BigKJaJeHb MeJiTOBUX ocaaiB i TypOimiTiB Ha cxmiaax i abicamrbHUX pPiB-
HUHAX, AKi CYIPOBOAMKYOTHLCA KAaTACTPODIiUHNMY SBUIAMMU.

OPAMKY Ipubepe;KHUX Teuill, IMOCTiNHO HAKOIUUYYIOThCA Ha OHI rambo-
KOBOJHHUX »K0JIO0iB 1 KOTJIOBUH Ta Ha abicalbHUX PiBHUHAX.

B immux Bunagkax TypOiZiTHO-IIENIITOBI ocamu TaKoK pPaHO YU TO Mi-
3HO MePEeMIill[yIOThCSA Ha BUINeBKAa3aHi JIISHKKI MOPCBKOro AHAa. SIK mpa-
BUJIO, TaKi IIPOIleCH IPOXOAATH YIIPOAOBIK MECATKIB TUCAY i MiIbIOHIB
PokiB. B 6inbIn moBri reoJsioriudi emoxu BCi BOHHU 3TifHO i3 3aKoHaAMU
KoJsoigHoi xemii Ta (isuKo-xeMiuHOI reoMeXaHIKM MOMKYTH YIIiJIbHIO-
BaTHUCSA B YMOBAX MOUATKOBUX KOAI'yJIAIiHHO-KOHAEHCAIIiHHUX IIPOIIe-
CiB IIPOTATOM THUCAY POKIiB, a 3 YaCOM YIIiJIbHAIOTHLCA i A0 TBEPIOTO
KaM’ AHHUCTOTOo cTaHy. TaKuM YMHOM, HAMOLIBII I[iKABUME 3 TOUKH 30Dy
BUHUKHEHHS KaTacTpPo(piuHMX IIPOIECiB MIBUAKOTO IIEPEMIIlIEHHS €
ocanm, AKi HAKOMUYYIOTHCA B AJOCTATHBO BEJIMKHNX KiJIBKOCTAX HPOTS-
rOM THUCAY POKiB HA KOHTUHEHTAJBHUX CXUJIAX i CXMJIaxX MigBOAHUX Tip
BYJKAHIYHOTO MOXOMKEHHSA, PO3TAIIIOBAHUX Ha abicaJbHMX PiBHHMHAX
[31, 32]. MomenbHy cxeMy TaKKUX IIPOIleCiB HagaHO HA puc. 6.

Haii6inpn pos3moBCIOMKEHNMU cepel ocafiB, AKi IocTymaioTh Ha
CXHUJIV Ta MOPChKe THO, € meJariuHi Myau 3 foMimkamu 6iorearaux (6io-
KOJIOIZHMX) ocaAiB Ta TypOimiTHi BigkmameHHSA, SKi POPMYIOTLCA IIPHU
iHTEeHCMBHUX TYpPOYJIEHTHUX BiTPO-XBHJIBOBUX ITUPKYJIAIISAX, HAIIPHU-
KJyan raripyHax. I[Ipu nmbomy aucimepryBajbHA isi BUHUKAIOUUX MOPCh-
KHMX XBUJb MOJKe IOIIMPIOBATHCA HA TIMOMHMU y MeKijJbKa Kijsomerpis
sdamicTh 3Buuaaux 500-700 m [31].

Ilenmariuni ocagu pasom 3 TypOimiTamu B GiBITIOCTI BUIAIKiB HAKO-
IUYyBaJaucA ocTaHHI 18 THc. pokiB y 1menbdoBUX 30HAX MOPIiB B X0omi
IIPOIleciB mMeHyaaIii, a TakoK Ha cXmjaaX OigBOAHUX maropbiB i rip (me-
JgiroBi Bigkmamenus) [31, 32]. XapakTep ocamiB, HaTPOMAaAKyBaHUX Y



