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MATEMATHYECKOE MOJAEJINPOBAHUE PACIIPEJAEJEHUSA B
YEJIOBEYECKOM NONMYJSAIAU TEHOB, IOBPEXKJIEHUE KOTOPBIX
NHAYOUPYET OHKOJIOI'MYECKHE 3ABOJIEBAHUSA

M.A. bonaapenko, B.I'. Kuurasko, H.A. I'opanenko, O.B. 3aiinesa, T.P. KouapoBa
Xapvrosckutl HayuoHaNbHbII MeOuyuHcKull ynusepcumem, np. Hayxu, 4, Xapokos, 61022, Yxpauna
e-mail: viknig@mail.ru
IToctynuna B penakiuio 1 mapra 2016 rona
IIpunsara 17 mapra 2016 rona

OOBEeKTOM HCClIeIOBaHMs SIBIISIETCSl KaHIeporeHe3. lLlenbpro HcciieioBaHUs  SIBISIETCS  CO3JaHUE
MaTeMaTH4ecKOd MOJENH KaHIEpOreHe3a, MO3BOJIIOIICH OLEHHWTh pPACIpeleNieHHsI B YeIOBEYECKOH
MOMYJISAIUM  YHCIa TEX TEHOB, TOBPEXKACHHE KOTOPHIX SIBISIETCS PUYMHOW  OOpazoBaHUSA
OHKOJIOTHYEeCKHX 3a0oieBaHuii (a-reHoB). OCHOBHOW 3amadell SBISIETCS TOCTPOCHHE TaKOW
BEPOSATHOCTHON MaTeMaTWIecKOi MOZENH, KOTOpas ONHCHIBA€T KBAa3HCTAIIHOHAPHOE PaBHOBECHE JIBYX
MIPOTHBOMOJIOXKHBIX IIPOLECCOB, a WMEHHO: |) Tpomecca COKpamieHHs B MOMyJISAIHH YHCIA
BBIIICYKA3aHHBIX T€HOB BCIEICTBHE MX MYTAIlMOHHOTO TOBPEXKIEHHS;, 2) yBEIWYEHHE B MOITYJISAIINH
YrciIa ATHX TEHOB 3a CYET TOT0, YTO MHIMWBHUABI, UMEIOIINE MAJIO€ YHCIIO TaKUX T€HOB B MX T€HOTHIIE, C
OoublIell BEPOSITHOCTHIO MPHOOPETAIOT OHKOJIOIMYECKUE 3a00JIeBaHMsl Ha PAaHHHUX CTaJUsIX JKU3HH U HE
YCIIEBAIOT JI0 CMEPTU OCYILECTBUTH PENPOJYKIHIO, U TO3TOMY POCT OOLIeH YMCICHHOCTH IOITYJISLIUU
naer 60.]'1])1116 3a CUCT pCHpOAYKIHNHU WMHIAMBUAOB C BBICOKUM YHCJIIOM a-Ir'€HOB. OIleHKa pacnpeaciacHus
TaKUX T€HOB B MOIYJISIIUH POBOAMIACH ITyTEM OIPEAETICHUS BEPOSITHOCTH TOT'0, YTO HAayTra/l BBIOpaHHBIN
U3 TIOMYJISIIMY MHIUBH Oy/IeT UMETh OJJHO U3 BO3MOXKHBIX 3Ha4YCHUH! (10 JIMTEpaTypHBIM JaHHBIM, OT 0
J10 8) yKcIna BhlIEyKa3aHHbBIX TCHOB.

KJIIOUEBBIE CJIOBA: kaHIepoTreHe3, CTBOJIOBBIC KIIETKH, MMOBPEXKICHHUS T'CHOB, MaTEeMaTHYECKOE
MOJICIIPOBAHIE, PACIPEeTICHAE TEHOB B MOITYJISIIIH.

MATHEMATICAL MODELLING OF DISTRIBUTION OF GENES THE DAMAGE OF WHICH
LEADS TO ONCOLOGIC DISEASES IN HUMAN POPULATION
M.A. Bondarenko, V.G. Knigavko, N.O. Gordiyenko, O.V. Zaytseva, T.R. Kocharova
Kharkiv National Medical University, Nauky ave., 4, 61022 Kharkiv, Ukraine

Carcinogenesis is subject of the research. The research aims at creating the mathematical model of
carcinogenesis allowing assessing the distribution in human population of the genes which when damaged
lead to oncology diseases. The main task is to build a probability mathematical model describing the
quasistationary equilibrium of two contrary processes, and namely: 1) the process of reduction in
population of the number of the aforesaid genes due to their mutative damage; 2) increase in population
of the number of these genes due to the fact that persons with a few genes of the kind in their genotype
acquire oncological diseases with higher probability at early stages of their lives and do not manage to
reproduce themselves before they die, and so the growth of the total population size is more due to the
reproduction of individuals with a high number of the a-genes. Assessment of the distribution of these
genes in the population was carried out by determining the probability that a randomly selected individual
from the population has one of the possible values (according to the literature, from 0 to 8) of the
aforementioned genes.

KEY WORDS: carcinogenesis, stem cells, genes damage, mathematical modelling, distribution of genes in a
population.

MATEMATHUYHE MOJIEJTIOBAHHS PO3MO/ALTY B JIKOJACBHKIN MOMYJISIII FTEHIB,
MNOMKO/KEHHSA AKUX IHAYKY€E€ OHKOJIOI'TYHI 3AXBOPIOBAHHSA
ML.A. Bonaapenko, B.I'. KniraBko, H.O. I'opaienko, O.B. 3aiineBa, T.P. Kouaposa
Xapxiecvkuil nayionanvuuti meouynuil ynigepcumem, np. Hayku, 4, Xapxis, 61022, Yxpaina
O0’exTOM JOCHTIDKEHHS € KaHIeporeHe3. MeTOw IOCHTIKEHHS € CTBOPCHHS MAaTeMAaTHYHOI MOJENi
KaHI[EpOTeHe3y, IO [O3BOJHTH OMIHWUTH PO3IOAIT B IIOACHKIM MOMyINAMii KIIBKOCTI THX TeEHIB,
MOIITKO/KCHHS SIKUX € TPUYMHOI0 BUHUKHEHHS OHKOJIOTIYHHX 3aXBOpIOBaHb. OCHOBHUM 3aBIAHHSM €
moOyI0Ba Takoi IMOBIpHICHOI MaTeMaTHYHOI MOJENi, SKa ONHCY€ KBa3iCTAaliOHApHY PIBHOBArY ABOX
MPOTHIICKHUX TIPOLECIB, a came: 1) mporecy CKOPOYCHHSA B MOIYJIAIil KiJIBKOCTI BHIEBKA3aHUX TI'CHIB
BHACJIIJIOK X MYTAIIfHOTO MOIIKO/KEHHS; 2) 30UIBIIEHHS B MOIMYJIAMil KITPKOCTI IIUX T'eHIB 32 paXyHOK

© bonpapenko, M.A., Kaurasko B.I'., 'opauenko H.A., 3aiiueBa O.B., Kouaposa T.P., 2016



M.A. bounapenxko, B.I'. Knurasko, H.A. T'opauenko, O.B. 3aiinesa, T.P. Kouaposa

TOTO, IO IHAWBIIH, IKi MAIOTh MAITy KiIbKICTh TAKUX T'€HIB B IXHROMY T€HOTHIII, 3 OLIBIIO IMOBIPHICTIO
HaOyBarOTh OHKOJIOTIYHHUX 3aXBOPIOBAHb HA PAHHIX CTAJisX JKUTTS 1 HE BCTUTAIOTH O CMEPTi 3IIHCHUTH
PETIPOIYKIIiO, 1 TOMY 3pOCTaHHS 3arajbHOI YHCENFHOCTI MOl e OiIbIne 3a paXxyHOK penpoIyKIii
IHAMBIIIB 3 BUCOKMM YUCIIOM a-TeHiB. OLiHKa PO3MOAiTy TAKUX T'€HIB B MOIMYIIALIT IPOBOIMIIACS IILISIXOM
BHM3HAYEHHS HMOBIPHOCTI TOTO, I[0 HABMaHHS BUOpaHWN 3 MOMYJAMii iHAWBIN Ma€ OJHE 3 MOKJIHMBUX
3HAYCHb (3a JITepaTypHUMH JaHUMH, Bl 0 710 8) yuciia BUICBKA3aHUX TCHIB.

KJIIOYOBI CJIOBA: kanueporeHe3, CTOBOYpOBiI KIITHHH, TOIIKOKCHHS TI'€HIB, MaTeMaTHYHE MOJCIIOBAaHHS,
PO3n0AUI I'€HIB B IOITYJIALIL.

INOCTAHOBKA 3AIAYA

B nwuteparype [1] yXke I0OCTaTOYHO JaBHO BBICKA3bIBA€TCI MHEHHE O TOM, YTO
HEOOXOJUMBIM yCIIOBHEM BO3HHKHOBEHHSI OHKOJIOIMUYECKOTO 3a00JeBaHUS HMHIWBUIA
SBIIsieTCs 00pa30BaHUE CTBOJIOBOM KIIETKU C HECTAOMIBHBIM T€HOTHIIOM, YTO, B CBOIO OUYepeb
CBSI3aHO C MOBPEXACHUEM B ATOU KJIETKE HEKOTOPBIX OINpEAeNIeHHbIX TeHOB. [Ipeanonaraercs
TaK)Ke, 4YTO YKa3aHHbIC T€Hbl — 3TO T€HBI, YYacCTBYyIOIME B penapauuu nospexaenun JTHK
KJIETOK U YHCIIO 3TUX TeHOB He Oonee 8. Janee 9Tu reHbl Oy/ieM Ha3bIBaTh a-TeHAMH.

B pabGore [2], wucxoas w3 BBIIIEYKAa3aHHBIX COOOpa)keHWH, ObUIa TOCTpOECHA
MareMaThyeckass ~ MOJedb  Ipolecca  KaHUEpOreHe3a,  IMO3BOJMBLIAS  TOJYYHTh
MaTeMaTHUYECKHUE BBIPAXKEHHUS NJIS TaKUX BEPOSTHOCTHBIX XapaKTEPUCTHUK ATOrO IMpoliecca,
Kak (yHKIUSA pacrpeneneHUs BpEeMEHU OOpa3oBaHHUsl OIMYXOJH, TUIOTHOCTh BEPOSITHOCTH
BpEeMEHU O00pa30oBaHMs OIyXOJIM, CpelHee W Haubojee BEpOSTHOE 3HAUCHHS BPEMEHHU
00pa3oBaHMs OIMyXOJIH.

Bmecre ¢ Tem, 04eBHJIHO, YTO BCJEICTBUE MYTALMOHHOTO MOBPEXKACHUS YKa3aHHBIX
TE€HOB, UMEIOLLEr0 CIy4YalHbId XapakTep, YHCIO a-T€HOB B IN€HOTHUNAX Pa3HbIX MHIMBUIOB
ABJIIETCS Pa3HbIM, INpHUYEM 8 — 3TO MAKCHUMaJlbHO BO3MOKHOE 3HAUEHHE 4YMCIa a-TEHOB.
O4eBUAHO TakXke, YTO B TMpollecce JKU3HM HMHAMBHIA YHUCIO €ro a-reHoB OylIeT WU
YMEHBILATCS, WX (UTO MEHEE BEPOSATHO) OCTABATHCS ITOCTOSIHHBIM.

VYuuteiBasi, 4TO B HAcTosIIee BpeMs HaOIIOaeTcs BO3PACTAaHUE OHKOJIOTUYECKOM
3a00JIeBA€MOCTH, BEChbMa AaKTyaJIbHOM CTaHOBUTCSA MpoOjeMa OLIEHKH paclpeneieHusl B
YeJIOBEYECKOW MOMYJISINA WHIANBUAOB C Pa3HBIMHU 3HAUYCHHUSMHU 4YHCa a-TeHOB. ['oBops 00
OLICHKE 3TOr0 pPACIpPEAETICHUs, Mbl UMEEM B BUJY OINpPEAEIEHUE BEPOSITHOCTEH TOro, 4to
HayTaJ BIOPAHHBIN U3 MOMYJISIIIMA UHIUBU UMEET B TEHOTHUIIE OMPEAeNIEHOe KOTUIECTBO (OT
HyJI 10 BOCbMH) a-F€HOB. DTO pacHpeleseHue, pa3yMeeTcs, U3MEHSIETCSI CO BPEMEHEM, HO
U3MEHSETCS OYeHb MEIUIEHHO, TO €CTh SIBJIETCS KBAa3UCTAaUMOHApHBIM. [103TOMYy MOXHO C
JIOCTaTOYHOM TOYHOCTBIO CUMTATh €r0 CTAI[MOHAPHBIM, TO €CTh CUHUTaTh, YTO BEPOSITHOCTH
OoOHapy»XEeHHs] TEHOTUIIA C OMNPEJCIICHHBIM KOJIHMYECTBOM a-T€HOB SBISIETCS BETUYMHOMN
MTOCTOSIHHOM.

CranMoHapHOCTh pacHpeneseHusl ONPEAeNIeTCs] TEM, YTO B IMOMYJISILUU IPOUCXOAST
OJIHOBPEMEHHO JBa NPOTHBOIIOJOKHO HAIPABJIEHHBIX Ipoliecca: 1) MyTalMM yMEHBIIAIOT
YHUCJIO a-TEHOB B T€HOTHIIE MHAMWBMJA; 2) y WHAMBHJIOB C MCXOJHO MAaJbIM KOJUYECTBOM
a-TEHOB B KAaKOH-TO CTBOJIOBOM KJIIETKE [OCTaTOYHO pPaHO IOBPEKIAIOTCS BCE a-TeHBI,
MPOUCXOAUT MAJUTHU3AIMS KJIETKH, BO3HHMKAeT OHKOJIOTMYecKoe 3a0ojieBaHUE /10
penpoayKIHHu (10 poXKAEeHUS peOCHKA) U 3TOT HHIUBHU/L SIIMMUHHUPYETCS U3 MOMYJISILIHN.

JlanpHeliiee M3JI0KEHHE 11€1eCO00pa3HO MPOBOAUTh, AHATU3UPYSd M3MEHEHHs CO
BPEMEHEM UUCIIAa a-T€HOB B TEHOME UHIUBU/A.

MATEMATHYECKAS MOJIEJIb
[TockonpKky MakCHMaJbHOE KOJHUYECTBO a-TEHOB Yy YEJOBEKAa PABHO 8, TO KOJIUYECTBO
TaKMX F€HOB B TaMETe MOKET MPUHUMATh 3HaueHus ot 0 1o 4.
[TockonpKy TamMeThl COXPAHSIOT CBOIO WHIWBHAYaJbHOCTH B COCTaBE JUILUIOWUTHOMN
KJICTKH, B JAJIbHEHIIIEM W3JI0)KEHWH MOXKHO, TIaBHBIM 00pa3oM, aHATU3WPOBATH MPOIECCHI,



MartemMaTudeckoe MOZACIIMPOBAHUC PACIIPCACIICHUA B YEI0BEUYCCKOM IOMMyJIsIOUH. . .

NPOUCXOAIINE C TaMeTaMd B TEYEHHE BPEMEHHM OT MNpeAbIayliell penpoAyKLHUU 0
cienyrouiei. byieM Ha3bIBaTh 3TO BpeMsi PENPOLYyKTUBHBIM MIEPUOIOM.

BeposiTHOCTh coxpaHeHHs] ramMeTbl 3aBUCUT KaK OT BPEMEHHU PernpoiyKIHuH (Bo3pacTta
poautenel), Tak W OT JUIMTEIBHOCTU >KU3HU UHAUBUAA. DakTOpbl, BIUAIOINIME HA
MPOAOKUTEIBHOCTD JKU3HHU, MOYKHO TOJIPAa3ACIUTh Ha T€, YTO CBA3AHBI C OHKOJOTUYECKUMU
3a00JIeBaHUsSAMHU, M TE€, YTO C OTUMHU 3a00JCBAaHUSIMHU HE CBs3aHBL. B CBOIO ouepens,
JUIUTEIBHOCTD JKU3HU OHKOJOTMYECKOr0 OO0JIBHOTO U BO3MOXKHOCTH PEMPOIYKIIUU 3aBUCST OT
3¢ dEeKTUBHOCTH JieueHus. B nanpHedIneM HW3I0KEHUH HEOOXOIUMO YUYUTBHIBATH BCE OTHU
daktopsl. 1J1si MOCTPOCHUSI BEPOSATHOCTHOM MAaTeMAaTHUYECKOW MOJIENH pacipeesieHUs Yucia
a-T€HOB B YEJIOBEUECKOH MOMYJISAINN BBEJEM CIISAYIOIMNE 0003HAUCHHUS.

IIyctb N — 4yHcino CTBOJOBBIX KJIETOK OpraHu3Mma, t — BpeMms, MpOIIENIIee Iocie
00pa3oBaHMs TaMEThl, 0. — BEPOSATHOCTh MOBPEKICHHS KAaKOTO-IN0O a-reHa B OJHOM IUKJIE
nenenus; B=1-a; n — YUCIO LMKIOB JEJICHHUS OT MOMEHTa oOpa3oBaHMs ramerthl; k —

HAYaJbHOE YMCJIO a-TeHOB B KJETKe; T — CpeaHsisi MPOJOIKUTEIbHOCTh KIETOYHOTO IIMKIIA.
[lycth Taxke m — Ha4aJbHOE YMCIIO a-TEHOB B ramere, ¢(m) — BEPOSATHOCTb TOTO, YTO IPH
00pa3oBaHWM TaMEThl B HEHW CONIEPKAJIOCh M a-reHoB; Y(m) — BEPOSTHOCTh TOTO, YTO K
MOMEHTY CJEIYIOIIEH sl TaHHOW TaMeThl PETPOIYKIIMKA B TaMeTe COJEPKATCS M a-TeHOB;
s(t) — &yHKIUS pacnpeneneHus AIUTeNbHOCTH JKU3HM UWHAMBHUAOB, HE HMEIOIINUX
OHKOJIOTMYECKOro 3aboneBaHust; V(T) — IUIOTHOCTb BEPOSTHOCTH BPEMEHHU PENpOIYKIIHHU;
®(m,t) — pyHKIUA pacTpeeieHrs BpEMEHU MOSIBICHHUS 3lI0KaY€CTBEHHOTO 3a00JIeBaHuUs IPU
W3HAYaIbHON HasBHOCTH B ramere m a-reHoB; F(k,t) — ¢yHKIMsa pacnpeneneHus BpeMEeHU
MOSIBJICHUS 3I0KAY€CTBEHHOTO 3a00JIeBaHuUs MTPH UCXOITHOM HAJMYMK B T€HOTUIIe MHANBUAA k
a-TeHOB; L — BEpOATHOCTh M3JICUCHUST OHKOJIOTHYECKOTO OOJIBHOTO.

[Ipoananu3upyem MpOLECChl COXPAHEHHs YMCa a-TeHOB M M3MEHEHHs 3TOTrO 4YHcla B
ramMerax co BpeMEHEM.

Paccuntaem cHayana BEpOSITHOCTh TOrO, YTO TaMeTa, W3HA4YallbHO cojepskaBmias 4
a-TeHa, COXpaHWIa JIO CIeAyromell penpoaykuuu Bce 3TH 4 a-reHa. OO003HAUUM 3Ty
BEPOATHOCTb Kak P, . JIisl COXpaHHOCTU ramMeTsl HEOOXOAUMO, YTOObI B TEUCHUE BPEMEHU

JI0 CIENYIOLEH penpoayKIHMH BBINOJHWINCH TAaKHE YCIOBHUS: MYTAllMM B TEYEHUE STOTO
BPEMEHU HE TOBPEIAWJIM HU OJWH U3 a-TCHOB B TramMeTre, MNPOJOJKUTEIBHOCTh >KU3HHU
UHAMBHAA Obla OONbIIe 3TOTO K€ BPEMEHH, WHAMBHI 3a 5TO BpeMs He MpHoOpen
OHKOJIOTHYECKOE 3a00JIeBaHUE, JIMOO MPUOOPEIT, HO BBUICUHIICS.