612 A.B.ITAHBKO, I.T. KOB3VH, B. A. IPOKOITIEHKO Ta iH.

mreab(poBUX 30HAX MOPIiB, ITOB’A3aHUN i3 XapaKTepUCTUKAMU TePUTEH-
HOT'O MaTepisy, AKUHA HOCTYIIAE 3 CYIIi Ta 3 MYJIOM PiYOK i 3aJIe:KUTH
Big BiTpoBOI HMUPKYJIAIii B MOpcbKoMy Oaceitni. Tam, ;e TepureHHuUi
MaTepis mocTynae IMBUAKO, BiIKJIAAaI0TLCA IOJiMCIIEPCHL aJIeBPUTO-
Bi Ta TJIMHMCTI MOPOAM, B TOMY UMCJIi i 3 posmipamu yacTuaoK 10 40—60
M. Ilig yac TpaHCIIOPTYBaHHS IIiZl Ji€I0 BiTPy BOHU BiAKJIaIAIOTHCA Y
BUTJISAAL aJIeBPUTO-TJINHUCTOrO MATEPisAIy Ha IMOBEPXHI IpPOoTOTYypOiaiT-
HOro micky. OcTamHiil € TPOAYKTOM I€PEPOOKM BiTPOBUMH XBUJIIMU
0ap’epHUX OCTPOBIB, AKi BiATIOBiAHO BigcTymaoTs 40 cyIri. AKIo 3 cy-
IIi IPUXOAUTH MajJo OOJIOMKiB, TO Ha IIeab(pi MoxkamBa GioOKoJOIgHA
(biorenHa) Ta xeMOoTeHHa KapOoHaTHa ceIUMeEHTAIlid Ha IOBEePXHi Iic-
KOBUX YaCTUHOK. IIpu moMimiyBaHHI XOJIOZHOI IIMOMHHOI BOAM, HACH-
yeroi Ca(Mg)(HCO;),, BoHa HarpiBaeTbcsd, i 6ikapboHaTu mIepexogaTh y
Kapb6onatu, romoBauM unHoM CaCO; [4, 9]. Ocranniit Bunazgae B ocap 3
BOAY y BUIJIAALI HecTabiMbHMX APiIOHMX KPHCTAJiB aparoHiTy Ta 3a mil
O0ioKosoigHMX mpoIieciB mpu rHUTTI BogopocTteit [37]. Ilix BuimBoM cia-
OKMX XBUJIb i TeUill ocaaKeHi Ha ITOBEePXHi 00JIOMKIB 3aJ1i30a/IF0MOCHITi-
kaTiB MmikpoxkoHKperii CaCO; yTBOPIOIOTH BeJINKi HaABOAHI ab0 migBOI-
Hi JIOHU 3 BaITHAKOBOTO MoJiMiHepanabHOro micky tumy SACM. Ilig gac
IITOPMiB Taki TypOimiTHI micKu mepeMimyioThbcAd Ha KOHTHHEHTAJbHI
CXWJIU, CIIOB3aIOTh JaJii I iHOAi CTBOPIOIOTH MOTYTHI KaTacTpodiuHi Ty-
poimiTHI mOTOKM, eHepreTUYHA HANIPYKEHICTh AKX MOYKe JOCATaTU BU-
COKUX 3HAYECHbD.

2 0 e

Puc. 7. Kpusi 36inpiienus Teuii pisHux guciepciii, myiB abo ocamiB y Hamps-
MKY BiZ e 10 a a60 3MeHIIIeHHA B HAIPAMKY BiJ @ 10 €: @ — HeHbIOTOHIBChKi, —
0 — TUKCOTPOIIHi, —> 2 — PEeONeKCHi, — 2 — AUJIaTaHTHi, — 0 — ruIepaHoMa-
JIbHi, - e — yapTpaasoMaibHi.®
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B 6inbIrocTi BUmaaKis ocann, SKi aKyMyJIIOIOTHCA HA MOPCHKUX CXU-
Jax i rambuHHOMY JIOXK1 OKeaHy, IpeACcTaBJeHi, TOJIOBHUM YNHOM, TOH-
KOJMCIEPCHUMHU IIeJIATIUHMMU MYJIAaMK 3 AOMimikaMu TypoOimiTis, aAKi
BUHUKAIOTH IIPOTATOM TOBTOTO YaCy TaKOMK 3 MUY, AKUH IPUHOCUTD
BiTep. ToMy iXHA IMBUAKICTE HAKOIIMUYEHHS Ta IIePEeMIiIleHHsSI — HeBe-
Juka 3riguo 3 [31-32]. Takum unHOM, anpiopi 6ya0 mpuiiHATO, II0 MY-
JIOBi Ta TypOimiTHI IIOTOKM He MAlOTh 3HAUHOT'O BHECKY B IepeMill[eHHs
MOpchbKUX ocamiB. I[a xubHa fyMKa I'PYHTYETHCSI Ha TOMY, ITIO JOCTAT-
HBO PiAKO (hiKcyoThCA KaTacTpodiuHi aBUINA, B X0l AKUX Y IINOOKI
OIISHKY OKeaHy MOJKe TPAaHCIIOPTYBaTHCSA BeJMUe3Ha KiJIbKicTh ocamiB
[33]. IIpu nmboMy iXHA eHepreTUUHA HAIPYKEHIiCTh MOKe TOCATaTH PiB-
Ha anepuoro Bubyxy [34—36]. Tak, 3 1929 pory 3adikcoBaHO JeKiabKa
BUNAIKIB PO3PUBY IIiABOAHUX KabesiB, BUKJIMKAHNX MOTYTHiMU TypOi-
TiTHUMU ITOTOKaMu. € OUeBUIHUM, IT0 TaKi HOTOKU (hOPMYIOTHCS JOC-
TaTHHO YaCTO, ajie iXHi KaTacTpodiuHi 3iTKHEHHA 3 TeXHOTeHHUMMU CIIO-
pyzamu BimOyBaroThcA pigko. Tak, BimkiaamenHsa abicaJdbHUX PiBHUH
IIpeAcTaBJIeHi mepeniapyBaHHAME TypOimiTiB 3 TOHKMMU HAHOCTPYKTY-
poBaHuMU IeJarivHUMU ocamamMu. IluMu mpoiiecaMu IIOSCHIOIOTLCS Be-
JUKIi HamtapyBanHA MYJiB i TypbigiTiB y rIubUHHUX K0J00aX OKeaHiB
TOBIITHOIO 10 30 KM, AKi opieHTOBHO opMyBaIuCa IPOTATOM 1—3 MJIH
PpoxiB. 3Bifcu BUXOAUTD, ITIO AK y TEMEPiIrHi yacu, Tak i B reoJioriuHii
icropii 3emuti KaTacTpodiuHi ABUIA BifirpaloTs 3HAYHY POJIb, B TOH K€
yac AK iX BUBUEHHIO, 0COOJIMBO BILIMBY Ha HUX HAHOXEMiUHUX, 0i0K0JI0-
ITHUX, KOJIOITHO-XeMIUHMX i reoMexaHiYHUX IIPOIECiB, AKi KOHTPOJIO-
IOThCA 3aKOoHaAMH (DiBUMKO-XeMiuHOI reoMexXaHiK1 AK PO3Iiay KOJOITHOI
xeMii, mpuaisieHo HeIZOCTaTHLO yBaru, OCOOJMBO BILIHNBY PEOJIOTIUHUX
sasuin. Taki apuiia momepeaHbo Bike posriaananucd [5, 6, 10] 3 moraany
Ha IXHIO POJb y TpaHcdopMallii xapakTepy IpPY:KHLO-IIJIACTUYHOI Teuil
mig miero rpaBirtariii cycmensiii, MyJiB i ocamiB, a TaKoK B 3aJIEXKHOCTI
BiJ iXHBOT'O BOJOBMICTY, YMOB IIepeMiIllyBaHHSA Ta INMBUIKOCTH IIepecy-
BaHHsA. Y3arajJbHEeHi pesyJbTaTH IIUX AOCIIIKEeHb IIpeICcTaBJIeHO Ha
puc. 7; 3 HUX BUXOJIUThD, II0 YIbTpaaHoOMAaJisa B’ a3KocTu (KPUBi e) mpo-
ABJAEThCA IIpU MiHiMaJNbHIEI BoJOrocTi Ta B yMOBax IIPYIKHBO-
mracTuuHoi gedopmaiiii. To6To B TaKuMX yMOBaxX HepeMiIlleHHsS OCadiB
(puc. 6) morpebye HAKGINBIITNX I'PABITAIITHUX 3YCUIIb.

TaxuM YMHOM, AUCIIEPCis, CycleHsisa, My abo ocan 6yaAyTh CTIHKUMU
IO CTPECOBUX BILJIMBIiB, AKIIO IXHA TeUid He MIePeXOauTh 3 JIAMiHAPHOI B
TypOyJIeHTHY B yMOBaxX IIOYATKOBOTO IIPOSBY VyJbTpaaHoMaJIii
B’SIBKOCTU IIifm miero rpasitamifinux cui. Taka B’aA3KicTh BiAmoBimHO
moB’sA3aHa, KpiM BOJIOTOCTH, i3 0CcOOJMBOCTAMU auciiepcHoi ¢aswu, ii
I'PAHYJIOMETPUYHUM CKJIAAOM, CIIiBBiIHOIIIEHHAM HAHO-, KOJOITHUX,
MiKpoO- i MaKpPOUYaCTUHOK, MiHepaJrizallieio TuCIepciiiHOro cepeloBUINa,
0ioKOJOIAHMMY, TeOMeXaHIYHUMM, XeMiYHUMU, BiTPOBUMHU I iHITHMU
YMHHUKaMHU. YacTKOBO TaKi 3aJIe}KHOCTI BiKe IeMOHCTPYBAJIKUCS B OITY-
OsikoBaHUX HOoCaimyKeHHaX [4—6, 9-10] i moTpedyOTh IOAATIBIIIOTO BH-
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8 2

Puc. 8. 3anexuicTs ederTuBHOI B’sA3K0CTH (1) Bixg Hanpyru 3cyBy (P) pias 6io-
KoaoimHux cycunensitt SACM 3 BoJsoricTio ¥y 34% i 3 BMicTOM MOpPCBHKOI coJIi B
pomi y 28 r/am®: 3paska, BiIMHTOTO POIOIO BiJ BUCOKOAMCIEPCHUX UACTHHOK
(a), 3paska «a» 3 Bmicrom coui y 1 r/am® i 3 gomaBagEaM 1% HAHOKAIBIUTY
(6); 3paska «0» 3 BMicToM coui y 20 r/am® (8); 3paska «6» 3 BMicToM coui y: 25
r/mm’ (1), 30 v/mm® (2), 835 r/nm® (3) (2).°

BUEHHS 3 METOIO y3araJbHeHHS iX 1 Kaacudikarrii.