BeposTHOCTH TOTO, YTO PENmpOAYKIMS MPOU30HAET B MOMEHT BpeMeHH t (TouHee B
MHTEPBAJIE BPEMEHHU OT t 10 t + dt), paBHa v(t)dt . BeposTHOCTE TOr0, 4YTO UHAMBH]L €LIE KUB
K 9TOMY MOMEHTY, paBHa 1 — s(t). BeposTHOCTB TOTO, YTO 32 3TO BpEeMsI HM OAHMH U3 a-T€HOB B
ramere He OynIeT NOBPEXKICH, paBHA, Kak dTO MOKa3aHO B pabore [2], TAKOMY BBIPAKCHHIO:

4t
BT . BeposTHOCTH TOrO, YTO MHAMBHJ, UMEIOLIUI 3Ty TaMeTy, K MOMEHTY t HE IpUOOpeTeT

OHKOJIOTHYEeCcKoe 3aboyieBaHue, paBHa 1 — D(4,t). BeposSTHOCTH K€ TOTO, YTO K ITOMY XKeE
MOMEHTY UHJWBU] IPUOOPETET OHKOJIOTMYECKOe 3a00IeBaHKe, HO 3aTEM BbI3IOPOBEET, paBHA
®(4,t)-L. Orcrona:

v =6(4P,,, = ¢(4)J BTv(t)-(1-s(1))- (1-®(m,t)- (1~ L)}dt, (1)
Trac
O (m,t) = Z(d)(i)F((i +m),1)), 2)
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F(t)—l(l(lﬁﬂ} : 3)

[Iycts
f(m,t) = v(t)-(1-s(t))-(1-D(m,t)-(1-L)). 4)
Torma dhopmyny (1) MOXKHO 3amucath B CIEAYIOIIEM BUJIE:
Y(#) = G4, = d(#)[BTI(4, 1)dt. (5)

Tenepp onpenenuM BEpOATHOCTb TOTO, YTO K MOMEHTY PEIPOAYKIMHU raMeTa COAEPKUT 3
a-reHa. Takoe ciy4aifHOe COOBITHE MOXKET OBITh ClieACTBHEM JOO0 mporecca 4 — 3, nubo
npornecca 3 — 3.

[Iponiecc 3 — 3 ommceiBaeTcs GpopMyIioi, mogooHoM Gopmye (5):

% 3t
P,y = [BTF(3,t)dt . (6)
0
[Tpouiecc 4 — 3 omwmchIBaeTcs cleayomei GopMyIioi:
0 3t t
P, =[4p7 (1 —Bij@, t)d . @
0

Takum 006pa3zom, BEpOATHOCTh OOHAPYKUTH K HAYaJy CIEIYyIOEH penpoayKIul TraMeTy,
coJleprKalnyIo 3 a-reHa, paBHa:

o 3t
T

V() = (AP, + )P, =[BT [¢(3) ' 4¢<4)(1 —BTJ]f(l d. (8)

AHaJIOTUYHO MOKHO TIOJIYYHUTh BeIpakeHus Taroke 1t y(2), y(1) u y(0).
B wactHocth, y(2) = ¢(2)P, ,, + ¢(3)P,,, + §(4)P,
B o6miem citygae MOKHO 3anucarh:

—2

©  mt

w(m) =[BT 7(m, Hf (m, t)d,

0

x(m, t) = .m(¢(4i)ﬁ(1w] J .

4 4
OueBugHO, UTO Zd)(m):l. Taxke OYEBHUIHO, YTO Z\y(m)<1, MOCKOJIbKY B

m=0 m=0

NOCJETHEH CyMME HE COJepXKaTcs BEPOSITHOCTU COOBITUH, MPUBOAAIIMX K AIMMUHALUN
¢(m)
y(m)
3HaueHudl m. IlosTomy cCBsi3p Mexay BeauunHamMd GOG(m) U y(m) UMEeT BHI:

rac

ramet. Bmecre ¢ TEM, BBIPAKCHUC JOJIDKHO OBITE OAMHAKOBBIM OJI1 BCEX BO3MOXKHBIX

o(m) =2

> y(m)

m=0
Ecnmu m3BecTHB! 3HavyeHus: BenwuuH s(t), v(t), ®(m,t) u BemmumHbl L, TO mocnemHss
dopmyna nmpeacraBiser co0oi CUCTEMY YpaBHEHH, O3BOJISIIOILYIO PACCUUTATh YHUCIICHHBIC
3HAa4YeHUsI BEMMYMH (M), 9TO B CBOIO OUEPEIh MO3BOJSET PACCUUTATh MCKOMBIC 3HAYCHHS
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BeimurH p(K), KOTOphIE W SIBIISIIOTCS BEPOSITHOCTSMH, ONPEACISIONIMMHU paclpeeicHue
J'IIOI[GI\/'I 0 KOJIMYCCTBY a-TCHOB B HX TI'CHOTHUIIAX. HpI/I 9TOM HCHOJIB3YIKOTCA CICAYIOIHNC
bopMyIIBL:

po= $(0)*; p1=2¢(0)¢(1) ; P2 =2¢(0)¢(2) + ¢(1)* ;

P3 =2((0)d(3) + ¢(1)d(2)) ; P4 =2($(0)d(4) + §(D(3)) +¢(2)*;
Ps =2(¢(Md(4) + ¢(2)o(3) ; Ps = 20(2)(4) +¢(3)";
p7 =20(3)9(4); ps =(4)”,

I7I€ Pi — BEPOSATHOCTh HAJIWYHUS 1 TEHOB B T'C€HOTUIE WHAMBUAA NpPU pOXIEHUHU, a O()) -

BEPOSITHOCTh HAJIMYHS | TEHOB B TAMETE 9TOTO WHIWBHU/IA TIPH POKICHHH.

[TogBoast uTOrKM, MOXKHO ClI€NIaTh BHIBOJ O TOM, YTO BBIIICIIPUBE/ICHHAS MaTeMaTH4YeCKast
MOJCIIb MOXET OBITh HCIIONB30BaHA IS ONPEICICHUS PpaclpefeieHUs] a-TeHOB B
yesioBeueckod mnomysisiuud. OpHako OIpeAesieHHe YHCJICHHOTO 3HA4YeHHs] BEPOSTHOCTH
0OHapyXUTh WHIMBHIA C ONpPEICICHHBIM 3HAYCHHEM YHCjIa a-TeHOB B T€HOTHUIIE TpeOyeT
3HAHUS YUCJICHHBIX 3HAUYEHUH pslla mapaMeTpoB MOJENH, B YaCcTHOCTH, o, T, s(t), v(t), L, N.

W, ecnu 3navenus napametpoB T, s(t), v(T) u L MOXKHO ¢ HEIJIOXOM TOYHOCTBIO OIICHUTH, TO

3HAQUYEHHS OCTAIbHBIX MApaMETPOB B HACTOSAILEE BPEMSI OLEHUTb TPYJIHO, U ISl MX OLICHKHU
HEOOXOIUMEI JOMOIHUTENBLHEIE UCCIIEN0BAHUS.
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3a 10nOMOroro KiHEeTHYHOi 0OYMCIIIOBAIBHOI MOJIEN, 10 JEMOHCTPYE 3aJISKHICTh T'eHepalii akTHBHUX
dopm kucHO (ADPK) xommurekcamu I i III guxampHOTO mMaHItora mitoxoHmpid (MX) Bin BeTHWdUHH
MITOXOHAPIaIbHOTO MOTeHIiary, pH MaTpUKCy, HaSIBHOCTI Pi3HUX JUXAIBHUX CyOCTpaTiB Ta iHTiOITOPIB,
a TakoX JaHUX, OTPUMAaHMX EKCIIEPUMEHTAJIbHO, 3alpONOHOBaHI OCHOBHI MEXaHI3MH BIUIMBY
HanouactuHok (HY) Ha ocHOBI pigkicHo3eMenpHuX enemeHTiB (P3E) Ha GioeHepretnyHi mpouecu B MX.
Po3rnsgHyTO Taki MOKa3HUKH, SIK MITOXOHIPiaJbHUN MOTEHIlial, IPOIECH AWXAHHSA Ta OKHCIIOBAIBHOTO
dhochopuaroBanns, piBerb AT® B MX micns aii 4acTHHOK, a TakoXx 37atHicTh HY BrutmBaTh Ha
renepauito A®K B nuxaneHomy nanmory MX. 3anponoHOBaHO JiBa OCHOBHI MEXaHi3MH BIUIUBY
penokcaktuBHux HY Ha ochoBi P3E Ha penokc-mponecn B MX: mepummii MexaHi3M mnependadae
iHTIOyBaHHS TPAHCIIOPTY EJISKTPOHIB 1 aKTHBALl0 YTBOPEHHS CYNEPOKCHAY Ta IMEPOKCHIY BOJIHIO,
npyrui — interpanito HY B enekrpoH-TpancnoptHi npouecn B MX y sIKOCTi IOHOPiB abo akuenTopis
€JIEKTPOHIB.

KJIFOYOBI CJIOBA: penokcakTiBHI HAHOYACTHHKH, MiTOXOH/IPii, aKTHBHI ()OPMHU KHCHIO.

O MEXAHM3MAX BJIMSHUSA PEJOKCAKTHBHBIX HAHOYACTHUI]
HA OCHOBE PEJJKO3EMEJIbHbIX 3JIEMEHTOB
HA PEJOKC-ITPOLHECCHI B MUTOXOHAPUAX
K.A. ABepuenko*, H.C. KaBok, C.JI. Epumona

Hucmumym cyunmuanayuonnvix mamepuanoe HAH Ykpaunwl, np. Hayku 60, Xapvxos, 61001, Ykpauna

C 1OMOIIBIO KHHETHMYECKOW BBIYHCIUTEIBHON MOAEIH, KOTOpas JEMOHCTPHUPYET 3aBHCHUMOCTH
reHepanuu akTuBHUX (popm kucnopona (ADPK) komrutekcamu I u 111 gpixarensHOl nenu MUTOXOHIPUI
(MX) oT BeTMYMHBI MUTOXOH/IPHAIIBHOTO NTOTeHNMana, pH MaTpukca, HaTMYKS pa3InYHBIX AbIXaTEIbHBIX
cyOCTpaToB M HHTMONTOPOB, A TAKXKE JAHHBIX, TIOJIyYEHHBIX SKCIIEPUMEHTAIILHO, MTPEAJI0KEHBI OCHOBHBIC
MexaHu3MBl Bo3neiicTBus HanHowdactul (HY) Ha ocHOBe penkoszemenbHBIX sieMeHTOB (P3D) Ha
OmosHepreTnueckue mpomecckl B MX. PaccMoTpeHBI Takue MoKa3aTelnd, KaK MHUTOXOHIPHATHHBINA
MOTEHIINAJ, TPOIECCH ABIXaHMs W OKHUCIUTENbHOrO (ochopunupoBanus, ypoeHb AT® B MX mocie
BO3JIEHCTBUS YaCTHII, a Takke crmocooHocTh HY BiusaTh Ha renepario ADK B aprxarensHon nemn MX.
[IpennoxeHbl Ba OCHOBHBIX MEXaHW3Ma BIIMSHUSA pernokcakTUBHBIX HU Ha ocHoBe P3D Ha pemokc-
mpouecchl B MX: mepBbli MEXaHU3M IPEANoaracT HMHIMOMPOBAaHME TPAHCIOPTAa 3JIEKTPOHOB H
aKTHBAaIMIO 00pa30BaHMs CYNEPOKCHIA M NIEPOKCHIAa BOJOPOa, BTOPOil — uHTerpaunio HY B anekTpoH-
TpaHCHOPTHBIE Mporiecckl B MX B KadecTBE JOHOPOB MU aKIENTOPOB AIEKTPOHOB.

KJIIOYEBBIE CJIOBA: penokcakTHBHBIE HAHOYACTHUIIEI, MUTOXOHJIPUH, aKTUBHBIE (POPMBI KUCIOPOA.

CONCERNING THE MECHANISMS OF INFLUENCE OF REDOX-ACTIVE NANOPARTICLES
BASED ON RARE-EARTH ELEMENTS ON THE REDOX-PROCESSES IN MITOCHONDRIA

K.A. Averchenko ', N.S. Kavok, S.L. Yefimova
Institute for Scintillation Materials National Academy of Sciences of Ukraine, 60 Nauky Ave., Kharkiv, 61001, Ukraine

Using the kinetic computation model, which demonstrates the dependence of generation of reactive
oxygen species (ROS) by complexes 1 and III of mitochondrion respiration chain on the values of
mitochondrial potential, pH of matrix, presence of different respiratory substrates and inhibitors, and data
obtained experimentally, the basic mechanisms of the influence of nanoparticles (NPs) on the basis of
rare earth elements on the bioenergetic processes in the mitochondria have been proposed. The
mitochondrial potential, the processes of respiration and oxidative phosphorylation, as well as the ability

© Asepuenko K.A., KaBok H.C., €dimona C.JI., 2016
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of NPs to have an influence on the generation of ROS in the respiratory chain of mitochondria have been
investigated. We propose two main mechanisms of the influence of the redox-active NPs based on the
rare earth elements on the redox-processes in the mitochondria: the first mechanism involves the
inhibition of electron transport and activation of the formation of superoxide and hydrogen peroxide, the
second - integration of NPs into the electron-transport processes in the mitochondria as donors or
acceptors of electrons

KEY WORDS: redox-active nanoparticles, mitochondria, reactive oxygen species.

JlekibKa OCTaHHIX JIECSATUPIY  CYNPOBOKYIOTHCS  MIJBUIIEHHUM IHTEPECOM [0
HaHOTeXHoJoTii Ta HaHoMarepianiB (HM). B 6ararpox mocmimkenHsx HM po3rismaroTsest K
NOTEHLIIHI JIiKapChKi 3aco0M. 3Ha4Ha yBara MpUIUISETHCS PEAOKCAKTUBHUM HAHOYACTHHKAM
(HY) 3 aHTHOKCHMAAHTHUMHU BJIACTHBOCTSIMH, SIKI 3/IaTHI 10 caMOpereHepallii, y 3B’ 53Ky 3 THM,
1110 OKCHJIATHBHUI CTpEC rpa€ KIIOYOBY pOJb Y BUHUKHEHHI MMATOJIOTIH Ta CTapiHHI OpraHizMy.
OnnauMm 3 sckpaBux npukiaamiB Takux HY e giokcun mepito, SKUid y HAaHOKPUCTATIYHOMY CTaHi
XapaKTePHU3yEThCs CYTTEBOKO KHCHEBOIO HECTEXiOMETpieo i Mae BenmKy koHueHnTpamito Ce’™
ioniB, B ToMy umcii i Ha moBepxHi uacturkH. JloctymHicts Ce’  iOHIB [UIsl aKTUBHHX (OpM
kncuio (ADK), 31aTHiCTS 3MiHIOBaTH BaneHTHicTh (37 a60 4'), a TAKOX HASBHICTH BEJIMKOL
KUTBKOCTI KHCHEBUX BAaKaHCI BHU3HA4Ya€ PEAOKCAKTHBHICTh Ta YHIKaJIbHI aHTHOKCHIAHTHI
BJIACTUBOCTI 1iepisi. [lepcrieKTUBHUMU ISl aHTHOKCUIAHTHOI Teparlii TaK0X BBAXKAIOTHCS 1HIIT
Uy penokcaktTuBHUX HY Ha ocHOBI pinkicHo3eMenbHUX eneMeHTiB (P3E). 3aBnsku HasiBHOCTI
B KPUCTAJIUHIM penriTii ioHiB 31 3MiHHOIO BaJICHTHICTIO, akTHBOBaHi eBporieM HY Ha ocHOBI
oproBaHanatiB P3E, Tak caM0O € pemoOKCaKTUBHMMH 1 MOXYTh 3alydaTHCS OO0 PI3HUX
OKHCITIOBATHHO-BIIHOBHUX TpOIeciB Ta BiuMBaTH Ha piBeHh ADK. B kXUBHX KIITHHAX
rojoBHUM pkepesioM 1 mimeHHto st ADK e mitoxonmpii (MX) [1]. OcHOBHUMHU pucamMu
OKCHIATUBHOTO TOIIKODKEHHS 13 3aly4eHHSIM MITOXOH/PiajdbHOI JJAHKM € MITOXOHApiajbHa
HEJOCTaTHICTh BHACIIJOK BIAKPUBAHHS MITOXOHIPIATBHOI MOPH, ACTOISApU3AIlisl MeMOpaH!
MX, ranemyBanHs cuHTesy AT®, okucieHHs BigHoBIeHOro rayrariony (GSH) Ta tiomoBux
rpyn 0inkiB. Kanneporenes, HelipoiereHepaTHUBHI Ta KapIl0OBacCKyJIIPHI 3aXBOPIOBaHHS, AiabeT
ACOIIOIOTHCS 3 MMOPYLICHHSIM MITOXOHIpiaNbHOI (DYHKIIT Ta MiABUIIEHHAM KoHIeHTpalii ADK.
[TutanHs momo BrumBy penokcaktuBHUX HY Ha mporiecu reneparii ADK ta 6ioeHepreTruny
¢ynkuiro MX Hepo3puBHO MOB’sA3aHi MK cobOoro. Tomy moOymoBa anekBaTHOI (i3HUHOT
MoOJieNl, sKa OINUCY€ BIUIMB peaokcakTuBHMX HY Ha mporecu mnepeHocy eNneKTpoHIB B
MITOXOH/IpiaJIbHOMY JMXaJbHOMY JaHII031 Ta reHepaniio ADK e akTyanbHOIO 3a1adeio y
(byHIaMEHTATBHOMY 1 MIPUKJIATHOMY CEHCI.

JIMXanbHU# JTAHIIOT BHYTPIIHBOI MeMOpanu MX € yHIKaJbHOIO CYyKYIHICTIO OUTKOBUX
KOMIUIEKCIB, SIKI TIEPEHOCATH EJIEKTPOHM Ha MOJEKYJISPHHA KHCEHb, Mm00 chopMyBaTH
NPOTOH-PYIIiHY CHITy B SIKOCTI OCHOBHOTO JKEpena eHeprii Ay KITHHHOTo cuHTe3y ATO.
Enexrpon-tpancnoptauii nanmor (ETJI) wa BHyTpimHi MemOpani MX € OCHOBHHM
mkepenom A®K. Tak, nampuxman, xommuiekcu [ 1 III ETJI € ocHOBHMMH mKepenaMu

cynepokcuay (O,") [2]. Ilpm 1poMy HEOOXiJHO BpaxOBYBaTH, IO 3HAYCHHS

MITOXOH/IpiaIbHOTO TOTeHIiany, pH cepenoBuina, HassBHICTh a00 BIACYTHICT 1HT10ITOPIB, SKi
3aTHI TOPYIIyBaTH (YHKLIOHYBAaHHS KOMIUICKCIB, BaXXIIUBI Ui OTPUMaHHS JIOCTOBIPHUX
naHux. Tak caMo OJHUM 3 HEBUPIIICHUX MUTaHb € reHeparis ADPK npu iHridyBaHH1 pizHHX
CerMEHTIB IUXaJbHOTO JIAHIIoTa. 3 ypaxyBaHHsIM 3actocyBaHHI HM i penokcaktuBHux HY
30KpeMa, 1€ MUTAaHHS NoTpedye BHUpimeHHsS. OCKITbKH TUIBKH €KCTIEPUMEHTABHUX JTaHUX
JUISL OIIMCY TaKoi CKJIAJHOI CUCTEMH, K AUXAJbHHUNA JIAHIIOT, HEJOCTATHBO, JUIS TOCIIIKEHHS
BCiX 0i0CHEpPreTHUHUX MpoueciB B MX yCHINIHO 3aCTOCOBYIOTHCS MaTeMaTHYHI KOMITIOTEPHI
MOJIeTIi, SIKi OMUCYIOTh TEOPETHYHI 1 eKCIIEPUMEHTaIbHI AaHi. [CHyI0Th Kiacuuni Mmozeni [3.,4],
SKI ONMUCYIOTHh MPOIECH, MO0 BiIOYBAIOTHCS B IUXadbHOMY JaHIi031 MX, 1 craHmapTHi
KIHETUYHI MOJeINi A1 ONUCYy HaWOUIbIl BaXKJIMBUX MUISXIB MEPEHECEHHS EJIEeKTPOHIB B
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komruiekcax I 1 III [5-11]. Tak, nanpuknan, apropu [12,13] ekciepuMeHTAIBHO MTOKa3aJIH, 110
npu iHriOyBanHi kommuekcy Il antumininom A (AA) ocHOBHHI BHecOK B reepamioo O,

HaleXUTh Qp-CaliTy depe3 MEepeHECeHHs €JIEKTPOHIB Bil OKUCIEHOTO LUTOXpoMy b 10 Q i
3BOPOTHHUX peakiiii B Qop-caiiTi. ABTopu [14] mis i30150BaHOTO KOMIUIEKCY | mpumycTuimy,

mo O," dopmyeTbcs TpPH INEPEHECEHHI OJHOTO EJEKTPOHA BiJ MOBHICTIO OKHCIEHOTO
¢maBiHy Ha KHCeHb 3rigHo peakiism (1), (2) [5].
FMNH™ +0, =FMNH" + 05", ; Vs =k, (FMNH™ -O,-FMNH"-0,, /K, (1)

CI.Q._ +02 = C]0Q+02._mx’ V17 = k17 '(CI.Q._ '02 _CI.Q'O._ /Keql7) (2)

2 mx
Kinetnuna cxema, 3ampomnoHoBaHa aBTopamu [15, 16] omucye eranu mnepeHeceHHs
enexTponiB B komiuiekci III. Takox icHye rimore3a [17], mo xapakrepusye GhopMyBaHHS

O," Ta nepeHoc enekTpoHiB B koMmmuiekci III gemo inakme. ABropu [5] mpoanamizyBanu i

BpaxyBaJIM paHillle BIPOBAKEHI MOJEINI 1 3aIPONOHYBAIH CBOIO OOYHUCIIIOBAIIEHY MOJIEINb,
10 ojepxKajla eKCIepuMEHTallbHE MiATBEepAKeHHsS. JlaHa MoJenb AEMOHCTPY€E 3aJeXHICTh
rereparnii AOK xommiekcamu [ i III guxameHoro nanirora MX BiJ MITOXOHAPIATEHOTO
noTeHiiany, pH MaTpukcy, HAIBHOCTI Pi3HUX AUXalbHUX CyOCTpaTiB, a Tak camo iHribitopa
AA. Moxna npunycruty, mo HY, iHTepkaniooouyu B AMXAJbHUN JAHLIOT 1 MOPYLIYIOYU
MEpPeHECeHHsI €JeKTPOHIB (32 PaxXyHOK PEIOKCAKTUBHOCTI), abo OJIOKYIOUM B3a€EMOJII0 1
poOOTy TEpEeHOCHHKIB, TOOTO BHCTYHalOYM B pOJIi IHTIOITOPIB, MOMIOHO AA, sSKUU €
iHrioitopom  Q;-caiity kommuekcy III B ekcmepumentanpHux [18] 1 MomenpHUX
JOCITIDKEHHAX [6], MOXKyTh miacmmoBaTu rerepamniro ADOK. 3a momomororo peakii (3) [5]
Tako)X MO)KHa omnucatd BB HY Ha reHepawmio BUIBHUX pajaMKalliB, 30KpeMa,
cynepokcuaa, B komruiekci I11.

bHQH. +bL-Q :b;[QH. +bL-Q3
V., =k, (b, OH"-b,,0-b, OH"-b,,0-exp(F ~52~A‘P/R ‘T)/ K,z 3)

[aridyrounii epext HY BianmoBiaHo 10 AaHoi peakiii Moaeni [5] Moxke OyTH pe3ysibTaToM
MOPYIIEHHS TIEPEHECEHHS €JIEKTPOHIB y BCiX peakiisix B Qj-caiti. [HridyBanus Q;-caiity HU
Moxe OyTH pe3y/lbTaTOM NPUTHIYEHHS PEaKIlii 3 MepeHEeCeHHSM eJNEKTPOHIB B (Qo-cailTi B
pe3ynbTati nopymeHHs Q-1uKiy.