3 aHaJizm JiTepaTypHHUX i HaBeAeHUX BuUIle gauux (pmc. 1-7, Tabdi.
1), a TaKOXK pe3yabTaTiB, HaBeAeHUX HaA puc. 8 i 9, BUX0AUTH, 1110 KaTac-
TpoivHi mpoIrecy Ha MOPCHKUX CXWJAX Yy IPUCYTHOCTI HAHOCTPYKTY-
PpoBaHMX 3aJi30aJIOMOCHJIIKATIB 3ajeskaTh BiJ 0araThboxX UYMHHUKIB,
mepIr 3a BCe, TAKMUX, AK HAHOCTPYKTYpPHi, O0ioKOJIOImHi, KOJIOIZHO-
XeMiuHi, MexaHO-XeMiuHi, MexaHiuHi Ta iHmIi, 9Ki cymMapHO PiKCYIOTh-
csd B PiBHUX PEOJIOTIUYHMX ABUINAX, IO BUBYAIOTHCA (Pi3MKO-XeMiuHOIO
MexXaHiKOI0 Ta reoMexaHikoo. BigmoBigHo, aHaiza KOHKPETHUX Ia-
HUX, OJIepP’KaHUX 13 3pasKiB ocaZiB Ha MOPChKUX CXMJIaX, YMOKJIUBUTH
3 BUKOPUCTAHHAM IPEICTABIEHUX B JAHOMY JAOCJIiIKeHHi YABJIEHb IIPO-
THO3YBATH MOBEAIHKY KOHKPETHUX OCAAiB HA MOPCHLKMX CXUJIaX, a Ta-
KOJK Ha HaABOAHMX JaMbax, cXmJjax i momepe:kaTu ixHi KaTacTpodiumi
3CYBU B YMOBaX CTPECOBUX BILJIMBiB (3eMJieTpycu, Tai)yHU, XBUJII ITy-
HaMi, BeJIUKi TeXHOTeHHi Ta I'paBiTalliiHi HaBaHTaKEeHHS TOIIT0).
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Puc. 9. 3anexuicTh edekTUBHOI B’A3K0CTH (1) Big Hanpyru 3cyBy (P) mias 6io-
Kosoiguux cycrnensiit SACM 3 BosoricTio y 36% , BiIMUTHX BijJf BUCOKOIMCIIED-
CHUX YacTUHOK (puc. 8, a) 3 nomaBanuam: (I) — 1% HarHoxkambmury, (2) — 1%
MiKDOKAJbIIUTYy. ® Ta A — IPAMUH XiJl PEOJOTIiUHUX KPUBUX NpU 30iTbITIeHH]
HAIIPYI'H 3CYyBY, O Ta A — 3BOPOTHiii XiJ IpKU 3MeHITIeHH] Hapyru 3cyBy. °

5. BUICHOBRH

Ha TeopeTnuHO-MOeILHOMY PiBHI I eKCIIepUMEHTAJIbHO IIEPEBipEHO Ta
ysaraJbHEHO BILIMB (Di3MUHUX, KOJOIZHO-XEMiUYHUX, HAHOXEMiUHUX,
reoMexaHivHUX i MiKp06ioJOTriYHO-610KOIOITHUX YMHHNKIB HA HAHOCT-
PYKTYypHe KOHTaKTHe (DOPMYBaHHA Ta PEOJIOTIUHY HOBEIIHKY pPeabHUX
i MogenbHUX 3aJIiB0aTIOMOCUIIIKATHNX MiHepaJbHUX yTBOpeHb. Iloka-
3aHO, 110 ¢opmyBanHa pisHux H3ACC ta H3ACM iz SACC ta SACM
Mae IMOmiOHUM XapaKTep, 3ajJeKUTh Big Tpamcdopmallii cmonyk sajisa
TOPSA[T i3 CMIIIKaTHUMY Ta KapOOHATHUMU ITIEPETBOPEHHAMY i TPUBOIUTH
IO KiHITeBOTO OJiep:KaHHsA CTPYKTyp Tumy retutry (a-FeOOH) a6o marue-
tury Fe;O, 1m0 36iraeTbcsa 3 BEICHOBKaMU I'e0JIOIO-MiHepaJIOTigvHUX J0C-
JigsxeHb. PO3ryIAHYTO POJIb PEOJIOTIUHUX ABUII i PisuKo-xeMiuHOoi reo-
MeXaHiKM IPU HAHOCTPYKTYPHUX TpaHchopMallisx 3aJi30aIr0MOCUJIi-
KaTHUX YTBOPEHb y HAOJMKEHUX OO0 CTPecoBUX ymMoBax. Ha momenbHO-
MYy piBHI BifMiueHO poJib MeXaHiYHOTO Ta BiTPOBOTO UNHHUKIB, a TAKOXK
nuctneprypanua 3ACC i BACM y cTpecoBuxX ymMoOBax Mpu iXHiX IMEepBUH-
HUX HAHOCTPYKTYPHUX i MiHEpaJIOTiYHNX KOHTAKTHUX IE€PETBOPEHHAX.
BigmiueHo Taxko:k, 1o icuyBanua crioayk Tuiry Green Rust 8 H3ACC ne
nepeButrye 75—100 roguH, morpedye CIEisiIbHUX YMOB YTBOPEHH, i
TOMY iXHsA POJIb ¥ IIpoIiecax TpaHchopmarii He € Bu3HauUHOIO. IloKasaHo,
110 MiKpPoOioJIoTiuHi mpollecu B 3aJIi300KCUIOCUIIIKATHUX CTPYKTypax
MIPUBOAATH A0 KiHIIEBOTO YTBOPEHHS MeTUTY a00 MarHeTUTY B 3aJI€KHO-
cti Big pH, a 6ioKo0JI0ifHI mepeTBOPEHHA MPOXOAATEL 3a PAXYHOK Heop-
raHiYHNX XeMiYHMX peakiiiii i 3a y4acTio MPOAYKTiB MeTaboisMy Mik-
poopraHiamis.