CynepokcuaaucMyTi3a-noioHa aktuBHicTh HY, mokasana pasime B TOCIIHKCHHSIX
[19], BiucyeThCss B paMKH Mojedi [S], OCKITBKH YTBOPEHHS MEPEKUCY BOJHIO B PEAKINiAX 3a
yuacTio HU Moxe CiTy’>kKUTH IPUYHUHOIO MOPYIIEHHS poOOTH JUXAIbHUX KOMIUIEKCIB 1 3CYBY B
po0OOTI TIONOBMX AHTHOKCHIAHTIB. Mojenb [5] HeMOHCTpye 3a JIOMOMOTrOK OTPUMaHHUX
panime ganux [6,20], mo yrBopenHs APK B nuxanpHOMY JaHIo3i MX myxe 4yTiauBe 10
GbaykTyariii MITOXOHAPIAJTFHOTO TOTEHIANly Y BHITaJKaX, KOJH CyOCTpaToM IUXaHHS €
cykuuHat abo NADH-nos's3ani cyOcTpaTu. 3amponoHOBaHa MOJENb IOB'SI3y€ 3MiHU
noteHiiany MX, cuaresy AT®, 1 6e3nocepenubo reneparito ADK — mporecu, nunamika
SAKUX 3aJIeXKHUTh BiJ Oe€3Midi eJIeKTPOKIHETUYHUX TPAHCIOPTHUX CHUCTEM Ha BHYTPIIIHIH
MeMOpaHi MX sik B HOpMaJIbHUX YMOBaX, TakK 132 YMOB Jii 1HT101TOpIB.

Tox cymicHe BUKOpUCTaHHS B JaHi poOOTI aneKkBaTHOI OOYMCIIIOBAIBHOT MOJENi 1
BJIACHUX JaHUX, OTPUMAHUX EKCHEPHUMEHTAIbHO, J03BOJSE MOOYIyBaTH Ta PO3MVISHYTH
OCHOBHI MeXaHi3Mu BIUTMBY penokcakTuBHHMX HY Ha ocnoBi P3E 3 pizHumMHM posmipamu Ta
dbopmoro Ha OioeHepreTnyHi nporecu B MX.

MATEPIAJIA Il METO/H
BoaHi k0J10iIHI po3unuHN HAHOYACTHHOK. B nocnimkennsx Bukopuctani HY Ha ocHOBI
P3E 3 pizauMu po3mipamu Ta GopMoro: chepuyHi (GdYVO4:Eu3Jr (1-2 ™)), BepeTeHONO110H1
(GAVO4Eu™™ (25x8 um), ycepemnenuit posmip — 13 um) u crpmkrenonioui (LaVO,:Eu®
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(57x6-8 uMm)) 1 chepuuni HU CeO, (3 posmipamu 1-2 M 1 8-10 HM). CuHTE3 BOAHHX
kosioinHux po3unHiB HY Bukonano 3rimno 3 [19,21]. Bynau orpumani mposopi 6e30apBHi
po3unnn HY 3 xoHImeHTpamiero TBepaoi (a3u koxHoro tumy — 1r/1. Po3mipu 1 mopdosnorito
HY oruiHioBanu 3a J0MOMOrOI0 MPOCBIUYIOYOT €JIeKTPOHHOI MIKPOCKOIMIT Ha €NEeKTPOHHOMY
mikpockom [TEM 125 K (Selmi, Ykpaina), npuckoprotoun Harpyra — 100 kB. Cranmaptae
BiZXuieHHs He nepesuirye + 10% Bix cepequboro po3mipy yactuaku. Cxiazn chepuunnx HU
6YB Gd(0’6_0,8)Y((),1_0,3)VO42EL13+(()’1), BepeTeHOHOI[i6HI/IX — Gd(()’g)VO4ZEu3+((),1) Ta
cTpKHEnomiGHIX — Lag o) VO4:Eu (g ).

IIpenapaTuBHi MeToau. Y poOOTI BUKOPUCTOBYBAJIU TemartoruTd 1 MX, 130J1b0BaHi 3
MEYiHKU [IypiB-caMIliB 3 macoro Tinma 180-200 r. minHii BicTtap, 3riiHO MeTomaM, OMUCaAaHUM
panime [22-24]. Bci Maninmymsnii 3 TBapuHaMH TPOXOAMIIA TIiJ] TOBEPXHEBUM e(dipHUM
HapKo30M. EKcriepuMeHTH TPOBOAMIN BiIMOBIAHO 10 MOJOKEHb «CBPOMEHCHKOI KOHBEHIIIT
PO 3aXUCT XpEeOETHUX TBAPHH, 110 BUKOPUCTOBYIOTHCS JJISI €KCIIEPUMEHTAIBHUX Ta 1HIIHUX
HAYKOBUX LLIEH».

dayopecueHTHUI aHaJNi3 KIITUH OyJi0 BUKOHaHO 3a mpomomoroto JC-1 (5,5',6,6'-
tetrachloro-1,1',3,3'-tetracthylbenzimidazolocarbocyanine iodide), sik ommcano B [25,26].
Knitnan (3 xoHuenTpamiero 5x10° xmit/min) inkyGysamucs 3 JC-1 (10 °M) B cepexoBui
ITJIA 3 10% emOpioHanbHOIO Ouvayoro cupoBatkoio, pH 7,4, mpu KiMHaTHIM Temmeparypi
npotsaroM 1,5 roxa. I JOCATHEHHS YPIBHOBKCHHsS OapBHHKA B CHCTEMi, MICIS YOTO
MPOBOJAMIIN HACTYMHI Aii: 1) JOCHiKEHHST MeXaHi3MiB MPOHUKHEHHS HY B KIIITHHU: CHiTbHA
exkcrio3uiliss HY (koHIeHTpariss BUXigHOTO po3uuHy — 1 1/11) 3 iHri0iTOpaMu €HIOIUTO3Y —
HokonazonoM (10 mxMm) i murToxonaszinom D (10 mMxM); 2) ekcmosutmis 3 HY: 50 mkn
BuxigHoro po3unmHy HY (1 1/m) nonmaBasim B KOXXKHY KIOBETY, 1 KIITHHU 1HKYyOyBajiucCh 3
yacTuHKaMu npoTsiroM 24 roxa. Kinnesa konuentpanis HY B 3pa3kax cranosuna 0,05 1/1; 3)
excrio3uitist 3 2 MM GSH nist oniHku #oro mporektopHoro BrumBy: GSH BHocuu Ha 1 rog.
nepen nomaBanHsM HY. CnocrepexeHHs 3a 3MiHAaMH MITOXOHJIPIaJbHOTO TOTEHIIATY
MIPOBOJMIIH, SIK ONKUCAHO B [25].

Busnavennst piBusg AT®. Ilicna BrumBy HY (iHkyOarisi 3 yaCTUHKaMH MPOTATOM 25

xBui. nipu 25° C) Ha i3omp0BaHi MX piBerb AT® Bu3Hauanu B peakiiiHOMY CEpeIOBHIIT
HactynHoro ckiany: 100 MM tpuc-HCI, 1 MM EJITA, 2 MM MgCl,, 4 MM NADP narpieBa
COJIb 3a JOTIOMOTOI0 €K30TeHHHMX rekcoreHasn — 5 ox/mu (+0,02% BCA abo 72 mr/mn
TIII0K03a) 1 MI0K030-6-gocdary (Bix 0,35 no 25 on/min) mo meroxy [27], onucanomy B [28].
Pesynpratn Bupaxkanu y BigcoTkax, 3a 100% (KOHTpPOJb) TNPUHHATO TOKA3HUKU
(iHTeHCHUBHICTH QuryopecueHtlii, piBeab AT®) B cuctemi 6e3 HY.
Pesynbrati BuUpaxkeHi SK CEpelHE 3HAUCHHS =+ CTaHJapTHAa MOXWOKa cepeaHboro 3 4-5
HE3aJeKHUX eKCIEpUMEHTIB. Pe3ynpTat cTaTUCTHUHO OOpoOJeHI 3a  JOMOMOTOI0
nporpamHoro 3a0esnedenHst Statistika v. 5.0 (StatSoft, CIIA) i Origin 6.1 (Origin Lab
Corporation, CIIA), BuxopucroBytouu t-xpurepii CtbrogeHTa. OTpuUMaHi pe3ylbTaTH
CTAaTHCTUYHO 3HAYUMO BiIPi3HAIOTHCS 1pH p <0,05.

O0uucaoBanbHa Moaeab MapkeBuya Ta Xoeka. J[1s1 aHani3y JaHMX Ta IHTepIpeTanii
OTPHMAaHUX pPEe3yJbTAaTiB MU BHKOPHCTOBYBAJIHM KIHETUYHY CXEMY MNEpPEHOCY EJEKTPOHIB i
YTBOPEHHS CYMEepPOKCHUIA, 3alpONoHOBaHy aBTopamu MapkeBuueM 1 XoekoM [5]. [lana cxema
OTMCY€ OCHOBHI NUISIXU NepeHeceHHs enekTpoHiB B ETJI i B rojoBHUX LEHTpax yTBOPEHHS
ADK — kommuiekcax I 1 III 1 nexurs B OCHOBI OOYMCHIOBAJIBHOI MOIEml IS
MITOXOHJIPIAJIBHOTO TUXAJTLHOTO JIaHIIora. JlaHa KiHeTUYHA cXeMa BKIIFOYa€e B ceOe HACTyIHI
MEPEHOCHUKH €JIEKTPOHIB:

1) Jnsa xomrutekcy I: ¢maBin mononykmneornn (OMH), mocninoBHICT 3ai30-CipyaHUX
KjacTepiB, mounHatoud 3 N3 1 N1A i 3akiHuyroTbes N2 kinactepoM, 1 KoeH3um Q.

2) s komruiekcy I11: koensum Q, iuroxpomu by, b, by, c;.
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Kommutekcu 111 IV B ganiit Mmojeni He po3riisaatoThes sk npsmi mxepena ADK.

Kinernuna cxema mepeHECEHHs ENEKTPOHIB 1 YTBOPEHHS CYMEPOKCHIA B JUXAILHOMY
naHIo31 MX Ta TOBHA cXxeMa peakiliid, 10 OMHUCYIOTh MEPEHOC EJIEKTPOHIB 1 YTBOPEHHS
CYTIEPOKCHIY BIATOBIAHO 0 KIHETUYHOI cxeMHu MicTuTh 40 peakuii, ski HaBeneHi B [5]. 3a
aHAJIOTIEI0 3 JAHOK MOJEIUTIO0, J€ 3aCTOCOBAHO AA, SIKMil € IMIHUPOKO BHUKOPHCTOBYBAHHM
iHridiTopom Q; caiitry B kommuiekci III B excmepuMeHTaNIbHUX 1 OOYMCITIOBAIBHUX
nociipkeHHax redepamnii AOK B nuxansHOMY JaHIory MX, 3apornoHOBaHI MEXaHi3MHU i
HY na muxanpauit gaxor MX.

PE3YJBbTATHU ¥ OB OBOPEHHSI

B mammx momepenHix AOCTIHKEHHSIX MM moka3anu, mo BriauB HY na ocnoBi P3E nHa
IHTEHCUBHICTh TEHEpamii BUIPHHX paJWKalliB B MOJCIBHUX OiocHCTeMax Mae CBOI
0COOJIMBOCTI: TPOOKCHUIAHTHI Ta aHTHOKcHAaHTHI edpextn HY 3amexats 1 Big ix ¢izuko-
XIMIYHUX XapakTepUCTUK, 1 Bi MIKpooTOueHHs; y Oiocucremax, mio Mmictate MX, mu
criocTepiraau 3MiHy aHTHOKcHAaHTHHX edekTiB HU Ha mpookcumaHTHI, 3’sCyBaid, IO
HaOLIbII BUpAXKEHI IPOOKCUIAHTHI BIACTUBOCTI MpuTamanHi MmanuMm HY, a Takox oTpumanu
nani npo te, mo GSH rpae KIr04OBY poJib B peryJisiii iHTEHCHBHOCTI TeHeparlii BUIbHUX
panukaniB y npucytHocti HY [24, 28-30].

Ha cporomnimHiii 1eHs MexaHi3MHu NpoHUKHEHHS HY B KIITHHH € MpeaMeToOM MUPOKOT
nuckycii. 3 BukopuctanHaMm 3oHAga JC-1, croctepirarouu 3a 3MiHAaMH TPaHCMEMOpPaHHOTO
noTeHIiary MX, 1 BAKOPUCTOBYIOYM HOKOJ1a30J1 1 IIUTOX0Ma3iH D — crosyku, siki OJIOKYIOTh
€HJIOIIMTO3, MU BCTAaHOBWIHM, 110 Maji cepuuHi oproBananatHi HY 3matHi Oe3mocepenHbo
MPOHHUKATU B KIITHUHM O€3 y4acTi MEXaHi3MIB €HIOIMTO3Y 1 MpurHidyBatn ¢GyHKIio MX
(cmioctepiraeTbest 3HWKEHHS (pryopecieHuii arperariB 30412 mij BrtuBoM HY B mopiBHAHHI
3 KoHTpoJsieM) (puc. 1).

HaHO4YaCTUHKK a)
BZ55 Hokoason Hokogason 6)
uuTOXONAa3iH CyiHyyN;0;8 &
H Q /
S N 0]
l \ | )—NH
100 I N

B
Uuroxonazii D: )

CagHzrNOg

A¥ (% Big kOHTpONs)

2w

W

Puc. 1. a) ouinka mexani3MiB npoHukHeHHss HY pi3HMX pO3MipiB B KJIITHHM: 3MiHM MITOXOH/PiajbHOTO
noreHiiany (AY,) npu npurHideHHi eHmouuTo3y iHridiTopamu (Hokomazon, C=10 MM, nutoxomasin D,
C=10 mx™m) mix BrmBoM HY; (* p<0,05 mopiBHSHO 3 BiOMOBIZHAM KOHTpoOJieM); CTPYKTYpHi (QopMyin
1HT10ITOpIB €HAOIMTO3Y — 0) HOKOA307, B) IUTOX0Ma3iH D.
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Hanxomxkenns iHmmx oproBananatHux HY 3 po3mipamu 25%8 1 57x6-8 HM BiOyBa€eThCs
32 eHJOLMTO3HMM MEXaHi3MOM (MaaiHHS MITOXOHJpialnbHOro mnoreHmiamy npu aii HY i
IHT101TOPIB €HAONUTO3Y HE BinOyBaeThes). [Ipu oMy cami 1HTIOITOPH HE YMHWIIN BIUIUBY Ha
MiToXOHIpianbHu otenuian (Puc. 1).

Binomo, 1m0 KoHIEHTpaIlisi TPOAYKTIB BUTBHOPATIUKAIBHOTO MOITKOIKEHHS O10MOJIEKYJI
B TKAaHMHAX 3HAYHOIO MipOI0 BU3HAYAEThCA MIBHIKICTIO TreHepalii ADOK MmemOpaHo3B'si3aHMMU
1 PO3UMHHUMH (PEPMEHTHUMHU cUcTeMaMu. [Ipu 1IboMy BBa)Ka€ThCs, IO OCHOBHA KiJIBKICTH
A®K ytBOproethcss B pepokc-manmporax MX [31]. 3rigHo 3 manumu [32], MIBHUAKICTH
renepanii O,", sika BigOyBa€eThCs MPU BUIMAAKOBUX 300X B podoti ETJI, nmpsimo mponopuiiina
MIBUJKOCTI CIIOKMBAHHS KHUCHIO TpPWU JuXaHHi: [=gxV, tme ¢q — KodhUIueHT

IPOMOPLUHUOHATBLHOCTH. TeOpeTHyHo, MpU HauiiHI poOoTi nuxanapHOro janiiora MX, g
MO’K€ HaOJU3WUTHUCS N0 HyJs, aje MPakTUYHO Oy/ab-sKa MPHUYMHA, L0 MOPYIIye HOPMabHI
YMOBH ii poboTH (4acTkoBa abo0 IMOBHA TiMOKCIis, CTaH 3a0e3Mne4eHocTi cyOcTpaTaMu JUXaHHS,
TeMmIiepatypa, Ais kceHooOiotukiB, HY Ta iH.), 3HayHO 30UIBIIyE TIel KoedimieHT, 1, SK
HACJITOK, TIPU3BOJIUTE 10 3pocTaHHs MOToky O, B MX i B kiiTHHI B nitomy. JlocimipkeHHS

BBy HY Ha piBenb AT® B i3ompoBannmx MX mokasanu, mo npu aii Bcix tumie HY
oproBaHanaTiB 1 Maux 9acTHHOK CeO;. piBeHbh AT® B MX 3HIKEHH, MPUYIOMY HaWO1IbITIE
IIe 3HIKCHHS BHPAXXEHO Yy pa3i Manux cpepudyHuX 4yacTUHOK — oproBaHazaTiB 1 CeOs.x
(Tabmurs 1).

Taomms 1
PiBenpr AT® B MX micns iaky6amii 3 HY; (* p<0,05 mopiBHSAHO 3 BiANOBITHIUM KOHTPOJIEM)

Konnenrpartis
ATD,
% Bi KOHTPOJIS
OV (1-2 um) 38,94+4 4*
OV (258 um) 82,244+1,5*
OV (57%x6-8 HM) 79,44+1,5*
CeOy (1-2 HM) 45,79+8*
CeO, (8-10 uMm) 84,27+12,7

CnocrepexyBaHi epeKkTH MOXyTh OyTH MOB'si3aHi 3 penokcaktuBHicTIo HY 1 ix
3MIaTHICTIO OE3MOCEPEHHO BTPYUYATHUCS B €ICKTPOH-TPAHCIOPTHI MPOIECH B SKOCTI JTOHOPIB
abo axnenTtopiB BUIbHMUX paaukaiiB. [lomiOHicTh ioHIB QocdaTy 1 BaHamaTy Moxe OyTu
npuunHO0 mopymieHHs cuHTe3y AT® [33]. Kpim Toro, AT® wmoxe BUTpadaTucs jis
HiATPUMKHA MITOXOHApiadbHOTO MoTeHIiana. lloganpiie AOCTiIKEHHS MITOXOHPIaIBHOTO
MOTEHITIaTy TI0Ka3ajio, 0 MpH BIUIUBI Beix pocmimkyBanux HY, kpim CeO,. po3mipom 8-10
HM, BiIOyBa€ThCs NaliHHS MOTeHLIANY (TaOIuI 2).

OTtpumaHni fgaHi CBig4aTh MpPO Te, IO PECYPCIB EHIOTCHHOI CHUCTEMH 3aXHUCTy
HEJIOCTAaTHBO JJIS 3al00IraHHs MITOXOHIpiaibHii aucdyHKil, Ky Bukiaukaioth HY. Onnak
HY moxyTte BrummBatd Ha MX He Tinbku uepe3 ytBopeHHs ADK, a i OGe3mocepeaHbo
B3a€MOJISTH 3 MITOXOH/APIaIbHUMH CTPYKTYpaMH, L0 XapaKTepHO, 30Kpema, 1yt Mmanux HY
[34]. Bukopuctanus GSH HeliTpani3zye HeratuBHI Hacaiaku BBy HY na MX (Tabmuns 2).
GSH € omHuM 3 OCHOBHUX KOMIIOHEHTIB TiOJIOBOi OydepHOi OKHCIIIOBaJIbHO-BIAHOBHOI
CHUCTEMHU B KJIITHHI. BHCHa)XX€HHs MyJy BIJHOBJIEHOTO TJyTAaTIOHY 1 3MiHA CITiBBITHOIICHHS
BiJTHOBJICHOTO/OKHCJICHOTO TIYTaTIOHY MOXYTh OYyTH ONOCEpeAKOBaHI (epMEHTaTUBHHUMHU
nporecamu aerokcukartii HY [35].



16
K.A. Asepuenko, H.C. Kasok, C.JI. €pimoBa

Taomuus 2
3axyCHUH BIUIMB TIyTaTioHy (2 MM) Ha MITOXOH/pialbHUIN MOTEHIIia] reMaTOUUTIB IypiB Ha
i aii HY; (* p<0,05 mopiBHSHO 3 BiAMOBIHAM KOHTPOJIEM)

MiTtoxoHapianbHUI
MIOTEHIIIAI,
% B1Jl KOHTPOJIS
OV (1-2 um) 63+£9*
OV (25%8 M) 49+12*
OV (57x%6-8 um) 46+12*
CeOy (1-2 HM) 75+£5*
CeO, (8-10 um) 98+15
GSH+OV (1-2 am) 95+7
GSH+OV (25%8 um ) 101+8
GSH+OV (57%x6-8 um) 105+6

GSH 3paTHWiT TPOHUKATH B KJIITHHH B HE3MIHHOMY BHTJISJII 1 TAKUM YHHOM 3aXHUIIATH HE
TIIBKM TO3aKIITHHHI, aje 1 BHYTPIIIHbOKIITHHHI CTPYKTypu. TakuM YMHOM, MOKa3aHo, 1110
nocmimkyBani HU oprosanagarie P3E Ta mani HU miokemay nepist (1-2 HM) BHUKIMKAIOThH
nagiaas noteHmiany MX, pisast AT® B MX, i BUkinkaoTh n1oaatkoBy renepamiro AOK. B
Hammx ekcrepuMeHTax Tinbku HY miokcumy mepito posmipom 8-10 HM, He MaroTh
HETaTUBHOTO BIUIMBY Ha >KOJEH 3 JIOCHIIKCHHX MOKA3HUKIB 1 CTabUIbHO JEMOHCTPYIOTh
AQHTUOKCUJIAHTHI BJIACTUBOCTI.

OtpumMani [aHi CiyXaTh MIATBEP/PKEHHSM  HAMIMX MOMEpPeAHIX  JOCIiIKEHb.
Bukopucrtanas mozeni [5], 10 onmucye mpolecu MepeHECEHHs eJICKTPOHIB B KoMIuiekcax I i
III, 30inmbpIIeHHST TeHepallii CYNMEepOKCHUIHOTO paauKayia IMPU MPHUTHIYEHHI WX KOMIUICKCIB
iHTi0iTOpaMu, BpaxoBye 3MiaK pH 1 MiToXoHpianpHOTO MoTeHIiany B renepanii ADK, nagae
MO>KJIMBICTh 3alPOMOHYBAaTH MeXaHi13Mi Aii penokcaktuBHuX HY Ha GloeHepreTuyHi mporecu
B MX.

[lepmunii MexaHi3Mm — iHT10yBaHHS TpaHCHOPTY enekTpoHiB HY.

Boymosa HY B MmemOpanwm, Oe3mocepeiHs B3aEMOIisl 3 IEPCHOCHUKAMH EIICKTPOHIB MOXKE
MPUBOJUTH 0 MPUTHIYCHHS] TPAHCIOPTY ENEKTPOHIB 1 aKTUBAllli YTBOPEHHS CylepoKcuaa i
NEepeKnuCy BOAHIO. MOIEKyIsIpHHHA MeEXaHIi3M JaHOrO TMpOIeCy MOXHA TIOSICHHTH 32
JOTIOMOTOI0 Psily peakiiii [5], MO0 OMHCYIOTh TMEPEHECEHHsI EJIEKTPOHIB BiJl MOBHICTIO
BiTHOBJICHOTO (IaBiHA HAa KHUCEHb (peakilis 1) 3 YTBOPEHHSM CYINEpOKCHIAa, TaK CaMo
nepenbayaeTbest, mo cemixinon B komruiekci 3 CI,Q (peakuis 2) € JuKepenoM TeHeparlii

cymepokcuay B Komruiekci . 3a anamoriero 3 JaHOI MO0 IIBHIKICTH TeHeparlil
cynepokcuay min BimmBoM HY Hacammepen moske OyTH TMOB'si3aHa 31 3MiHOIO KOHCTAaHT 1
HIBUAKOCTI AaHuX peakiiii (1), (2).

ExcnepuMmeHTanbHI Ta pPO3paxyHKOBI pE3yJNbTaTH MOJICIIOBAHHS TIOKa3yIOTh, IO
3BOPOTHI peakiii B Q; caiiTi MOXYTh BiJIrpaBaTH BaXXIUBY poib y GopmyBanni ADOK mpu
iari0yBanHi komriekcy III AA (peakuis 3). [lama peakmis oOumciaroBanbHOI Mozemi [5]
nependayae, mo AA MOBHICTIO MPUTHIUYE TIEPEHECEHHSI €IEKTPOHIB BiJ] IUTOXpOMY by 10 by,
TOOTO B JAaHOMY BHITAIKy KOHCTaHTa V34=0. HeoOXimHO BiI3HAYUTH, III0 YMOBH, MPH SKHX
v34=0, TO CyTl € pe3ylnbTaTOM TPUTHIYEHHS peakiii TEepeHeCceHHs eJEeKTPOHIB BiJ
CEMIXIHOHIB JIO IUTOXPOMY by, 1 BiJ iuTOoXpoma by k by B Qo caiiti. [HriOyBanHs Q; caliTy Tak
caMo MOXe OyTH pe3yJbTaToOM MOPYIICHHS MEPEHECEHHsI eIEKTPOHIB B Qy caiiTi B pe3ynbTaTi
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nopymieHHst Q-mmkny. Takuit ke MexanizM MoxiuBuid 1 npu nii HY, mo miarBepaxyeTbest
pe3yibTaTaMyu HaIINX JOCIIHKeHb po npurHideHHss O AJ[-3aneXHOT0 TUXaHHS 130JIbOBAHUX
MX B nmpucyTHOCTI Mayiux oproBaHanaTHux HY (mani He mpeacTaBieHi).

3a I0mMOMOTro0 po3paxyHKIB aBTOpU [5] MpOIEMOHCTPYBAM, IO 3POCTAHHS 3araibHOI
kitbkocTi ADK 3anexuTh Bil BETMYHMHN MITOXOHIPIAIIBHOTO TIOTEHINIATY MPH 1HT10yBaHHI Q;
caifry AA npu okucienHi NADH i cykuunary. Lle BinOyBaeThcst uepe3 3HaUHE 301IBIICHHS

nponykuii O," okucieHHMM (pIaBIHMOHOHYKIICOTHIIOM B KoMmIuiekci | mpu iHriOyBanHi

koMmruiekcy IlI, 1 Tak camo Moke OyTu oHUM 3 MexaHi3MiB BIumBy HY Ha mponecn B MX.

Hpyruit mexani3zm — inrerpaiiss HY B enekTpoH-TpaHCIIOPTHI MPOIECH B SIKOCTI JOHOPIB
a0o0 aKIEenTOPiB CJICKTPOHIB.

HY pmiokcumy mepito BIAMOBIIHO 10 PEIOKC-TIOTEHIIATY Mapu Ce*'/Ce*'= +1440 MB
30aTHI TE€PEXOIUIIOBAaTH EJIEKTPOHM 3 JAMXAJbHOIO JIAHLIOra 1 MEepeHOCUTH IX Ha
T1IPOKCUIIBHUHN paauKai 3 Horo HedTpanizamieto (OH*/ HO™=+1900 MB). OnHak BUBeICHHS
EJIEKTPOHIB 3 AMXAITbHOTO IUKIY BIUIMBaE Ha edeKTuBHICTh (ocdopumoBanusa. o HY
OpPTOBaHA/IaTiB BHBEJCHHS EJIEKTPOHIB 3 IUXAIBHOTO IUKIY MEHII HMOBIPHO, OCKUTBKH
3HAYECHHS PeJOKC-TIOTEHIany gomykodoi mapu Eu’’/Eu" Hiskue 3HaueHb 1T MEpPEHOCHUKIB
TuxanpHOro JiaHiora MX. Aste HeWTpasizamis TiIPOKCHIFHOTO paauKaia TaKOK MOXKIINBA,
110 MiATBEPDKYETHCS pe3yIbTaTaMu aHaNi3y B OE3KIITUHHIN cucteMi [24].

[Tix BrutuBoM oproBaHagaTHux HY Takok MOKIMBE YTBOPEHHs Cyrepokcuay B MX 6e3
NPUTHIYEHHS JUXAJbHOTO JIAHIIIOTa 332 MEXaHI3MOM PEOKC-IIKIIHTa, 3 IEPEHOCOM EJIEeKTPOHA

Ha KHCEHb BiIIOBIIHO 10 3HaYeHb peAokc nmoteHmianis mapu O,/O0," =-137 mMB i nomyrouoro

: + o, 2+
iona Eu’"/Eu”"=-350MB.

CxemaTuuHe 300pakeHHS MOXJIMBUX LUIAXIB reHepauii/Hedtpamizanii ADPK B
TUXaTBbHOMY JIaHITF031 MX MpeIcTaBIeHo Ha PUCYHKY 2.

UMTO30Mb
30BHILLHA MembBpaHa
OH" — O~ OH" —s=HO ™
Celzx Celzx
T k.
L- coQ _Cpc |
. Y Y -
— ‘ 1 r BHYTPIlLHA MemBpaHa
Dﬂ%\ Dz -
i FADH2 v ;
05 0, 120z Hz0
ReVO4:Eu™ ReVOs:Eu™
CeOzx CeOzx
G555 -———Ha02 Helz —————————» G556
2H=0 GSH 2Hz0 GSH
Marpukc

Puc. 2. ImoBipHa Monens Mexani3miB aii HY #a 6ioeHepreTnyHi npouecu B MX.
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[Ile omgauM iMOBipHMM MexaHi3MoM mpurHideHHs MX mpomecie HY e Tte, mo mami
YaCTUHKU CXWIbHI /10 arperauii Ipu HAKONUYEHHI y BHYTPIIIHbOKIITHUHHUX CTPYKTYpax.
Tomy B pa3i manux HU moxe BigOyBaTHCSi MEXaHIYHE IOIIKO/KCHHS MeMOpaH depe3
Oe3nocepeHe MPOHUKHEHHS B MX.

[TosicHroroun Mosekysipauii MexaHi3M aii HY na 6ioenepreTuyni npomecu B MX 1rypiB
pi3HOro BiKY, 3rimHO 3 aBTOopamMu [36], sfKi 3a JOMOMOTOI0 MOJEIBHUX PO3PaxXyHKIB 1
EKCTICPUMEHTAJILHO TMOKa3ajM, 0 BUX1A Nepekucy BoAHio 3 MX i1 ctyminb renepariii ADOK
IpY AUXaHHI 3aJICKUTh Bl aKTUBHOCTI TJIyTaTiOH/TIOPEIOKCIH — 3aXMCHOI CHCTEMH, TaKOX
MOXHa TIPUIYCTHTH, IO YTBOPEHHS TMepekucy BomHi B MX B mpucytHocti HU moxe
Oe3nocepeHbO BiOyBaTuCs B (DEPMEHTHHX KOMIUIEKCAX AMXAJILHOTO JIAHIIOTa, a TAaKOX 32
pPaxyHOK AMCMYTAIlil BXX€ YTBOPEHOI'O CyNepOKCHAA 3aBSKU BIACHIN CYNEpOKCUATUCMYTa3a-
nonionoi axtuBHOcTi HY niokcumy mepito. Jlani mpouecu HpU3BOAATH 0 MiJBUILEHOTO
ButpadanHss GSH. lle miaTBepmKyeThCS THUM, IO E€KCMEPUMEHTAIBHO MH CIOCTEPIraEMo
3axucHy aito GSH, skuit HeoOxinHui 1151 poOoTH (hepMEHTIB, BIAMOBIAAIBHUX 32 YTHIII3ALIi0
nepekucy BomHIO. Takok Tpeba BpaxoByBath, 1m0 moMipHa reHepaiis ADK 3mgaTHa
3allyCKaTh BHYTPIIIHBOKIITHHHI AHTUOKCHJIAHTHI CHCTEMH, IIO 1 € OJHUM 3 0a30BHUX
MEXaHI3MIB 3aXHUCTy KJIITHH BiJl OKCHUJIaTUBHOTO cTpecy. Ha piBHI KIIITHH 1 opraHi3aMy e(exT
HY wmoxe mnposiBIATHCS HE SK TMpsMa aHTUpaJuKalbHa Jif, a SK aKTHBaLisd
BHYTPIITHBOKTITUHHUX CUTHAJIBHUX TPOIECIB JUIsl BIAHOBJICHHSI OKHCIIIOBAJIBLHOTO OajlaHCy,
aJie 1l MPUITYIIEHHS MOTPEOYIOTh MOAATIBIINX JOCHIHKEHb.

BUCHOBKH

TakuM 4yMHOM, eKCIIEpUMEHTAJIBHO J0BeeHO, o Mani HY oproBaHanatiB Ta AIOKCHUIY
Lepil0 MPOHUKAIOTh B KIITHHH 32 MEXaHI3MOM ajacopOuii-nudy3ii, Ha BiIMiHY BiJ BETHUKUX
HY, nig AxkuX OCHOBHHM IUIIXOM € eHmouuTo3. Ilokaszano, mo 3garHicts HY BrimBaTtH Ha
IHTEHCUBHICTh TeHepallii paAuKaiiB KOPETIOE 3 IX 3aTHICTIO OPYIIyBaTH MITOXOHApiaabHUI
MOTEHIIIAJ, TPOICCH JUXaHHSI 1 OKUCHOTO (hOCHOPWIIOBAHHS, IO CBITYUTH TPO TE, IO
OloeHepreTHyHUMHU Tiporieck B MX € wmimeHHio s penokcaktuBHux HY. Ha ocHoBi
KiHeTHUHIH Monen MapkeBuua Ta Xoeka 3alpOIOHOBAHO JIBa OCHOBHI MEXaHI3MHU BIUIMBY
HY oprosananarie P3E Ta miokcuay uepiro Ha pemokc-mpouecu B MX. Ilepmmii MexaHi3Mm
MOB’sI3aHU 3 1HT1OyBaHHIM TPAHCHOPTY €JEKTPOHIB 1 aKTHUBAIII€I0 YTBOPEHHS CYNEPOKCHILY
Ta MEePOKCUIY BOJHIO, Ipyruil — 3 inTerpauieto HY B enekTpoH-TpaHcnopTHi npouecu B MX y
SIKOCTI1 JIOHOPIB 200 aKIEeNnTOPiB €JIECKTPOHIB.
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Analysis of the patterns on the dried films of biological fluids is a promising avenue of medical
diagnostics and biosensors development. The aim of this work was to study the effect of iron and copper
ions on the quantitative characteristics of textures and zigzag patterns (Z-structures) observed on the films
of saline solutions of bovine serum albumin (BSA). In the experiment, 0.5 mg/ml BSA, 20 mM/I NacCl,
0.05 mM/1 CuCl, and 0.2+0.05 mM/1 FeCl; were used. For textures, the area and fractal dimension were
estimated, and for zigzag patterns, area and the specific length of the Z-structures were estimated. The
effect of iron and copper ions on the geometrical parameters of Z-structures was analyzed. Spatial
distributions of the fractal dimension of texture and the specific length of Z-structures were analyzed. It
was shown that using the product of all four parameters increases the sensitivity of the method compared
to using only one of the parameters. The method can be used in pharmacology and medical biochemistry
for screening drugs and chemical compounds by their degree of influence on biopolymers.

KEY WORDS: solution, film, texture, biopolymer, fractals, biologically active substances.

TEKCTYPHU IVIIBOK BCA 3 IOHAMM 3AJII3A TA MIAI
JAM. IF'muonubkuii, I'.M. I'mtuounskuii, M.O. Cemenos, I'.B. IllecTonanoBa
Hayionanvna axaoemis nayk Yxpainu, Incmumym paoiogizuxu ma enexmponixu im. O. A. Ycukosa,
eyn. Ax. Ilpockypu 12, m. Xapkis, 61085, Yrpaina

AHaii3 maTtepHiB Ha BUCYIICHHX IUTIBKaX OiOJIOTIYHUX PIAWH € TEePCIeKTUBHUM HAIPSIMKOM MEIUIHOI
JIIarHOCTUKH 1 po3poOku GioceHcopiB. MeToro miei poboTu Oys0 BUBUEHHS BIUIMBY 10HIB 3aj1i3a i Mifi Ha
KUTBKICHI XapaKTEepUCTHKH TEKCTYp 1 3Ur3aromnoAiOHuX maTepHiB (Z-CTPYKTyp), AKi CHOCTEPIratoThCs Ha
IUTIBKaX COJIbOBHX PO3UMHIB OMyadoro cupoBarkoBoro anbOyminy (BCA). ¥ poOori Oymu BHUKOpUCTaHI
0,5 mr/mn BCA, 20 MM/ NaCl, 0,05 mM/n CuCl, i 0,05+0,2 mM/n FeCl;. s TEKCTYp OLIIHIOBAIUCS
wioma i gpakrajbHa PO3MIPHICTH, a JUIS 3WUI3aromnoAiOHUX MATEPHIB — IUIOIIA 1 MUTOMA JOBXWHA Z-
cTpyKTyp. Bynu npoananizoBaHi BiAMIHHOCTI TE€OMETPHYHHX IApaMeTpiB Z-CTPYKTYp IpH BIUIMBI 10HIB
3aiiza i Migi. Bynn npoananizoBaHi npocTopoBi po3noainy GpakTalIbHOI PO3MIPHOCTI TEKCTYP 1 MTUTOMOT
JIOBXHHU Z-CTpyKTyp. Byno mokaszano, mo BUKopucTaHHs TOOYTKY BCIX YOTUPHOX MapaMeTpiB MiABUILYE
YyTIMBICTE METOAY B TOPIBHSAHHI 3 BHKOPHCTaHHSM TUIBKH ONHOTO 3 mapametpiB. Lleil merom moxe
3aCTOCOBYBATHUCH Yy (DapMakoIIorii Ta MeaW4Hii 0i10XiMil U1 BU3HAYCHHS CTYIICHs BIUIMBY IIpenapaTiB Ta
XIMIYHUX PEYOBHH Ha Oi0TIOTIMEpH.

KJIFOYOBI CJIOBA: po3uuH, IutiBKa, TEKCTypa, OiononiMep, ¢ppakrany, 6i0J0Ti4HO aKTUBHI PEUOBHHU.