Boepire mokasawo, o HaHOXeMiuHi, MexaHoxeMiuHi Ta (isuKo-
MeXaHiuHi KOHTaKTHI B3aeMoii B HaHOCTPYKTypoBauux 3ACM y mpu-
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CYTHOCTi 0ioTeoIleHO03iB KOHTPOJIIOIOTLCA O0iOKOJOIAHMMM HPOIlecaMu,
3YMOBJICHUMU OaKTEePiAJbLHMMU Ta XeMIiUHHMHN peaKIiAMH; i3 3MeH-
mieHHAM BoJioroctu guciepciit H3ACM, ixXHsa Teuid 3MeHIIIYEThHCA B Ha-
IPAMKY: TUKCOTPOIiA — AMJIATaHCiA _— peoleKcia — rimepaHoMamisa
— yJIbTPaaHOMAaJIid B’ A3KOCTH, & B yMOBaX KaTacTpo(iuHOTO CIIOB3aHHS
ocafiB 3i cXuIiB — 36iJMBITYETHCA B 3BBOPOTHLOMY HAIIPAMKY 3 HapocTa-
JBbHOIO IIBUAKiCTIO, IIepeXoaaun Bix JaMimapHOl Teuii g0 JaBUHOIOLIO-
HUX (KaTacTpo(iuHMX ) ITOTOKIB cyMiri MmyJriB i TypbigiTis.
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! TABLE. Chemical composition of averaged typical iron-aluminosilicate materials (IASMs
and NIASMs).

2 Fig. 1. XRD images and thermograms of natural (1) and washed (2) from clay minerals and
their nanoparticles of iron-aluminosilicate material.

3 Fig. 2. SEM images of natural (1) and washed (2) from clay minerals and their nanoparticles
of iron-aluminosilicate material.

4 Fig. 3. Change dynamic of viscosity (n) and microbiological index (IgCFU) of partly deac-
tivated averaged suspensions of The Black Sea ooze in the process of its balneological activity
increasing, and change of Fe(II) and Fe(III) concentration (Cy,) in disperse medium while the
redox processes.

% Fig. 4. Scheme of biocolloidal nanotransformation of iron oxide-hydroxides in a composition
of TASMs and NIASMs in contact zones of colloid microparticles.

5 Fig. 5. Existence of iron compounds dependent on pH [29].

" Fig. 6. The model of modern nanostructural marine transformations of IASMs and deposits
of pelitic sediments and turbidites on the slopes and abyssal plains that can be accompanied
by catastrophic phenomena.

8 Fig. 7. The curves of increasing of flow of dispersions, oozes or sediments in direction from
e to a, and its decreasing in direction from a to e: a—non-Newtonian; 6—thixotropic; 86—
rheopexic; z—dilatant; 0—hyperanomal; e—ultraanomal.

° Fig. 8. Dependence of effective viscosity (n) on shear stress (P) for biocolloidal suspension
of IASMs with 34% humidity and with a content of sea salt of 28 g/dm?® in brine: the sample
washed with same brine from highly dispersed particles (a); the ‘a’ sample with content of
salt of 1 g/dm?® and with addition of 1% of nanocalcite (6); the ‘6’ sample with content of salt
of 20 g/dm? (s); the ‘6 sample with content of salt of: 25 g/dm? (1), 30 g/dm? (2), 85 g/dm?
3 ).

10 Fig. 9. Dependence of effective viscosity (1) on shear stress (P) for biocolloidal suspension
of IASMs washed from highly dispersed particles (Fig. 8, a) and with addition of: (1)—1% of
nanocalcite; (2)—1% microcalcite. ® and A —direct way of rheological curves with increasing
shear stress, o and A—reverse way with decreasing of shear stress.
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In the current research, magnesium oxide nanopowder (n-MgQ) was prepared
using dry chemistry method. The structural characterization of the prepared
n-MgO was carried out using x-ray diffraction (XRD) technique and scanning
electron microscope (SEM). The powder was mixed with epoxy resin at ratios
of 2%, 4%, 6% and 8% . The effect of reinforcement of n-MgO on thermal
properties of epoxy-resin-based composites such as thermal rate and insula-
tion index was studied at three different temperatures: 380, 680 and > 1800
K. Thermal testing that was carried out included thermal conductivity meas-
urement using Mathis TCi and erosion rate test using oxy-acetylene flame
technique. The results showed that increasing the content of n-MgO can sig-
nificantly enhance the thermal properties such thermal conductivity, ther-
mal diffusion, specific heat capacity as well as thermal resistance.

Y moToOYHOMY JOCHiAKEeHHi HAHOIOPOIIKOBUU OKcuA MarHito (n-MgQO) Oyio
IIPUTOTOBAHO METOMOI0 «CyX0oi» ximii. CTpyKTypHa XapakTepusalisa migroros-
geuoro n-MgO nposoauiaca 3 BUKOPUCTAHHAM PEHTI'eHiBChKOI AU paKIiiinol
(XRD) TexHiKM Ta CKaHYBaJLHOTO eJeKTpoHHOTO MiKpocKoma (SEM). Ilopo-
IIOK 3MIiIIyBAJIU 3 eIOKCHUIHOI0 CMOJIOK0 Vv ciiBBigHomIenHi 2% , 4% , 6% i 8%.
Brosius apmyBanHA n-MgO Ha TemI0Bi BJIaCTUBOCTI KOMIIO3UTIB HAa OCHOBI e1mo-
KCHIHOI CMOJIM, TaKi K TeIJoBa INBUIKiCTb i iHOeKc is3osdaiii, BUBUaBCcdA 3a
TPHOX pisHuUX Temmepatyp: 380, 680 i > 1800 K. TensoBi Bunpo6yBaHHA, AKi
TPOBOAUINCA, BKJIOUAJIW MiPpAHHA TEIJIONPOBiZHOCTH 3 BUKOPUCTAHHAM
Mathis TCi i BunpoOyBaHHA INBUAKOCTH €P03ii 3 BUKOPUCTAHHAM TeXHIKU KU-
CHealleTUJIEHOBOI'O IIOJYyM s. Pe3yabTaTu MoKa3ajau, L0 30iJbIIIeHHs BMIiCTy
n-MgO yMOMKJIMBIIIOE 3HAYHO MMiABUIIUTHA TEILIOBI BJIACTHUBOCTI, TaKi AK Tel-
JIOIIPOBifHiCTD, TepMiuHA AUDY3isd, TUTOMA TEMJIOMICTKICTD, a TAKOXK TepMOC-
TifiKicTB.

Key words: epoxy resin, magnesium oxide, thermal ablation, thermal charac-
terization.
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1. INTRODUCTION

Due to their low thermal conductivity and wholly high thermal steadi-
ness, polymer composites are broadly utilized for high temperature
thermal sheltering in several fields. Epoxy resins are important due to
applications in many fields such as coating, electrical devices, electron-
ics, dipping compounds, moulding powders and reinforced plastic in-
dustries[1].

Ablation enables us to understand the procedure of heat and mass
transfer [2]. Ablation phenomena can be clarified using ablation mech-
anism; when a thermal flux is applied to the surface of a composite ma-
terial, it first works as a heat sink: as heating ascertainment, the pol-
ymer outer layer become viscous and then starts to degenerate and
then producing a foaming char. The char is a thermal insulator; its in-
ternal layer is cooled by volatile material percolating through from the
degraded polymer [3].

The presence of thermal properties for composite materials is im-
portant. It signifies the reliance of the material expansion on a particu-
lar swing of temperature and how much the material temperature as-
cents due to the input heat over and above to material heat conductance
[4].

Materials that are made from composite of different types of mate-
rials can be used instead of the natural materials. Such as steel, which
is not good in the corrosion and the wood over time, strength would be
reduced. Composite materials include a matrix material hold the rein-
forcement together and the fibres act as reinforcement. The thermal
conductivity lacks by increment these fillers with different particle
size distributions. In this context, inorganic filler was added into an
EP matrix to form effectual composites, which is a potential route to
amend the fineness of the final product. There are many types of fillers
with high thermal conductivity and low thermal expansion coefficient,
such as silica[5], alumina [6], and aluminium nitride [ 7] were studied.

Some studies have elucidated the effect of different types of nano-
fillers sank in epoxy-based composites on the mechanical [8.], thermal
[9] or electrical [10] properties.

Metal oxide nanoparticles preparation with the use of plant extract
is a hopeful alternative to traditional chemical sorts. Magnesium oxide
is a remarkable functional metal oxide that has been widely used in
sundry domains, such as catalysis, pigmentation, and superconductors
[11].
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There are some samples of the synthesis of n-MgO using Clitoria
ternatea, neem leaves [12], Parthenium [13], Brassica oleracea, Punica
granatum peels [14], citrus lemon [15] or the extract drawn up from
Nephelium lappaceum L peels [16].