TEKCTYPbBI INIEHOK BCA C UTOHAMMU KEJIE3A 1 ME/IN
JM. I'nmuounkuii, I'.M. I'nuéunukuii, M.A. Cemenon, A.B. IllecronajoBa
Hayuonanvnas akademus nayx Ykpaunol, Hucmumym paouodusuxu u 2nekmponuku um. A. A. Ycukosa,
ya. Ax. Ilpockyput 12, 2. Xapvkos, 61085, Ykpauna

Amnanus NaTTEPpHOB HAa BBICYHICHHBIX IIJICHKAaX 6I/IOJ'IOFI/I'-ICCKI/IX )KHHKOCTeﬁ SABJIACTCA TIEPCIICKTUBHLBIM
HAalpaBJeHUEM MEIUIMHCKON JTMarHOCTUKU M pa3paboTku OuoceHcopos. Llenpio nqaHHON paboThl OBLIO
U3yuYCHHE BIHMSHHS HOHOB JKeje3a M MeOd Ha KOJIMYCCTBEHHBIC XAPaKTEPUCTHKU TEKCTyp H
3UT3aronoA00HbBIX MATTEPHOB (Z-CTPYKTYp), HAOMIOAAEMBIX HA IUICHKAX COJIEBBIX PAcTBOPOB OBIYBETO
ceiBopoTouHOro ansoymuHa (BCA). B pabore 6butit ncnonszosans! 0,5 mr/mn BCA, 20 mM/n NaCl, 0,05
MM/t CuCl, u 0,05+0,2 MM/x FeCl;. [y TeKCTyp OLIEHUBAIICH IUIOMIAs U ()paKTaIbHAs Pa3MEpHOCTH,
a U1 3Ur3aronofoOHBIX IATTEPHOB — IUIOM@Nh W yHeNbHas iuHa Z-CTPYKTyp. bbum
NPOAHAIM3UPOBAHBl PA3INYUs T'C€OMETPUYCCKHX IApaMeTpoB Z-CTPYKTYp HPH BO3ACHCTBHH HOHOB
Kelesa M MeOW. bBBUIM NpoaHaIM3MpPOBAaHBI IMIPOCTPAHCTBEHHBIE paclpeneieHus (pakTaltbHOH
pPa3sMEpHOCTH TEKCTYp M YIENbHOH IUIMHBI Z-CTPYKTYp. bbBUIO mOKa3aHO, 4YTO MCHOJIB30BaHHUE
MPOU3BEACHUA BCEX YCTHIPEX MApPaMETPOB IMOBBLIIACT YYBCTBUTCIBHOCTH METOAA IO CPABHCHHUIO C

© Glibitskiy D.M., Glibitskiy G.M., Semenov M.A., Shestopalova A.V., 2016
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HCTIOJIH30BaHUEM TOJBKO OJHOTO W3 MapaMeTpPOB. DTOT METOA MOXKET NMPUMEHATHCS B (PapMaKOJIOTHH H
MEIUIIUHCKONW OMOXMMUU IJIsl OTIPENEICHUS CTETICH! BIHMSHHUS IMPEMapaToB M XUMHUYECKUAX BEIIECTB Ha
OHUOTIONIMMEPBI.

KJIIOYEBBIE CJIOBA: pactBop, IIeHKa, TEKCTypa, OnomnonumMep, GppakTaibl, OHOJIOrHIECKH aKTHBHBIEC BELIECTBA.

Methods of analysis of film textures obtained from solutions of biological fluids are used
to create new medical technologies [1] and for diagnosis of various diseases. For example, the
authors of [1] and [2] provide an overview of medical research methods for qualitatively
assessing the morphology of the solid phase of biological fluids. On the other hand, methods
for quantitative analysis of texture are also being developed. For example, in [3] the main
types of structural elements observed in the course of dehydration are analyzed, which are
then used for quantitative evaluation based on pattern recognition. In [4], the authors
investigate the textures of films obtained from chitosan solution in the presence of copper and
silver ions, using fractal dimension calculations to evaluate the observed patterns. This lets
one compare the observed structures with some well-known aggregation models.

Previously, we have analyzed the impact of biologically active substances (BAS) on
biopolymers in relation to the changes to the area and the fractal dimension of the film texture
[5-7]. Another criterion for estimating the impact of BAS was proposed in [8], based on the
relative area occupied by zigzag patterns (Z-structures). However, this method has insufficient
sensitivity, since the area calculations cannot easily discern densely-packed Z-structures from
each other or from other types of patterns which lie in close proximity. To mitigate the issue,
a direct calculation of the specific density of Z-structures was employed, which was used in
[9] to show that Z-structures do not form in case of thermal denaturation of bovine serum
albumin (BSA).

The aim of this work is to apply the Z-structure based methods of quantitative evaluation
to investigate the film textures obtained from the solutions of BSA and iron or copper ions.

MATERIALS AND METHODS
The films were prepared from solutions of bovine serum albumin ("Sigma-Aldrich") at a
concentration of 0.5 mg/ml in the presence of NaCl at a concentration of 20 mM. Chemically
pure reagents (CuCl,, FeCls-6H,0) were used. The setup for the production of films and the
method of texture formation on the film at 0% relative humidity are described in [10].
For a biopolymer film obtained from the solution of the biopolymer and the studied BAS,
an influence coefficient K representing the area of textures on the film is determined [5]:

K,=S8,/8, (1)
where S, is the area of textures on the film, and § is the area of the entire film.

One of the parameters used for the analysis of textures is the fractal dimension D, which
characterizes the degree of branching or irregularity of the texture. Generally, D is expressed
as:

D= im M

== log(e) @

where N is the number of elements (squares, circles, etc.) sufficient to cover the Z-structures,
and ¢ is the linear element size.

If it is impossible to clearly separate the background from the structures, a variant of
fractal dimension is used which takes the "intensity" of the image into account:

€)
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where X is a quantitative characteristic of the element content.

For the calculation of fractal dimension, the "differential volume variation" box counting
method was used. For each value of ¢ (from a predetermined set of scales), the image is
covered with an ¢ -sized square grid. For each square, an intensity is calculated:

Ie:Z(lJraIi,j,e)’ (4)

where OI. . is the difference between the maximum and minimum "intensity" of the image

ije
within a given square. I, corresponds to the "volume" V, =1, -¢ . For the plot of log(¥)
against log(¢), the slope of the regression line is calculated as
_ Il
~Sonl/e

©)

and the fractal dimension is calculated as
D=3-(5/2). (6)

The coefficient K 2, accounts for the area occupied by the Z-structures:
K g = S, /S, (7)

where §, is the area of Z-structures on the film.
The coefficient K 2, accounts for the length of the individual Z-structures:

KZfL — (L(z;;‘ /S(z)i) (8)

where L . 1is the total length of Z-structures in the i-th sample (micrograph) of the film; n is

(z)i

the number of the taken samples, and S, is the area of the i-th sample. The micrographs are

(z)i
taken at the locations uniformly distributed over the film area in a grid fashion.
The effect P of the substance is defined as the product of all the calculated coefficients:

P:KT'D‘KZS'KZL- 9)

RESULTS AND DISCUSSION
Examples of film micrographs are presented in Fig. 1a (BSA and 20 mM NaCl), Fig. 1b
(BSA, 20 mM NaCl and 0.05 mM FeCls), Fig. 1c (BSA, 20 mM NacCl and 0.05 mM CuCl,)
and Fig. 1d (BSA, 20 mM NaCl and 0.1 mM FeCls). The values of specific length Lg

(L(z)i /S(z)i

micrographs are: L, =18.5 mm’, L, =0.08+0.06 mm, 4=116+23° for Fig. 1a (control film);
Ly=172mm", L,=0.04£0.01 mm, A=117+15° for Fig. 1b (0.05 mM FeCls);
Ly=103mm", L[,=0.07+0.03mm, A=118+12° for Fig. lc (0.05 mM CuCl);
L, =20.4 mm’, L, =0.04+0.02 mm, 4=118+20° for Fig. 1d (0.1 mM FeCls). Z-structures

with the parameters similar to those of Fig. 1a (control film) are also present in the central
regions of the films with copper and iron ions.

Fig. 1a is characterized by the longest zigzag edges and a high amount of side-branches;
Fig. 1b-1d show a more hexagonal layout of zigzags with little to no side-branching; finally,
for Fig. 1c, Z-structures appear to be larger and more sparse than for Fig. 1b and 1d. As the

), average edge length L, and average angle A4 of Z-structures for the example
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concentration of FeCl; increases, the film becomes increasingly dominated by DLA patterns,
dense branching patterns and disordered thread-like patterns (not shown).

The area occupied by Z-structures was calculated as the area of a minimum bounding
polygon which contains the visible elements of Z-structures. An example is shown in Fig. la,
where label 1 marks the bounding polygon, label 2 marks the Z-structures and label 3 marks
non-Z-structures. As such, these area calculations do not take into account the density of Z-
structures and the presence of different types of patterns inside the area.

(d)
Fig. 1. Example micrographs of films corresponding to the solutions of: (a) BSA and 20 mM NaCl; (b)
BSA, 20 mM NaCl and 0.05 MM FeCls; (¢) BSA, 20 mM NaCl and 0.05 CuCly; (d) BSA, 20 mM NaCl and
0.1 MM FeCls.

The distributions of specific length ( L, ) of Z-structures and fractal dimension ( D) of the

textures are shown in Fig. 2a and Fig. 3a (control film), Fig. 2b and Fig. 3b (0.05 mM FeCl;),
Fig. 2¢ and Fig. 3¢ (0.05 mM CuCl,), respectively. It can be observed that zigzag patterns
tend to only appear at approximately 3 mm distance from both the center and the borders of
the cell. This might be due to local anisotropy and the distribution of salt and BSA
(determined by the interplay of diffusion, radial flow, DLVO (Derjaguin, Landau, Verwey,
and Overbeek) force and Marangoni recirculation loop, as well as the hydrodynamic effects
during the late-stage drying) [11-18] creating the necessary conditions for Z-structure
formation only at a 3—7 mm distance from the cell borders.
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Fig. 2. Averaged distributions of specific lengths of Fig. 3. Averaged distributions of texture
Z-structures on films corresponding to the solutions of: fractal dimension on films corresponding to the
(a) BSA and 20 mM NaCl; (b) BSA, 20 mM NaCl and solutions of: (a) BSA and 20 mM NacCl; (b) BSA,
0.05 MM FeCl;; (¢) BSA, 20 mM NaCl and 0.05 CuCl,. 20 mM NacCl and 0.05 mM FeCls; (c) BSA, 20 mM

NaCl and 0.05 CuCl,.



26
D.M. Glibitskiy, G.M. Glibitskiy, M.A. Semenov, A.V. Shestopalova

The fractal dimension for 0.05 mM CuCl, films shows little difference between the center
and the borders, whereas for 0.05 mM FeCl; film, less complex aggregation patterns tend to
appear at the cell borders.

The mean values of each evaluated parameter are provided in Table 1 for each of the
investigated solutions. For comparison, the P values calculated using our current method
(P,,) and the previous method (P, ), which considered only K,, D and KZS , are

new prev
provided.
Table 1
The individual coefficients and the resulting effect estimation of each solution
K K, ,mm' | p -1 N
Solution KT —DO Zs Z prev® mm ]?wwa mm
A=5% | A=5% | A=10% | A=10% A=16% | A=16%
BSA+20 mM NaCl | 0,98 2,71 0,53 7,2 1,41 10.1
BSA+20 mM NaCl
10,05 mM FeCl; | 000 | 268 | 034 6,3 0.82 52
BSA+20 mM NaCl
10,05 mM Cucl, | %0 | 270 | 034 7.1 0,87 6,2
BSA+20 mM NaCl
10,10 mM Fecl, | 084 | 267 | 046 7,2 1,03 7.4
BSA+20 mM NaCl
1020 mM FeCly | 0 | 274 | 015 2,9 1,34 1,1

The table shows that the coefficients K, and D change very little for the Fe’'
concentration range of 0 to 0.20 mM (the variation is within the bounds of error), while the
coefficients K 7 and K z, decrease by more than a factor of 3 and 2, respectively, and P

new

decreases by about a factor of 9. The use of all the coefficients in the formula (9) results in an
increased sensitivity compared to the use of only one of the coefficients, as well as compared
to the use of the previous formula.

As was shown in [10], the formation of fractal patterns on the surface of biopolymer films
can be explained by the formation of crystal hydrate complexes of water, protein and salt. It
can be assumed that the addition of copper or iron ions disturbs the conditions of crystal
hydrate formation, which reduces the amount of Z-structures on the film surface. A detailed
explanation of the mechanism of Z-structure formation is the subject of a separate study.

CONCLUSIONS

A method for the analysis of BAS influence on biopolymers is proposed, based on the
property of biopolymer solutions with different composition to form different textures during
the evaporation. The experimental study was conducted using bovine serum albumin as the
biopolymer, and iron and copper salts as the BAS. Four parameters of the textures were
analyzed: the texture area, the fractal dimension, the area of Z-structures and the specific
length of Z-structures. Using the product of all four parameters increased the sensitivity of the
method compared to using only one of the parameters. The method can be used in
pharmacology and medical biochemistry for screening drugs and chemical compounds by
their degree of influence on biopolymers.

REFERENCES
1. Shabalin V.N. The markers of malignant growth in the morphological picture of human biological fluids /
V.N. Shabalin, S.N. Shatokhina // Questions of Oncology. —2010. — V. 56(3). — P. 293-300.



27
Textures of BSA films with iron and copper ions

. Chen R. Blood drop patterns: Formation and applications / R. Chen, L. Zhang, D. Zang, W. Shen // Advances

in Colloid and Interface Science. —2016. - V. 231. - P. 1-14.

. Zablotskaya T.U. Analysis of the main processes and types of structures in the dehydration of biological fluids

/ T.U. Zablotskaya // Electromechanical and energy-saving systems. — 2010. — V. 4(12). — P. 92-95.

. Self-assembly and fractal feature of chitosan and its conjugate with metal ions: Cu (II)/Ag (I) / Y. Hu, Y. Wu,

J. Cai [et al.] // Int. J. Mol. Sci. —2007. - V. 8(1). — P. 1-12.

. Glibitskiy G.M. Na-DNA films with ions of metals / G.M. Glibitskiy // Bioph. Bull. — 2008. — V. 21(2). —

P.29-34.

. Glibitskiy D.M. Fractal properties of DNA film textures / D.M. Glibitskiy, G.M. Glibitskiy // Nanobiophysics:

fundamental and applied aspects. Second international conference. — 6-9 October 2011, Kiev. — P. 50.

. Effect of silver and calcium ions on formation of the Na-DNA dendritic textures in films / G.M. Glibitskiy,

D.M. Glibitskiy, M.A. Semenov [et al.] // IV Congress of Russian biophysicists, Symposium I. 20-06 August
2012, Nizhny Novgorod. — P. 73.

. Patent 110130 Ukraine, IPC'? CO9K 19/38, GOIN 33/48, GOIN 21/956. Method for the estimation of

substance effect on biopolymers / G. M. Glibitskiy, D. M. Glibitskiy ; owner is A.Ya. Usikov Institute for
Radiophysics and Electronics of the National Academy of Sciences of Ukraine. — Nea201312123, appl.
16.10.2013 ; publ. 25.11 2015, bull. Ne 22. — 6 p.

9. Textures on the surface of BSA films with different concentrations of sodium halides and water state in

10.

11.

12.

13.

14.

15.

16.

17.

18.

solution / G.M. Glibitskiy, D.M. Glibitskiy, O.A. Gorobchenko [et al.] / Nanoscale Res Lett. — 2015. —
V. 10.—P. 155-165.

Interaction of DNA with silver nanoparticles / G.M. Glibitskiy, V.V. Jelali, M.O. Semenov [et al.] / Ukr J
Phys. —2012. = V. 57 (7). — P. 695-699.

Effect of evaporation conditions on the spatial redistribution of components in an evaporating liquid drop on
a horizontal solid substrate / Yu.Yu. Tarasevich, O.P. Isakova, V.V. Kondukhov [et al.] // Technical Physics.
—2010. - V. 55(5). — P. 636-644.

Tarasevich Yu.Yu. Drying of a multicomponent solution drop on a solid substrate: Qualitative analysis /
Yu.Yu. Tarasevich, D.M. Pravoslavnova // Technical Physics. —2007. — V. 52(2). — P. 159-163.

Modeling of spatial-temporal distribution of the components in the drying sessile droplet of biological fluid /
Yu.Yu. Tarasevich, I.V. Vodolazskaya, O.P. Bondarenko // Colloids and Surfaces A: Physicochem. Eng.
Aspects. —2013. — V. 432. — P. 99-103.

Self-Assembly of Colloidal Particles from Evaporating Droplets: Role of DLVO Interactions and Proposition
of a Phase Diagram / R. Bhardwaj, X. Fang, P. Somasundaran [et al.] / Langmuir. — 2010. — V. 26 (11). —
P. 7833-7842.

Sessile nanofluid droplet drying / X. Zhong, A. Crivoi, F. Duan // Adv Colloid Interface Sci. — 2015. —
V.217.-P. 13-30.

Spontaneous Growth of Two-Dimensional Complex Patterns of Nanoparticles at Model Molecular Surfaces /
H. Haidara, K. Mougin, J. Schultz // Langmuir. — 2001. — V. 17. — P. 659—-663.

Complex Aggregation Patterns in Drying Nanocolloidal Suspensions: Size Matters When It Comes to the
Thermomechanical Stability of Nanoparticle-Based Structures / S. Darwich, K. Mougin, H. Haidara //
Langmuir. — 2010. — V. 26 (22). — P. 16928-16933.

From highly ramified, large scale dendrite patterns of drying "alginate/Au NPs" solutions to capillary
fabrication of lab-scale composite hydrogel microfibers / S. Darwich, K. Mougin, H. Haidara // Soft Matter.
—2012.-V.8.—P. 1155-1162.



28
BIO®I3NYHNIN BICHUK Bur. 35 (1). 2016

MOJIEKYJIIPHA BIODI3HUKA
VIAK 577.3:57.043:547.42:57.08

JIEJEKTPUYHA TPOHUKHICTD 3JATHUX 10O BITPU®IKAIII
KPIO3AXUCHUX CEPEJOBUIIL

0.0. I'opo6uenko*, H.O. llleBuenko, O.B. Jlinina, O.T. Hikosnos*, I.b. MycatoBa
Tuemumym npobnem kpiobionoeii i kpiomeouyunu HAH Yrpainu, eya. [lepescnascoka, 23,
Xapxis, 61016, Ykpaina
e-mail: shevchenko_nadyusha@ukr.net
*Xapkiscoxuil HayionanvHull yrieepcumem imerni B.H. Kapaszina, ni. Ceoboou, 4, Xapxie 61022, YVkpaina
e-mail: gorobchenko@karazin.ua
Hapiimma o penakiuii 9 uepsast 2016 poxy
[puiiasTa 15 gepsras 2016 poxy

Meroro pobotu Oysio BH3HAYEHHS MI€NEKTPUYHUX XapakTEPUCTHK 1 CTaHy BOIAM Y 3/HaTHUX JIO
BiTpuikamii kpiozaxucHux cepenoBumax PVS2, 88%-it PVS3 ta PVSN, no ckmagy sSKux BXOISATH Taki
MIPOHHUKAIOYi KPIOTPOTEKTOPH SIK TIIIEPUH, TUMETHICYIb()OKCHII, €THICHIIIIKONb Ta HETPOHUKAIOYHHA
KpiompoTekTop caxapo3a. Lli cepemoBuma IIHPOKO BHKOPHCTOBYIOTHCS TPH KpPiOKOHCEPBYBaHHI
MepucTeM, eMOpioiaiB, Kaocy, M0 J03BOISIE 30epiraTé TeHEeTHYHI PECYpPCH POCIHMH B YMOBAX PiIKOTO
a30Ty BIPOJIOBXK TPUBAJIOTO Yacy. JliedeKTpHUHI XapaKTepPUCTHKH 3pa3KiB KPiO3axXUCHUX CEPEeIOBHII, iX
niiicHy €' 1 ysiBHY €' yacTuHM, BUMiptoBaiu ripu Temneparypi 20°C 3a nonomororo HBU-zpienekrpomerpa
pe3oHaTopHoro Ttumy Ha dbactoTi 9,2 I'Tm. BenwumHum cratudHOi AiENEKTPUYIHOI MPOHHUKHOCTI &
CepeIOBUII Ha HIKHIN OUIAHIN 00acTi penakcamnii MOJIeKyJl BOAH Ta YacTOTH JieNeKTPUYIHOI peraKcanii
MOJIEKYJI BOJAM f; PO3paxoByBaJ 3 BHKOPUCTaHHsAM piBHsiHb JleOas. BcraHoBieHo, 10 HaiiMeHIi
3HAYCHHS MICTIeKTPUYHUX MapaMeTpiB xapaktepHi 88%-my kpiozaxmcHOoMy cepemoBunry PVS3, mo
CKJIaJly SIKOTO BXOJSTh TaKi KPIOMPOTEKTOPH SK TIIIEpUH Ta caxaposa. lle cepenopuiiie Mae HaHOLIBIITY
SLlaTHiCT]) 3B’§I3yBaTI/l Ta BIIOPAAKOBYBATH BOIY. 3a JaHUMU BU3HAYCHHA IlI/lTOTOKCl/ILIHOCTi Ta BIUVIUBY
HU3BKOTEMITEPAaTypPHOTO 30epiraHHs Ha KHUTTE3NATHICTh MEPUCTEM KapTOILTi, BUHOTPAay Ta YaCHUKY yci
JIOCJII/KeHI KpIO3aXMCHI CepeoBHUINA MOXKHAa BHUKOPHCTOBYBAaTH IIPH pO3pOOLi e€(EeKTHBHHX PEXHUMIB
KPiOKOHCEpBYBaHHSI.

KJIIOYOBI CJIOBA: kpio3axuCHi CEpefOBHINA, MEPHUCTEMa, TIILEPUH, AUMETWICYIb(OKCH], CTUIICHIIIIKOIb,
caxapo3a, HBU-nienekrpomeTpis.

JAUDJEKTPUYECKASA IPOHULNAEMOCTD CIIOCOBHBIX K BUTPUPUKAIIUNA
KPUO3AILINUTHBIX CPE/L
0O.A.T'opoouenko*, H.A. lllepuenko, O.B. Jlununa, O.T. Hukonos*, U.b. MycatoBa
Hucmumym npobnem kpuodbuonozuu u kpuomeouyunvt HAH Yrpaunwei, yn. Ilepeacnasckas, 23,
Xapvkos, 61016, YVxkpauna
*Xapvrosckuil HayuouanwbHwlill yHugepcumem umenu B.H. Kapaszuna, ni. Ceo600vl, 4, Xapvkos 61022, YVkpauna

Llenbro paboThI OBLIO OIIpEAEIeHIE JUIIEKTPUUECKUX XapaKTEPUCTHK U COCTOSIHUS BOABI B CHOCOOHBIX K
BUTPU(]UKAMK KpHo3aUTHEIX cpenax PVS2, 88%-it PVS3 u PVSN, B cocraB KOTOpPBIX BXOAST Takue
MPOHUKAIOIINAE  KPUOMPOTEKTOPHl ~ KaK  TJHMLEPHH, OUMETWICYIb(MOKCHI, OSTWICHTIHKOIh U
HETIPOHUKAIONIMHA  KPHOMPOTEKTOp  caxapo3a. OTH  CpPeAbl  MIHPOKO  HCIONB3YIOTCS — MpH
KPHOKOHCEPBUPOBAHUN MEPHCTEM, IMOPHOHIOB, KaTyca, YTO IIO3BOJSET COXPAHITH T€HETHUYECKHE
pecypchl paCTeHMM B YCIOBMSX JKUAKOTO a30Ta B TEUEHUE JJIMTEJIBHOIO BpeMeHH. JluanekTpudeckue
XapaKTepUCTHKH 00pa3OB KPUO3AIUTHEIX CPell, UX JCHCTBUTENBHYIO € M MHUMYIO €'’ 4acTH, U3MEPSIIH
npu temneparype 20 °C ¢ momompio CBY-nmanekTpomMerpa pe3oHaTOpHOTO THma Ha gactote 9,2 T
BennuuHbl cTaTM4ecKoW OUANEKTPUYECKON IMPOHMUIAEMOCTH & Cpel Ha HIDKHEM Y4acTKe o0JacTH
pernaKcaiy MOJIEKYJI BOJBI U YaCTOTHI JAMDIIEKTPHUYECKOM pellakcallii MOJIEKYJI BOJIBI fy PACCUMTBIBAIN C
HCIOJb30BaHUEeM YypaBHeHU# Jlebas. YCTaHOBJIEHO, YTO HAMMEHBINKE 3HAYCHHUS IUAICKTPHUCCKUX
napaMeTpoB XxapakTepHbl 88%-i kpuosamuTHON cpene PVS3, B cocTaB KOTOpoil BXOIST Takue
KPHOIIPOTEKTOPHI KaK IIMLEPUH U caxapo3a. JTa cpella MMeeT HanOOJBIIYyI0 CIIOCOOHOCTh CBSI3BIBATH U
ynopsiiouuBaTs Boxy. Ilo ITaHHBIM ONpeneneHuss HIUTOTOKCHYHOCTH U BIMSIHUS HU3KOTEMIIEPaTypHOTO
XpaHeHWs Ha >KH3HECHIOCOOHOCTh MEpHCTEM KapTodens, BHHOTpaga W YECHOKA BCE HCCIICIOBAHHEIC
KPHO3AIIUTHBIE CpPeAbl MOXKHO  WCIIONB30BaTh Mpu  pa3paboTke  IPQPEKTHBHBIX  PEKHAMOB
KPUOKOHCEPBUPOBAHUS.

KJ/JIIOYEBBIE CJIOBA: kpuo3aumuTHBIE Cpelpl, MEpHCTEMa, DIIULEPUH, AUMETHICYIb(OOKCHI, STHICHIJIMKOINb,
caxapo3a, CBU-nusnexrpomeTpus.
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DIELECTRIC PERMITTIVITY OF VITRIFICATION CAPABLE CRYOPROTECTIVE MEDIA
0.A. Gorobchenko*, N.O. Shevchenko, O.V. Lipina, O.T. Nikolov*, I.B. Musatova
Institute for Problems of Cryobiology and Cryomedicine of the National Academy of Sciences of Ukraine, 23,
Pereyaslavskaya Str., 61016 Kharkiv, Ukraine
*V.N. Karazin Kharkiv National University, 4, Svobody Sq., 61022 Kharkiv, Ukraine

The research aim was to determine dielectric parameters and state of water in capable of vitrification
media PVS2, 88% PVS3 and PVSN, the components of those are glycerol, dimethyl sulfoxide, ethylene
glycol and non-penetrating cryoprotectant sucrose. These media are widely used to cryopreserve
meristems, embryoids, callus, allowing the preservation of plant genetic resources under liquid nitrogen
conditions for a long time period. Dielectric characteristics of the samples of cryoprotective media, their
real €' and imaginary &' components were measured at 20 °C using resonant type UHF-dielectrometer at
9.2 GHz frequency. The values of static dielectric permittivity & of the media on the low-frequency side
of the water relaxation and dielectric relaxation frequency of water molecules f; were counted using the
Debye equations. It has been shown that the least values of dielectric parameters are characteristic for
88% cryoprotective medium PVS3, which comprises such cryoprotectants as glycerol and sucrose. This
medium has the highest ability of binding and ordering the water. When determining the cytotoxicity and
effect of low temperature storage on viability of potato, grape, garlic meristems all the studied
cryoprotective media can be used when developing the efficient protocols of cryopreservation.

KEY WORDS: cryoprotective, meristems, glycerol, dimethyl sulfoxide, ethylene glycol, sucrose, UHF-
dielectrometer.

I'moGanbHe TOTIpIIEHHS EKOJOTIYHOI CHUTyalmii NpU3BOJUTH 10 BTPAaTH BHIOBOTO
PI3HOMAHITTS Ta 3MEHIIEHHS €MHOCTI TeHO(OHIYy MICIEBUX COPTIB KYJIbTYPHHX POCIHH 1,
TaKUM YUHOM, OOYMOBIIO€ HEOOXITHICTh 30epeKeHHS TCHETHYHUX pecypciB pociwH [1].
CrBopeHHsI 0aHKIB POCIMHHUX O0’€KTiB MOTpedye 3abe3neueHHs CTaOLIBHOCTI TE€HOMa
pociHH, sIKi 30epiraroTbCsi MPOTITOM TPUBAJIOTO Yacy. TaKy MOMIJIHBICTh J1a€ BUKOPHCTAHHS
HU3bKOTEMIIEPAaTYpHOTO KOHCEpPBYBAaHHS, 30KpeMa MepucteM pociauH [2]. Jlo mepeBar
30epiraHHs POCIMHHUX TeHETUYHUX PECYPCiB IIISIXOM KPIOKOHCEPBYBAaHHS MEPHUCTEM MOYKHA
BIJTHECTH Te€, L0 pPOCIMHA Oe3MocCepeiHbO PO3BUBAETHCA 3 MEpHCTEMH 0e3 yTBOPEHHS
KaJIIOCy, THM CaMUM 3a0e3redye reHeTH4Hy cTabinbHicTh. HalOinbm eheKTHBHIM METOI0M
KpPIOKOHCEpPBYBaHHS O10JIOTIYHHUX OO0’€KTIB Ha TEMEepiliHId dYac BBAXKAETHCS METOJ
BiTpudikamii, SKuii 6a3yeTbes Ha JAErimpararii KITHH Nepel 3aMOpOKyBaHHSM, a TaKOX Ha
3IaTHOCT1 KpPIOMPOTEKTOPIB HPU BHCOKUX KOHLEHTpALSIX Ta MIBUAKOCTSIX OXOJOIKEHHS
MoudiKyBaTH mpouecu Kpucramizamii Bomu [3, 4]. dopmMyBaHHS CKIONMOAIOHOTO CTaHy
piauau (BiTpHudikallis) IO3BOJSE Ha JOCHUTh BHCOKOMY pPIBHI 30€pertd KUTTE€3AaTHICTh
00’€KTIB 3 pI3HMM CTYICHEM CKIAIHOCTI OiojoridHoi opraxizamii. Haitgacrime mis
KPIOKOHCEPBYBAHHS POCIIUH, 5IKI PO3MHOXYIOTbCSl BET€TaTUBHUM IUISIXOM, BUKOPHCTOBYIOTh
3MaTHI 10 BITpHQIKaIii Kpio3aXHCHI CepeOBUINa, J0 CKIAY SKUX BXOMIATH SK MPOHHKAIOUI
(rminepuH, numetmwicynbokeun (JAMCO), erunenrmikons (EI)), Tak 1 HempoHHMKarodi
KpionpoTtekTopu (caxaposa) [5]. [Ipu kpiokoHCepBYBaHHI MEPUCTEM BUHOTPAIY Ta KapTOILTI
Oyia moka3aHa BHCOKa €(DEeKTHBHICTh BUKOPUCTaHHS CKJIaJHOTO KPi03aXMCHOTO CEpeOoBHUINA
PVS2 (plant vitrification solution 2) [6], mIs KpiOKOHCEPBYBAaHHS YaCHUKY — CEPEIOBHINA
PVS3 (plant vitrification solution 3) [7], o KplOKOHCEpBYBaHHS MEpPHUCTEM KapTOILi,
BUHOTpaay 1 yacHUKyY — cepenoBuina PVSN (plant vitrification solution new) [8, 9].

3BepTaroun yBary Ha Te, IO Maibke ycCl KpiONpOTEKTOpH, 5KI 3acCTOBYIOTh HpHU
KPIOKOHCEpBYBaHHI OiOJIOTIYHUX O0’€KTiB, € KCEHOOIOTMKAaMH, TO IXHS HUTOTOKCHYHICTBH
SBIISIETBCS CYTTEBOIO TIEPEIKOAOI JUIl JIOCATHEHHS OCHOBHOI MeTH — 3a0e3leueHHs
BUCOKOTO  PIBHS  JKUTTE3JATHOCTI  3pa3Ky IMicls IUKIY  HU3BKOTEMIIEPATypPHOTO
KOHcepBYBaHH:. [I0IIKO/PKEHHS KIIITUH Ha eTarli B3aeMOoJlii 00’ €KTy, IKUH KPIOKOHCEPBYIOTb,
3 pO3UMHAaMHU KpIOMPOTEKTOPIB BHUHMKAIOTH 3 LUIOT0 psany npuuuH. KpionmportekTopw, ski
MalTh BHMCOKY OCMOTHYHY aKTUBHICTb, ajl€ HHU3bKY 3IaTHICTb JI0 IMPOHUKHEHHS 4Yepe3
IUIa3MOJIEMY, Y BUCOKMX MOJISIPHUX KOHLEHTPALIIX MOXYTh CTaTH MPUYMHOIO THOEN! KIITUH



30
0.0. TI'opo6uenko, H.O. IlleBuenko, O.B. Jlinina, O.T. Hikosos, I.b. Mycarosa

y pe3yJibTarti rineptoHiyHoro ctpecy [4, 10]. JloBruii yac TokcuyHa fisi KPIOMPOTEKTOPIB Ha
KJIITUHH TOSICHIOBAjacs THM, II[0 IXHE MOMABaHHSA BHUKIMKAE OCMOTHYHMI IIOK. Y OCHOBI
OCMOTHYHOTO TIOIIKO/DKEHHSI KJITHH TPH BBEACHHI 1 BHAAJIEHHI KPIOMPOTEKTOPIB JICKAThH
HACNIIKM IIBUAKOI 3MIHM KJIITHHHOTO 00’eMy, $Ki TPOAYKYIOTh jaedopmariiro
CKJIAJTHOOPTaHI30BaHUX TPUBUMIPHHUX CTPYKTYPHO-(DYHKIIIOHAIbHUX CHCTEM, 1110 BKIIOYAIOTh
KOMIUIEKC KJIITMHHA CTiHKa — IUIa3MaTH4Ha MeMOpaHa — murockeneT [5]. Lle y cBoio yepry
MPU3BOJUTH JI0 3MIHM MEXaHIYHOI MIITHOCTI IUTOIUIa3MaTUYHUX MeMOpaH, X MPOHHUKHOCTI
JUTSL BOAM 1 10HOB, 1[0 MOXKE CIPUYUHUTH 3MiHY KIHETUKHA OKpeMHX O10XIMIYHUX PEakIii uu
MeTtaboinizmy Brutomy. OHaK HE BHKIIOYEHA 1 MpsMa TOKCUYHA Jisi KPIOMPOTEKTOPIB Ha
kmituan [4, 11]. XiMi4Ha TUTOTOKCHYHICTH BII3€PKANIOE 3/aTHICTH KPIOMPOTEKTOPIB
BUKJIMKATH  CTPYKTYpHO-QYHKIIOHAJIBHI  TMOPYIIEHHS Yy  pe3yabTaTi  B3aeMomli 3
MaKpoOMOJIeKyJaMHu >KUBOI Oiojoriunoi cucremMu. KpiompoTekTopu MOXKYTh BIUIMBATH Ha
(b13MKO-XIMIYHI BIIACTUBOCTI MEMOpaH, Ha CTPYKTYpHY MiAMOPSAKOBAHICTh JIIMIiTHOTO
Oimapy, Ha (I3UYHY CTPYKTYpy LMTOIUIa3MHU (arperatHuil i CTPyKTypHHH cTaH OilIKiB
nuTockeneta). [Ipu nboMy peanizyeTbest 37aTHICTh XIMIYHUX CIIOIYK 0 YTBOPSHHS BOAHEBUX
3B’A3KIB 1 TiAPOPOOHUX B3a€MOJIIN, BHACIIOK YOT0 KPIOMPOTEKTOPU BILIUBAIOTH, Y MEPIIY
Yyepry, Ha BJIACTHUBICTh BHYTPIIIHHOKJIITUHHOI OCMOTHYHO aKTUBHOI Boau. He BukiroueHa
MOYJIMBICTh BIUIMBY Ha 3B’S3aHy TiJpaTHY Bojay. BioXiMIYHMI acmeKT HUTOTOKCHYHOI ii
PEYOBHH — II€ PE3yJbTAT iXHHOTO BIUIMBY Ha XiJ O10XIMIYHUX peakilii, sSKi MPU3BOIATH IO
MOPYIICHHS TPOIECiB KUTTeAIsTbHOCTI KiiTuH [10]. OTke, He3BakarOUn HAa €PEKTUBHICTH
PVS2 Ta PVS3, nomryk HOBHUX KpiO3aXHHUX CEPEIOBHII] MPOJIOBKYETHCS 3 METOIO 3MEHIIICHHS
ix TokcuuHoi nii. [IJis bOrO BUKOPHCTOBYIOThH SIK BapilOBaHHS CKiany cepemoBuml PVS2 ta
PVS3 [12], Tak 1 MeHIT KOHIIEHTpOBaH1 po3unHH, Hanpukian 88%-it PVS3 [13].

BBakaeTncs, 110 3aX¥MCHA [Iis CKIAIHUX CEPEIOBHII, IO BITPi(iKylOThCs, 0a3yeTbes Ha
3JIaTHOCTI KPI1OMPOTEKTOPIB CTBOPIOBATH BOJHEBI 3B’ S3KU 3 BOJOIO SIK BCEPEAMHI, TaK 1 330BHI
KIIITUHY, 3armo0iralouu KpucTamizaiii. Alle 3alHIIaeThCsl HE3 SCOBAHUM BIUIMB CKIAay 1
CIIBBITHOIICHHS TPOHUKAIOYUX 1 HEMPOHHUKAIOUUX KPIOMPOTEKTOPIB Y  JTOCIHIKEHUX
KPI03aXMCHUX CEepPelOBHILAX Ha 3[JaTHICTh KPIOMPOTEKTOPIB 3B’ I3yBaTH BOAY, Ha CTaH BOJM 1,
BIJIMOBIJTHO, HA 3/IaTHICTh KPI03aXHWCHUX CEPEIOBHUII 10 BITpHUQIKAIll 1 3MEHIIICHHS TIPOIIECIB
KPUCTAIOYTBOPECHHS.

Mertoto 111€i poOOTH € 3’ACYBaHHS ICIEKTPUYHUX XapPaKTEPUCTUK 1 CTaHy BOJHU Y
3matHuX 10 Bitpudikamii cepemoBumax PVS2, 88%-my PVS3 Ta PVSN, sxi
BUKOPHCTOBYIOTHCS IPU KPIOKOHCEPBYBAaHHI MEPUCTEM POCIIHH.

MATEPIAJIM I METOM

Jlia mpuroTyBaHHs 3pa3KiB BUKOPUCTOBYBAlM TpenapaTtu BUpoOHuITBa (pipmu Merck
(I"'epmasnis).

Jlnia gociiikeHb BUKOPUCTOBYBAIM 3[aTHI 0 BITpU]IKallii po3YMHU KPIOIPOTEKTOPIB Yy
HACTYITHUX CITiBBITHOIICHHSIX

— PVS2: 30 % rminepuny (w/v), 15 % IAMCO (w/v), 15 EI' (w/v), 13,7 %
caxaposu (W/v);

— PVS3 88%: 44 % rniuepuny (w/v), 44 % caxapos3u (W/v);

— PVSN: 18,5 % rminepuny (w/v), 15 % EI' (w/v), 34 % caxapo3u (W/V)
(exciepuMeHTaIbHa MOAU(DIKAILiS CEpPeOBHILA).

Po3unnu rortyBanmu 00’€MHO-BaroBUM METOAOM Ha XUBUJIBHOMY cepeaoBuill MS
(Murashige-Scoog) 6e3 ¢iToropmoHiB i caxaposu [15].

JlieneKTpuYHy TPOHUKHICT 3pa3KiB KPIO3aXHUCHUX CEPENIOBHIL, IXHIO MIHCHY €' 1 ysIBHY
¢" 4vacTuHM, BUMIpoBanu npu TemnepaTrypi 20°C 3a nmomomororo HBY-nmienekrpomerpa
pe3oHaTopHoro Tuiy Ha yacTtoti 9,2 I'T1 [16].
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TokcuyHy Ait0 Kpi03aXMCHUX CEPEIOBUII BU3HAUAIN HA MEPUCTEMaX KapTOIUT, YaCHUKY
Ta BHHOTPATY 3a KUIBKICTIO )KMTTE3JATHUX areKciB (MEPUCTEeM), sIKi MicIis BiAMHBAHHS BiJl
KpIOMPOTEKTOPIB Maju TO3WTHBHY IWHAMIKY POCTY Ta PO3BUTKY B KYJIbTYpl in Vitro
npotsiroMm  Micanuga. OOpoOKy MepucTteM poO3YMHAMH, 3JaTHUMH A0 BiTpudikarii, Ta
BIJIMMBAHHS BIJ] HUX TPOBOJWIH 3TiTHO PO3pOOJIEHUX MPOTOKOJIB IS KPIOKOHCEPBYBAaHHS
[2, 6-9] Oe3 eramy 3aHypeHHS y PiIKUK a30T. 3a MM CaMHM METOAOM BH3HAUYAIH KiJIBKICThH
KUTTE3MATHUX MEPHUCTEM TICIIsI HI3bKOTEMIIEPAaTyPHOTO 30€piraHHs y PiAKOMY a30Ti.