Experimental studies on the effect of n-MgO content synthesized
using citrus senensis peels on epoxy resins were reported in detail in
the current study.

2. EXPERIMENTAL

Magnesium oxide nanopowder (n-MgO) was prepared using dry chem-
istry way, where citrus senensis peels (orange cortex) were used as a
catalyst after the extraction of their solution (separated). This solu-
tion mixed with magnesium nitrate and ammonium hydroxide. A 30ml
of citrus senensis peels separated was mixed with a 10 ml of
Mg(NO;3)¢H,0 on the magnetic stirrer to obtain a homogeneous solu-
tion. To get a final gel at pH = 7, few drops of NH,OH were added step-
by-step with continuous shaking at 90°C to 120°C, here the gel turns to
sol. Owing to the existence of citrus senensis peels, burning and glow
may be eventuated intra flask.

After n-MgO synthesis, epoxy resin with a weight proportion 2%,
4%, 6% , and 8% was used to consolidate the nanopowder.

Solution-blending method and ultrasonic technique were used to
prepare the final nanocomposites, where n-MgO was distributed within
the resin homogeneously to pledge fully reinforcement and to obviate
holes formation inside the prepared nanocomposites. Moulds were
permeable according to the standard criteria of thermal flake with di-
mensions of 6x6x0.5 cm, which was made from Teflon.

Final nanocomposites were casted in the moulds and left 24 hours in
adark place. Then, XRD and SEM investigations were performed.

Figure 1 shows the experimental set up designed locally, which con-
sists of oxygen and carbon dioxide gases mixture in a cylinder. This
cylinder is used to generate the oxyacetylene flame.

Each sample was placed at 2 cm from the flame nozzle and prime ex-
emplifies to prevent any overthrow or movement resulted from flow of
the flame. Temperature of flow reaches 1800°C, which was measured
using a thermometer connected to the sample. The flame is broken up
when a hole eventuated on the sample with recording the time, which
was later used to calculate the ablation rate (E,) according to the fol-
lowing equation[17]:

r

d
E =—, 1
3 (1)

where d; is the thickness of the sample and b, is the time intransitive to
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Fig. 1. Thermal ablative set up.

form a hole in the sample (burn through time).
Insulation rate (Z,) also can be calculated using the equation [18]:

I =—. (2)

Thermal diffusion (3,,) can be calculated after measuring the thermal
conductivity (A) using the thermal conductivity analysis technique
(Mathis TCi). The equations (3)—(6) were used to calculate the thermal
flow (&4,e,), thermal diffusion (thermal flux) and the thermal resistance
(R)[19]:

dQ ar

=H=\—, 3)
dt dx
8ther. = \I }\’Cpp’ (4)
A
dther. =5 (5)
C,r
dx
Rther. = T ’ (6)

where @ is the heat flow per time; H is the heat; ¢ is the time; T is the
temperature; x is the height of specimen; A is the cross sectional area;
C,is the specific heat capacity and p is the density of the sample.

3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis of MgO sample was carried out on an
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Fig. 2. XRD of MgO nanopowder.

x-ray diffractometer. Figure 2 shows the XRD pattern of the obtained
n-MgO. The observed sharp suggests the presence of the crystalline
phase with an f.c.c. structure.

The surface morphological features such as shape, particle size and
composition of the MgO nanoparticles were measured using scanning
electron spectroscope. From Fig. 3, it was noticed that the surface mor-
phologies were in the form of agglomerates of nanoparticles as round
shape. The MgO nanoparticles were allotment orderly over the interior
surface. The SEM images of the obtained magnesium nanoparticles re-
vealed that the prepared powders were consisted of a mixture of fine and
large grains of the product particles.

Figure 4 shows the relationship between the ablation rates the ratio
of n-MgO doping at three different temperatures range: 380, 680 and
> 1800 K.

Reinforcing n-MgO may act as a heat dissipater or provide a much
better network for transferring heat randomly. This may hand over the
heat path onward from the targeted direction more than the pure resin
would do. Hence, the n-MgO network will act as an additional heat bar-
rier.

Figure 5 shows the insulation index of the system EP-n-MgO as a
function of n-MgO wt.% at different three temperatures: 380, 680,
> 1800 K.

At temperatures of 380 and 680 K, the interior of the final samples
was cooled by a volatile material percolating through it from the de-
composing polymer. During percolation, the volatiles are heated to
high temperatures with decomposition to reduce the molecular weight
species, which are pumped into the gases’ boundary layer. This mass
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Fig. 3. SEM of MgO nanopowder.

Fig. 4. Ablation rate as a function of n-MgO wt.% at temperatures (380, 680,
> 1800 K).

pumping will create a blocking action, which reduces the heat transfer
to the material. This process causes decrement in insulation index as
the ratio of doping increasing. Thermal fragmentation of the polymer
structure above 1800 K, to yield lower molecular weight species, which
evolve, with hydrogen gas, as the primary product. This leads to an in-
crease the insulation index at this temperature.

Reinforcement by n-MgO leads to an increase in the thermal conduc-
tivity values with the increasing n-MgO wt.% . Figure 6 presents ther-
mal conductivity of neat epoxy and epoxy composites with n-MgO con-
tent.

Thermal conductivity of the samples shows a significantly high in-
crease with increasing n-MgO content. Thermal conductivity of EP—n-
MgO system increases from 0.266 W/(m-K) for net epoxy to 0.845
W/(m-K) (3.17 folds enhancement) with the addition of 8 wt.% n-
MgO. As the content of n-MgO is further increased to 8 wt.%, the
thermal diffusion is improved from 1.78 mm?/s to 5.41 mm?/s.
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Fig. 5. Insulation index as a function of n-MgO wt.% at temperatures (380,
680, > 1800 K).

Fig. 6. Thermal conductivity as a function of n-MgO content.

For further realization of thermal conductive mechanism of epoxy
composites relatively to phonon, it is deemed that phonon plays a sig-
nificant function in heat conduction of majority polymer composites.
Meanwhile, at high temperatures, the phonon—phonon interaction and
the scattering of the phonon by the crystal borders determine the
thermal conductivity of semiconductors [20]. Net epoxy has a scarce
little heat conductivity due to the low crystallinity and phonon scatter-
ing of the randomly entangled molecule chains [21].

Density represents an important concept to explain the results ob-
tained from the performance investigations for prepared composites,
whereby the improvement of thermal conductivity can be improved
based on the density of composites. Figure 7 clarifies that the density
increases as reinforcing n-MgO wt.% increases. This increase may be
consoled to the chink of the holes formed, which resulted from the sur-
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Fig. 7. Density as a function of n-MgO wt.%.

Fig. 8. Thermal flux as a function of n-MgO wt.%.

rounding conditions during the preparation.

The density of n-MgO is doubled fold of the net epoxy and it is in-
creasing as the ratio of n-MgO wt.% increases. This result agreed with
previous work [23].

Thermal flux is one of the important parameters that can used to es-
timate the enhancement of thermal diffusion. Figure 8 presents the
thermal flux as a function of n-MgO wt.%.

Figure 8 shows that the thermal flux has improved with n-MgO
wt.% increase. This enhances to the high thermal conductivity of rein-
forcing material (n-MgO), which reaches to 45-65 W /(kg-K).

Figure 9 shows the change of specific heat capacity of the neat epoxy
resin in comparison system EP—n-MgO.

Figure 9 shows that the net epoxy has a specific heat of 1243.42
J/(kg-K), which is higher than that of the nanocomposites reinforced
with different weight fractions of the n-MgO. The minimum value of
specific heat were located for composite material reinforced with 8%
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Fig. 9. Specific heat capacity as a function of n-MgO wt.%.

Fig. 10. Thermal diffusion as a function of n-MgO wt.%.

weight fraction of n-MgO with values of 666.55 J/(kg-K). The reduction
in heat capacity of the nanocomposite can be attributed to the low heat
capacity of the used filler.

Figure 10 shows the thermal diffusion of epoxy reinforced with n-
MgO wt.%.

The thermal diffusion of the nanocomposite materials augments
with the increase of the weight fraction of nanopowders. This can be
explained from known that thermal diffusion is directly proportional
to the thermal conductivity and inversely proportional to the specific
heat of reinforcing materials as indicated in Eq. (5). These results
agree with previous conclusions obtained in [22]. In addition, Figure
10 indicates that the thermal diffusion of the pure epoxy is 1.78-107°
mm?/s. The value of thermal diffusion for the epoxy reinforced with
8% weight fraction of n-MgO powder equals to 7.87 mm?/sec. This
value was the highest compared with the epoxy alone and another EP—
n-MgO mixture.
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Fig. 11. Thermal resistance as a function of n-MgO wt.%.

Thermal resistance measurement is a substantiation of prepared
product qualification. At constant thickness, thermal resistance can be
defined as the inverse of thermal conductivity. Figure 11 shows the
acting of thermal resistance as a function of n-MgO wt.%.

One can notice from Figure 11 that thermal resistance decreases as
n-MgO wt.% increase where n-MgO dispersed the storage heat out-
going as thermal energy. The mechanism of thermal resistance is iden-
tical to that of electric oneself, whereas the excess of the electrons in n-
MgO leads to an increase in thermal conductivity, which indicates a
drop in the thermal resistance.

4. CONCLUSIONS

This study has demonstrated an approach to improve the thermal prop-
erties of epoxy composites filled by magnesium oxide nanocomposites.
For instance, the thermal conductivity of epoxy composite with 8 wt.%
of n-MgO was 0.845 W /(m-K) compared to that of the pure epoxy 0.266
W /(m-K). From the results of specific heat capacity and thermal diffu-
sion, 0.8 wt.% of n-MgO is the best ratio to reinforce epoxy resin,
which improved using this type of fillers.
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