PE3YJbTATHU 1 OFTOBOPEHHSI

Ha puc. 1 mpexncraBneHi 3HaueHHs niiicHOT (€') Ta ysBHOI (&) 4YaCTHMH KOMIUIEKCHOI
TIEJEKTPUIHOI  TPOHUKHOCTI  AOCHIKyBaHMX  3paskiB. [loka3zaHo, 10 3HAYEHHS
JeNeKTPUYHHUX TapaMeTpiB KUBUIIBHOTO cepenoBuiia MS (3pa3ok 5) He BiAPI3HAIOTHCS Bij
TakuX JUisl BoaM (3pa3ok 1), ayie 11 po3uuHIB, 3AaTHUX 10 BiTpHdikarii (3pa3ku 2-4), BOHU
CYTTEBO 3HIKYIOTbCA. Take 3HM)KEHHS JIIeNEKTPUYHUX IMapaMeTpiB € HACTIAKOM 3MEHIICHHS
y 3pa3Kax KUIBKOCTI BUIBHMX MOJIEKYJ BOJHM 3a PaxyHOK MPHUCYTHOCTI KPIOMPOTEKTOPIB Y
pO3uUnHaXx, sIKi MalOTh HU3bKI 3HAYCHHSA JieIEKTPUYHHUX MapameTpiB (i riinepuny mnpu 25°C
€=40,1 [17]) Ta 3a paxyHOK IXHbOI Tigpararii.

BennuuHo10, MpOMOPIiiHOI0 KUTBKOCTI BIIBHUX MOJIEKYJI BOJHM y PO3YHHI, € CTaTUYHA
JlieNIeKTpUYHA TPOHUKHICTD € (Ii€JIEKTpUYHA MPOHUKHICTh HA HIDKHIN IUISHIN penakcarii
MOJIEKYJ BOJM), SIKy PO3PaxoBYIOTh 3a piBHSAHHAM JleOas B mpumyieHHi 1e0aiBChKOTrO
XapakTepy perakcarlii MoJIeKyJI BOJIU B PO3YMHAX KPIOMPOTEKTOPiB. UnM MeHIIe ii 3Ha4eHHS,
TUM MEHIIE Yy 3pa3Ky BUIBHHUX MOJIEKYJ BOJH, 110 OepyTh y4acTh B MPOLEC] AI€IEKTPUUHOL
penakcanii. [Ipu mopiBHSAHHI MiXX CO0OI0 cepenoBHI, 3MaTHUX 10 BiTpudikamii (2-4), 3a
napamMeTpoM CTaTHYHOI MIeIEKTPUYHOI MMPOHUKHOCTI € (pHUC. 2) MOXKHA 3POOMTH BHCHOBOK,
0 HaWOupIIe BUTbHOI BOAM MICTHTBCS B cepenoBuini PVSN (2), a nHaiiMeHme — B
cepenopuii 88% PVS3 (4). BukopucTtoByrour 3HAYCHHSI €5 BOJHOTO PO3YHHY IEBHOTO
KPIOMPOTEKTOPY 32 YMOBHM HOro HM3bKOI KOHLEHTpallii MOXHa po3paxyBaTH KUIbKICTb
MOJIEKYJT 3B’s3aHOI BOJAM Ha MOJIEKYJy KpiompoTekTopa (CTymiHp Timpararii). Xod s
0araTOKOMIIOHEHTHUX KpPi03aXMCHUX CEPeJOBHUI 3 BHUCOKOK KOHIEHTPALil0 CKJIaJ0BHX
KOMITOHEHTIB TaKi pO3pPaxyHKH 3pOOMTH BaXKO. AJle MOXXHa OLIHUTH 3JaTHICTh
KpIOIIPOTEKTOPIB 3B’SI3yBaTW BOJAY 3a JONOMOIOI0 JIEKPEMEHTY CTaTHYHOI [ieJIeKTPUYHOI
IPOHUKHOCTI:

ne 82— CTaTUYHA JieNEKTPUYHA INPOHUKHICTh PO3YMHHMKA, € — CTATHYHA JieJIEKTpUYHA

HPOHUKHICTH po3unHy, C — KOHIIEHTpAIlis PO3UNHEHUX PEYOBHH. 3a JICKPEMEHTOM CTATHYHOI
JeNIeKTPUYHOT IPOHUKHOCTI HaWOUIBILY 37JaTHICTh 3B’ SI3yBaTh BOly Mae 3pa3ok 88%-it PVS3
(Ae,=0,7 100 cM’/r), memmy — PVSN (Ag,=0,6 100 cm’/r), me Menmy — PVS2
(Ag,=0,5 100 cm’/r).

BenmuumHaa yacToTH MieNEKTPUYHOT pesiakcarlii MOJIEKYJI BOJU fy, sIKa PO3PaXOBYETHCS 3
piBHsHB J[eOast, XapakTepu3ye CTYIMiHb YHOPSIAKOBAHOCTI CTPYKTYPH BUILHOI BOJH Y 3pa3Kax.
IcToTHE 3HMKEHHS BEIMYWHU f; B CEPEIOBHUINAX, 3IaTHUX JI0 BiTpHUdikallii (2-4), MOpIBHSIHO 3
BOJIOIO 1 KUBWJIBHUM cepenoBuiieM MS (5) cBiquuTh mpo 301UIbIIEHHS CePEAHbOI KITbKOCTI
BOJIHECBHX 3B’S3KiB Mi’K MOJICKYJIaMH BOJU B ITUX CEPEIOBHUIIAX, B PE3yJIbTATI UOTO CTPYKTypa
BUTbHOI BOJM B HUX CTA€ OUIBII YIIOPSIKOBAHOIO.
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KOMIUIEKCHOI JIieIEeKTPUYHOI IPOHUKHOCTI 3pa3KiB: 4acToTa JieJeKTpu4HOl penakcauii mojekyn Boxu (fy)
1 —H,0; 2 —PVSN; 3 — PVS2; 4 — 88%-it PVS3; 5 3paskie: 1 — H,O; 2 — PVSN; 3 — PVS2; 4 — 88%-i
— )KUBUJIbHE cepenoBuie MS. PVS3; 5 — xxuBmisHe cepenopuiie MS.

Ockinbky HaliMEHIIl 3HA4YeHHA [IeNeKTPUYHHUX T[apaMeTpiB xapakTepHi 88%-my
Kpio3axucHOMy cepenoBuiry PVS3, mMoxHa 3pOOHTH BHCHOBOK, IO KPIOMPOTEKTOPH, SKi
BXOIATh JO CKJIAJy IbOI'O CEpelOBUINA, MalOTh HAWOUIBLIY 37aTHICTH 3B’SI3yBaTH Ta
BIOPSAKOBYBaTH Boxay. Lleii pe3ynmpTar WiNKOM Y3TOIUKYETBCS 3 KaJOPHUMETPUIHHMHU
nociipkeHHsaMu [14]. Byno nokasaHo, 1110 Ha TepMorpamax yciX Kpio3aXHMCHHMX CEpeOBHIIL
CTHIOCTEpITaeThCsl  CTPUOOK  TEIUIOTIOTJIMHAHHS, IO  BIAMOBIZa€ TPOIECYy MEPEeXOmy
CKJIONOIOHOT YaCTHHU 3pa3ka 3 TBEpJ0aMOpP(HOIro CTaHy B CTaH MEPEOXOJIOIKEHOI PiIUHH.
AHaii3 TepMorpaM IoOKa3aB, II0 MaKCHMajbHa KUIBKICTh PEYOBHHH B aMOpPPHOMY CTaHi
npucyTHs y 3paszky 88%-it PVS3, kinbkicts amop¢Hoi dasu y 3paskax PVS2 i PVSN menma.
B ycix kpio3aXHCHUX CepeOBHUINAX BiCYTHI TepMiuHi e(eKTH, SKi BiIOBIIAIOTH MPOIECaM
JMOKpUCTaTi3alii IboAy Ta IUIaBIIEHHS €BTEKTHKH, a y cepenosuili 88%-it PVS3 BiacyTHii
nporec Kpucramizamii 3 amopdHoi (asu; mpu mbOMY TEPMIUHHH TpoIec, M0 BiAMOBiae
Ipoliecy MOBHOIO IUIABJICHHS YCIX JOCTIKEHUX 3pa3KiB, Ma€ HE3HAYHY 1HTEHCUBHICTS [14].

Jlnst BU3HA4YeHHS e(EKTUBHOCTI KPiO3aXMCHOTO CEpEeNIOBHINA MPOBOIWINM BHU3HAYCHHS
30€peKeHOCTI Ta KHUTTE3IaTHOCTI 61000’ €KTIB 3a pe3yabTaTaMU TOKCUYHOI /il cepeioBuIIa Ta
BIUIMBY KpioKOHcepByBaHHs. Hamu Oyno mokazano, mo BukopuctanHda PVS 2 nossossie
OTPUMATH KUTTE3AATHICTH MEpPUCTEM KapTorul Ha piBHI 75%, BuHorpagy — 80%. Ilpu
KpIOKOHCEpBYBaHHI Iei oka3HuK ckianae 70% Tta 75% siamosigno. [licis B3aemonii 88%-
ro pozunHy PVS 3 3 mepucremamu yacHUKy MM oTpuMainu 60 % >KUTTE3AaTHUX ameKciB,
micist KpiokoHcepByBaHHS — 53%. 3acTocyBaHHA MOIU(IKOBAHOTO HAMHU PO3UMHY, 3AaTHOTO
no Bitpudikauii (PVSN), no3Bomnsie ogepxatu 0ins 95% KUTTe€3MaTHUX MEPUCTEM KapTOILIi,
BUHOTpaay Ta YacHHKY. [licis KpioKOHCepBYBaHHS L€l MOKAa3HHUK 3HWXKYETbes 10 80% s
MEpUCTEeM KapTOIUli 1 BUHOrpaay Ta 10 73% i 4YacHUKA.

Omxe, HE3BaKal4YM HAa Te€, IO HAWNMEHIIN 3HAYEHHS JiCJICKTPUYHUX I1apaMeTpiB
xapaktepHi 88%-my PVS3, 3a naHuMM BHM3HAuYCHHS JKUTTE3JATHOCTI MEpHCTEM YcCi
JOCITIJKEHI KPi03aXHCHI CepeOBHIA MOXXHA BUKOPHCTOBYBATH IPH pO3poOIi ePeKTUBHUX
PEXKUMIB KPIOKOHCEPBYBaHHS.
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BUCHOBKU

BceranoBneno, mo HalMeHINI 3HA4YeHHSA [ICJIEKTPUYHHX MapaMeTpiB  XapaKTepHi
KpiozaxucHomy cepenoBuiny PVS3, 10 ckimagy sSKOro BXOIATH Taki KPIOMPOTEKTOPH SK
TIIiepuH Ta caxaposa y 44,4%-x koHueHTpanisx. Lle cepenoBuiine Mae HaOIIbITY 31aTHICTh
3B’SI3yBaTH Ta BIOPSIKOBYBATH BOIY.

3a maHUMU BU3HAYCHHS [IUTOTOKCUYHOCTI Ta BIUIMBY HU3BKOTEMIIEPATYPHOTO 30epiraHHs
Ha JKUTTE3IaTHICTh MEPUCTEM KapTOTLUIl, BUHOTPAy Ta YaCHHUKY YCl JOCTIIKEHI Kpi03aXHUCHI
CepeloBUIIa  MOXXHAa  BUKOPHUCTOBYBATH  HpU  poO3poOIi  e€(PEeKTHBHUX  pEXHUMIB
KpIOKOHCEPBYBaHHS.
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The purpose of this work lies in studying the composition, physical and chemical properties of the second
fraction of the humic acid (HA2) extracted from the typical black soil, depending on the intensity of the
soil tillage. Physical and chemical properties of HA2 have been studied by using ultraviolet (UV)
spectroscopy, infrared (IR) spectroscopy and electron spin resonance spectroscopy (ESR). It has been
demonstrated that increase of the tillage intensity of the typical black soil leads to decrease in the total
carbon content and the HA2 content due to displacement of balance between the conjugated processes of
humus synthesis and decay towards destruction. UV spectroscopy indicates intense absorption of humic
acids in the near UV region, that corresponds to the donor-acceptor mechanisms n-n* electrons of double
bonds. Maximum absorption has been observed for the HA2 isolated from the black soil tilled by
plowing. Moreover, the highest content of oxygen-containing functional groups and low quantity of
aliphatic structures has been observed in the same sample. It has been shown that the nature of
paramagnetic centers of the HA2 represented by chelate paramagnetic Fe’'-complex formed by
rearrangement n-electron system of double bonds, depending on the tillage intensity of the typical black
soil. It has been found that plowing of the typical black soil enhances the number of paramagnetic centers
in HA2.

KEYWORDS: organic soil matter, humic acid, soil tillage, supramolecular structure of the humic acid,
aromatic system, carboxyl groups, chelate complexes.

BIIJIUB IHTEHCUBHOCTI OBPOBITKY I'PYHTY HA CKJIAL, ®I3UYHI TA
XIMIYHI BJJACTUBOCTI APYT ol (I)PAKI_IIi I'YMIHOBHUX KUCJIOT,
EKCTPAI'OBAHUX 3 YHOPHO3EMY TUITIOBOI'O
M.A. Honipuuii', O.T. Hikos108, €.B. Ckpuiabuuk’

' Hayionansmuii Haykosuil yenmp «Incmumym rpynmosnascmea ma azpoximii imeni O. H. Coxonoecvkozoy,
eyn. Yaiikosckozo, 4, 61024, Xapxis, Yxpaina
2 Xapriscokuii nayionansuuii ynisepcumem imeni B.H. Kapaszina, m. Céo600u, 4, 61022, Xapxis, Vpaina

Mertoro mgaHoi poOoTh Oyino BUBYEHHS CKIAAy, (I3MYHHX Ta XIMIYHHX BIIACTHBOCTEH ApyToi (pakiii
ryminosux kuciot (['K2), BunineHoi 3 THIOBOTO YOpHO3EMY, B 3alIe)KHOCTI BiJf IHTEHCUBHOCTI 0OpOOITKY
rpyary. @i3muni Ta Ximiudi BrmactmBocTi ['K2 BuBuYeHO 3a momomoror yibTpadioneroBoi (YD)
criektpockortii, iHGpauepBonoi (IK) cmexTpockomii 1 CIEKTPOCKOMi €JIeKTPOHHOTO IapamMarHiTHOTO
pesonancy (EIIP). Bymo mokasano, mo 30UIbIIEHHS iHTEHCHMBHOCTI OOpOOITKY HOpPHO3EMY THIIOBOTO
MPU3BOIANTE 10 3HIDKEHHS 3arajJbHOTO BMICTy Byriemto i BMmicTty ['K2 depes 3cyB piBHOBarm Mix
CHOJIyYEeHUMH TPOLIECaMH CUHTE3Y Ta PO3Majy I'yMycy B HalpsMKy po3najay. Y ®-CreKkTpocKolis BKazye
Ha IHTEHCUBHY a/COPOLII0 TyMIHOBUMH KHCJIOTaMH B OmmkHiId Y®-001acTi, M0 BiIIOBiIAE TOHOPHO-
aKIENTOPHAM MeEXaHi3MaM 7-T* eJCKTPOHIB MOMBIHHMX 3B's3kiB. Y 3pasky ['K2, BupineHomy 3
YOPHO3EMY MICII OPaHKH, CIOCTEpIratocss MakCUMallbHe TOTJIMHAaHHS B OmwkHIA Y ®-o6mnacti. [lo Toro
K, B TOMY X camoMmy 3pa3ky I'K2 crnocrepiraerbcs HaiOLIBIIMK BMICT KMCHEBMICHHX (DYyHKIIOHAIBHUX
TPYI 3 HH3BKOK KUTBKICTIO amipaTWIHHX CTPYKTYyp. Byrno mokazaHo, 1Mo MpHUpoAa MapaMarHiTHUX
uentpis I'K2 npencraBieHa XeJaTHHMH HapaMarHiTHUME Fe’-koMmruiekcamm, IO yTBOPIOIOTHCS 3a
paxXyHOK TeperpyImyBaHHs T-eJICKTPOHHOI CHCTEMH IMOABIHHUX 3B'SI3KiB, SKE 3aJISKUTH BiJ IHTEHCHBHOCTI
00po0OiTKy dYOpHO3eMy THIIOBOTO. bByno BCTaHOBIIEHO, IIO OpaHKAa THIIOBOTO HYOPHO3EMY 301IbIIy€
KUJIBKICTh MMapamMarHiTHuX meHtpis B ['K2.

KJIIOYOBI CJIOBA: opraHiuHa peyOBHHA IPYHTY, T'YMIHOBI KHCIIOTH, OOpOOITOK IPYHTY, CyIpPaMOJIEKYJIspHa
CTPYKTYypa I"yMiHOBI/IX KHUCJIOT, apOMaTU4YHa CUCTEMA, Kap60KCI/I.]'ILHi rpynu, XeJIaTHI KOMIUIEKCH.

© Popirny M.A., Nikolov O.T., Skrylnik E.V., 2016
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BJIUAHUE UHTEHCUBHOCTHU OBPABOTKHN ITIOYBbI HA COJAEPKAHUE,
®U3NYECKUE U XUMUUYECKHUE CBOMCTBA BTOPOM OPAKIINN
I'YMHUHOBBIX KUCJIOT, DQKCTPAI'NPOBAHHBIX U3 YEPHO3EMA TUIIMYHOT' O
M.A. HonupHusiii', O.T. Hukonos’, E.B. CKpbLILHHK'

' Hayuonansmwiii nayunsiii yenmp «HMucmumym nousosedenus u acpoxumuu umenu A. H. Coxonosckozoy,
yn. Yaiikosckoeo, 4, 61024, Xapvros, Ykpauna
2Xapuvrosckuii nayuonanvhwiti yhusepcumem umenu B.H. Kapasuna, n1. Céo6oowi, 4, 61022, Xapvkos, Ykpauna

Lenpto manHO#H pabOTHI OBUIO W3YYEHHE COCTaBa, PU3MUSCKUX M XUMHUUECKUX CBOHCTB BTOPOU (ppakiim
rymuHOBBIX Kucnot (I'K2), BbIeneHHONW W3 THINWYHOTO YEPHO3EMA, B 3aBUCUMOCTH OT MHTEHCHBHOCTH
00pabotku mouBkl. Ou3nyeckne u xummaeckue croicta ['K2 m3ydanum ¢ moMomrsio yibTpadruoaeToBoi
(Y®) cnekrpockonnu, wuHPpakpacHo (MK) CHEeKTpOCKOMUM W CIEKTPOCKONHMH  DJIEKTPOHHOTO
napamarHuTHoro pesonanca (OIIP). Beuio moka3aHo, YTO yBEIMUYCHHE WHTCHCHUBHOCTH 00pabOTKH
YepHO3eMa THITMYHOTO MPUBOIUT K CHIDKCHHIO OOIIEro CojiepkaHus yrieponaa u coaepxkanus ['K2 vepes
CMEIlleHHE PABHOBECHS MEXIY COIPSDKEHHBIMM IIpOIlecCaMH CHHTE3a M pacmaja ryMmyca B CTOPOHY
pacnaza. Y®-CHEKTPOCKONHMS YKa3blBaeT HAa WHTCHCHUBHYIO a1COPOIMIO TYMHHOBBIMH KHCIOTaMH B
ommkHeld Y®-001acTH, YTO COOTBETCTBYET JOHOPHO-AKLENTOPHBIM MEXaHHW3MaM T-T* 3JIEKTPOHOB
JIBOMHBIX cBsized. B oOpasue ['K2, BblmenieHHOM W3 uepHO3eMa II0Cie BCIHAIIKH, HAOII0NANOCh
MaKCHMallbHOE TorJiomeHne B ommkHeidl Y P-oomactu. K Tomy ke, B ToM xe obpasie I'K2 nabnromaercs
HauOoIblIee COACP)KaHNWEe KHCIOPOACOACPKAMX (YHKIMOHAIBHBIX TPYIH C HHU3KHM KOJIHYECTBOM
anndaTHIeCKuX CTPYKTyp. BpuTo moka3zaHo, 9To mpupoja mapaMarHuTHeIX neHTpoB ['’K2 mpencraBnena
XeJIaTHBIMH TIApaMarHUTHeIME Fe’'-koMruiekcamu, oGpasylOIMMHCS 3a CUET MeperpyHIHpOBKH -
3JIEKTPOHHOH CHCTEMBI JIBOWHBIX CBS3€H, KOTOPOE 3aBUCHT OT WHTEHCHBHOCTH 0OpabOTKM depHO3eMa
TUINMYHOTO. bBBUIO yCTaHOBJIEHO, YTO BCHAIIKAa THIUYHOTO UYEPHO3EMAa YBEIMUYMBAET KOJIUYIECTBO
nmapaMarHuTHBIX IeHTpoB B I'K2.

KJIIOYEBBIE CJIOBA: opraHu4eckoe BEHmIECTBO TOYBBI, TYMHHOBBIC KHCIIOTBI, 0O0OpabOTKa IIOYBEHI,
CyIIpaMOJICKyJIdpHasl CTPYKTYpa T'YMHUHOBBIX KHUCJIOT, apoMaTH4CCKass CUCTEMA, Kap6OKCI/IJ'H)HI>IC Tpynribl, XEJIaTHLIC
KOMIIJICKCHI.

The humic acids (HA) are a major component of the soil organic matter (humus
substances) playing multifunctional role due to variable composition of the HA structure that
results in a wide range of biotic and abiotic factors [1]. Physicochemical properties of the HA
reflect the structural features of the HA. In the HA structure, the central structure (core) and
peripheral parts are identified, each part has a variable composition depending on the type of
soil and external environment. The variable composition of the HA depends on extracting
methods from the soil (or another source of natural organic matter) and future purification,
modification. The central structure (core) is formed by aromatic rings with various functional
groups (the most important are carboxyl, phenol hydroxide, ketone, amide ones) and the
peripheral parts by aliphatic polypeptide chains [2, 3]. Due to functional groups reactivity of
HA is determined. Such structural features determine the chemical, physical and biological
properties of the HA, specifying their redox activity, etc. [3]. The HA actively interact with
different mineral components of the soil making complexes with mono-, di- and trivalent
metals, thereby transforming the elements inaccessible to plants into the available state. In a
certain range of pH, the humic organometallic complexes acquire high mobility and can be
absorbed by the plant root hairs [2, 4]. It has been found that increasing complexation with the
two- and trivalent metals (Ca>", Mg™", Fe’*, AI’") is associated with increase of proportion of
the oxygen-containing functional groups and decrease of the nitrogen-containing groups [5].
Iron ions can displace hydrogen in the carboxyl groups of the HA and form complexes such
as chelates [1, 2, 4].

Current comprehension of the structural and functional features of the HA is based on the
notions of self-organization of supramolecular complexes from smaller molecular associates
of the HA. The main aspect of humic supramolecular structure is its stabilization by weak
intermolecular interactions, such as hydrophobic, van der Waals, and hydrogen bonds, the
formation of complex macrostructures providing for multifunctional properties of the soil



36
M.A. Popirny, O.T. Nikolov, E.V. Skrylnik

humic substances [6, 7, 8]. The HA are formed due to conjugated biosynthetic processes
(decomposition and synthesis in bioorganic soils matter), mainly of the products of
biodegradation of plant organisms, accumulating and stabilizing the HA, protecting the soil
organic matter from total mineralization (destruction of organic soil matter to carbon dioxide
and water) [6].

Biodegradation of plants crop residues and their subsequent participation in synthesis of
the HA occurs by enzymatic activity of the soil microbial community, without which
processes of humic acids formation and formation of the fertile humus layer of soil [1] are not
possible. Soil fertility is determined by the content of humus, which, in its turn, is stipulated
by the quantitative and qualitative features of the HA. The black soils, forming agronomically
valuable soil structure, are the richest in organic soil matter content [1, 2, 8].

It is known that the intensive use of black soils of Ukraine gives rise to a significant
deterioration of their fertility [8]. One of the most important diagnostic signs of the soil
degradation is decrease of content of the soil organic matter, and its main component - humus
substances [9]. Reduction of the amount of the soil organic matter and deterioration of its
quality characteristics may be subject to a lack of constant compensation of organic
compounds, and result in change of the ratio between mineralization of the soil organic matter
and formation of the stabilized soil humic substances [9, 10]. An informational indicator of
the agrogenic load on the soil quality is features of the HA fractions [10, 11].

According to the modern concepts, based on the results of the long-term field
experiments with application of different agricultural technologies, the transformation of soil
organic matter following the agronomic activity is observed predominantly in the labile
fraction of the humic soil acids (the first fraction of the HA1) [12, 13]. Experiments on
different soils have revealed a close correlation between the productivity of agricultural
ecological systems and contents of labile fraction of the HA1 [10, 13]. Deviation from the
optimal soil ecosystem (for example, from the virgin soil) is subject to increases of the
process of the organic matter mineralization and impaired fertility, causing lower yields [11,
12]. Pursuant to some authors, for assessment of soil fertility it is important to consider not
only the labile fraction of the HAI, but also a more stable and biochemically mature
component of humus — the second fraction of the HA2 [10, 13]. Despite a vast amount of
information on changes in the content of fractions of humic acid under the influence of the
agricultural use of soil, the attention of researchers is attracted by mechanisms of responses at
the molecular level of the HA. In our opinion, to establish responses at different levels to
anthropogenic load it is necessary to study physical and chemical properties of the isolated
HA fractions. Among the physical and chemical research methods UV/IR/ESR spectroscopy
provides valuable information about the molecular structure of the HA. The main advantage
of the above methods is to carry out an analysis without any prior sample preparation and the
HA modifications bringing about to irreversible structural changes of the native nature of
macromolecules.

The purpose of this work has been to study the content and physicochemical properties of
the second fraction of the unmodified HA2 extracted from the typical black soil depending on
intensity of the tillage technologies.

MATERIALS AND METHODS

Selection and laboratory-analytical analysis of soil samples
The samples of soil have been collected in the experimental field of the
V.V. Dokuchayev Kharkiv National Agrarian University, the Department of Agriculture. The
aim of experiments has been to determine the effect of intensity of the tillage technologies on
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soil organic matter characteristics of the typical black soil (chernozem). The field experiment
was started in 2006. The variants of the tillage investigated in the field experiment are as
follows: 1) 40 year non-tilled typical black soil - virgin soil (control); 2) soil intensively tilled
(traditional plowing depth of 20-22 c¢m); 3) minimally tilled soil (disks at the depth of 10-12
cm); 4) Non-tilled soil (provided by direct seeding into the non-tilled soil). Soil samples have
been collected from the surface soil layer of 0-10 cm. The total carbon content in the soil has
been determined by Tyurin [14], total nitrogen — by Kjeldahl method [14]. Mineralization
(rate of biodegradation of the soil organic matter) has been calculated by the ratio of the total
soil carbon content to the content of total nitrogen (C/N); increase of the parameter indicates a
decrease in the degree of mineralization of the soil organic matter. The content of
agronomically valuable fractions of HA in the soil has been determined by the method of
humus fractionation [15].

Extraction of second fraction of the HA from the soil samples

Collected soil samples have been dried to the air-dry condition, crop residues have been
removed and then the soil samples have been sieved through a sieve with 1 mm pore
diameter. Extraction of HA2 fraction has been carried out by the method of Orlov [16]. The
prepared soil samples have been subjected to decalcification by sulfuric acid, cleaned from
calcium, and then washed with distilled water. Humic acid has been then dissolved in 0.1 N
NaOH. After sedimentation for 24 hours, the centrifugation (3000 rpm, 10 min) for separation
of clay minerals has been performed. Precipitation of humic acids has been carried out with
10% HCI, adjusting the solution to pH 1. Then the HA fractions have been washed with
distilled water. The obtained gel of the HA has been crystallized in the water bath and dried in
the oven at 80 C° (2 hours) to the air-dry state. A black crystalline powder — preparation of the
second fraction of the HA of typical black soil has been the result.

Physicochemical methods of analysis of the second fraction of the HA

The Fourier Infrared Spectroscopy (FT-IR) of the second fraction of humic acids has
been performed by the Agilent Technologies Cary Spectrometer 630 supplied with Diffuse
Reflectance and Fourier Transformation in the standard measurement area of 1000-4000 cm’’
(in a potassium bromide compressed tablet). Interpretation of the spectra has been performed
on the characteristic absorption spectra of humic substances [1, 11, 16].

The electron spectra in the UV absorption of humic acids of the second fraction have
been measured on the spectrometer Stellarnet BLACK-Comet in the range of 90 nm — 445
nm. To perform spectroscopic analysis, the HA have been dissolved in 0.1 N NaOH [16].

Analysis of the electron spin resonance (ESR) characteristics has been performed using
spectrometer JES-ME-3x, which operates in the three-centimeter wavelength range (X-band)
with a frequency modulation of 100 kHz. The weight of samples of humic acids for ESR
spectroscopy is 100 mg, as placed in a quartz ampoule produced by JEOL Company. The
sample of polycrystalline of diphenylpicrylhydrazyl (DPPH) has been used as a standard for
assessment of the g-factors and intensities of the ESR spectra; the average value of the g-
factor has equaled to 2.0036 + 0.0003. The samples in quartz ampoules have been placed in
the antinode of the microwave magnetic field of the resonator of the ESR spectrometer. ESR
has been performed at room temperature 12 hours after sample preparation. Concentration of
paramagnetic centers in the HA2 samples has been determined by comparing the relative
intensities of the signals (Tesla) with the value by the equation S=(AH)’I, where AH is the
width, and 7 is the amplitude of the line. The statistical error in assessment of the
concentration of paramagnetic centers by ESR method is 10-20 %.
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RESULTS AND DISCUSSION

Content of the fractions of humic acids and biological activity of the black soil

The total carbon content in the soil sample from virgin soil has been 3.1% (Table 1). It
has been found that the total carbon content of the typical black soil has been significantly
reduced with the intensive tillage (plowing) to 2.8%. The minimum tillage (disking) has
reduced it to 2.9% and zero tillage (direct seeding) to 2.8% (Table 1). Therefore, the minimal
tillage results in conservation of organic soil matter.

It has been shown that the intensive tillage results in an increase in the content of HA1
(18.8%) in the soil, at the same time the direct seeding results in reduction of the movable
HAT (7.0%) (Table 1). The minimal tillage (disking) results in the HA1 content (16.1%) that
is close to the value of HA1 after plowing (18.8%). It has been found that minimization of
processing (disking and direct seedling) results in accumulation of the HA2 on the level close
to its content in the virgin typical black soil (39.8%). Plowing causes a significant reduction
in the HA2 (22.7%)).

Table 1
Total carbon content (%) in the first fraction of humic acids (HA1) and the second fraction of
humic acids (HA2) in the typical black soil depending on the soil tillage intensity

Variants of tillage technology
Values Virgin soil Intensive tillage | Minimal tillage No tillage
(Control) (Plowing) (Disking) (Direct seeding)
Chotal, %0 3.1+0.5 2.8+0.4 2.9+0.5 2.8+0.4
HAL, % 12.4£2.0 18.8+£3.2 16.1£5.3 7.0+1.6
HA2, % 39.8+6.2 22.7+£5.4 33.9+5.9 39.9+6.3

The biological parameters of the typical black soil of the experimental field show that the
tillage of the typical black soil causes changes in the diversity of the soil microbial
populations (Table 2), [18].

Table 2

Indexes of biodegradation (C/N) assessed in our work, and biochemical activity of organic
soil matter of the typical black soil [18]

Values Plowing Disking Direct seeding
C/N 10.5 11.9 11.7
- —
Blogemc[‘lig]ers“y’ & 31.6+1.6 26.30+1.2 98.0+4.0
Invertase (mg/100 g 290.0+5.0 305.0+5.0 435.0+6.5
of soil) [18]
Polyphenoloxidase
(mg/100 g of soil) 4250+80 4317+75 4342475
[18]

The total index of biogenic diversity shows that the typical black soil, after direct sowing,
is less susceptible to changes in the microbial community [18]. In our work, the rate of
biodegradation of humus in the typical black soil by microbial populations has been estimated
(Table 2, C/N index). It has been found that the minimal tillage reduces the intensity of decay
of soil organic matter in the typical black soil. The intensive tillage, on the contrary, increases
it, thereby shifting the conjugated processes of synthesis and decay of humus towards



39
Effect of soil tillage intensity on the composition, physical and chemical properties...

destruction (Table 2). The indicators of biochemical activity of the typical black soil depend
on the intensity of tillage in the experimental field (Table 2), [18]. It is known that content of
the soil humic acids correlates with the activity of enzyme invertase that hydrolyzes
carbohydrates, peptides and aliphatic structures, and with the polyphenoloxidase activity, that
is involved directly in the oxidative polycondensation of the aromatic system of the humic
acids [1]. It has been shown that the activity of invertase and polyphenoloxidase is reduced
with the intensification of the typical black soil tillage (Table 2), [18]. We have used
physicochemical methods to investigate processes of formation and change of the HA2 of the
typical black soil, depending on the tillage intensity.

UV spectroscopy of the second fraction of humic acid (HA2), depending on intensity
of the typical black soil tillage
Fig. 1 shows results of the analysis of UV spectroscopy of the HA2 isolated from the
typical black soil under different tillage intensities. The HA2 of the typical black soil absorb
in the near UV range (275 nm — 350 nm). After the intense plowing, the intense absorption at
bands 280 nm, 310 nm, 340 nm is observed.

Control
TradTill
------ MinTill
***** NoTill

40

3,54

3,0 H
2,5

2,0 H

Absorb, %

1,5 H
1,0 H

0,5

0,0 +

-0,5

T T T T T T T T
50 100 150 200 250 300 350 400 450

Wave number, nm

Fig. 1. UV absorption spectra of HA2, depending on the tillage intensity of the typical black soil: Control —
virgin soil; No Till — direct seeding; Min Till — disking; Trad Till — plowing.

It is known that intense absorption and appearance of the "shoulders" at the spectra of the
HA (in the area of 270 nm — 300 nm) are caused by quinones and chromophore functional
groups (oxygen and nitrogen-containing) — polyconjugated bonds of aromatic system of HA2,
having m-n* electronic transitions. The intense absorption band (at 310 and 340 nm) of the
HA2 isolated from the typical black soil after plowing corresponds to the donor-acceptor
mechanisms as caused by m-n* electronic transitions in the ring system of the conjugated
bonds, in chelate complexes with transition metals.

FT-IR spectroscopy of the second fraction of humic acids (HA2)

In the FT-IR spectra of the humic acids similar characteristic absorption bands that show
similar structural elements and functional groups co-existing in these macromolecules are
identified (Fig 2).

The hydroxyl group (-OH), hydrogen bonds (H-bonds) absorb in range of 3600 cm™ —
3400 cm™; doublet of aliphatic structural components (-CH,, -CH3) — at 2900 cm™ and
2800 cm™'; oxygenated aromatic carboxyl group of (-COOH) and ketone (C=0) at 1710 cm™,
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1715 cm™ and given by quinon —OH group; aromatic double bond system with C=C — at
1625 cm™, and an absorption band corresponding oxygen-containing groups substituted with
metal ions — at 1333 cm™'. The appearance of 3137 cm™ band is based on the interaction of the
OH-group with metals (for example Fe*" or AI’") forming the various complex compounds.
This wave number is also associated with presence of the H-bonds, stabilizing individual
macromolecular structure of the HA2 dependending on the dimensional configuration of such
structures [4].

*“4!]]
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Fig. 2. FT-IR spectrum of HA?2 isolated from the typical black soil under intensive tillage (plowing).

Analysis of the structural elements in the HA2 isolated from virgin soil indicates a high
content of aliphatic and aromatic structures. Intense absorption of the carboxyl group is
shown in aromatic system of the HA2 as extracted from the black soil after plowing. The
intense band 1333 cm™ corresponds to formation of metal complex, which is caused by a
complete replacement of the carboxyl group and a greater degree of ionization of the oxygen-
containing functional groups. The HA2 fractions isolated from the disked black soil are
characterized by a greater degree of aliphatic groups and a lower degree of oxygen-containing
groups in the aromatic system. The HA2 fractions isolated from the typical black soil under
zero tillage technology are characterized by a lower diversity in the structural and functional
elements.

ESR spectroscopy

Results of examining the HA2 through ESR are shown in Fig. 3. The resulting ESR
spectra have the g-factor of 2.0036 close to the g-factor of DPPH, and the broad line between
the wide range of absorption curves (inflection points of the absorption curve are distanced
from antinods approximately at 0.1 Tesla). Components of the fine and hyperfine structure are
not available in the obtained spectra. In the area of the g-factor of DPPH 2.0036 there is a
slight narrow "shoulder", corresponding to the signal of semiquinone radicals of the HA2 as a
result of imposition of the broad line of signal that has been shown in some studies by ESR
spectroscopy of humic acid [2, 11, 17, 19]. Availability of the narrow signal indicates to the
HAZ2 aromatic structure being formed due to oxidative condensation of quinones (lignin of the
plant tissue residue) by semiquinone radicals. Formation of the aromatic structures is
catalyzed by the enzyme polyphenoloxidase.
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Form of lines of all the ESR spectra is independent from the tillage technology. The said
spectra differ only by intensity, and accordingly to the number of paramagnetic centers (Fig.
4). We have found that plowing causes a significant increase in paramagnetic signal of the
HA2, due to increase in the number of paramagnetic centers (paramagnetic chelate
complexes) (Fig. 4).

Fe (III) i
o
;' OH
| I I I I I I l
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

H(T)
Fig. 3. ESR spectrum of HA2 from virgin soil. H(T) is measured in Tesla.

The concentration of PC, a. u.

Virgin soil Plowing Disking Direct seeding

Fig. 4. Concentration of paramagnetic centers (PC) in arbitrary units in HA2 depending on the tillage
intensity of the typical black soil.

Dynamics of the content of total carbon in the HA fractions of the typical black soil
(Table 1) point out to a formation of mobile humic compounds (increase of content the HA1
in humus) and reduction of total carbon at intensification of tillage of the typical black soil,
that is caused by a more intense biodegradation of the soil organic matter. The rate of decay
process of organic matter by enzymes depends on the overall ratio of carbon to nitrogen (C/N)
[20]. The maximum rate of the biodegradation of the humus typical black soil is observed
after plowing (Table 2, C/N ratio). Thus, plowing causes displacement of the coupled
processes of synthesis and decomposition of humus to the decay as associated with the change
of microbial community (Table 2, index of diversity), which gives rise to a change in the
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enzymatic activity of important enzymes like polyphenoloxidase and invertase performing the
formation of humic acids (Table 2).

Less intensive tillage of typical black soil (disking) has caused a lower mineralization and
some increase in total carbon accumulation of the HA2 and some smaller quantity of the HA1
as compared to plowing (Table 1). Importantly, a low content of the HA1 and a high content
of the HA2 at direct seedling (Table 1) point out to a formation of more inert humic acids that
reduce the overall mobility of the humic system and results in formation of structures of the
soil available to plants.

The virgin typical black soil, which is a natural ecological system, is characterized by a
more balanced state, caused by the shift of equilibrium between the synthesis and decay of
humus in soil, to the accumulation of humus (total carbon). Minimizing of tillage (disking and
direct seeding) causes a decrease of humus decay. At direct seeding an accumulation of inert
humus is observed. At disking, its quality indicators are more favorable for development of
plants. It is known that tillage induces changes of physical properties of the soil (contents of
the air and moisture) and leads to a redistribution in population of microorganisms by
mechanical tillage of the black soil [21]. Plowing leads to the improved aeration and causes
activation of aerobic microorganisms that mineralize the soil organic matter, that activate the
HA formation processes, as indicated by an increase of the HA1 after plowing and disking.

It has been found that intensification of tillage of the typical black soil induces strong
absorption of aromatic structures of the HA2 in the UV region (Fig. 1), caused by electronic
n-m* transitions. It is known that the n-n* electronic transition is associated with the transition
between the main and excited states of humic acids molecules, featuring the energy transition
[22]. As a result, the unpaired electrons are moved throughout the system of double bonds.
Hyperchromic effect in the HA2 after plowing is caused by a more active mobility of the =n-
electron system, which is due to the donor-acceptor interactions between the HA structure and
coordinated paramagnetic transition metals [22]. According to the results of FTIR
spectroscopy, appearance of a clear signal in the 1330 cm™ and absence at 1720-1710 cm™
(Fig. 2) bear evidence of the formation of complexes of carboxylic acid/ketone groups with
metals. The OH groups in the HA2 react with metal ions Fe’" and AI’" (Fig. 2). The
absorption ratio of the structural elements in the HA?2 testifies to a decrease in the proportion
of aliphatic structures with the tillage intensification, due to the increased mineralization
process, brining about to an increase in the content of carboxyl and ketone groups. The
content of aliphatic structures and oxygen-containing groups of the aromatic system increases
after disking. A smaller variety of structural elements is detected in the HA2 of typical black
soil after the non-tillage technology, due to the formation of inert humus substances. Subject
to the fact that the general shape of the ESR spectrum's line is not affected by the soil
treatment intensity, and differs only by the spectrum intensity (Fig. 3), we can conclude that
paramagnetic centers of the same structure (one type of paramagnetic centers) in the HA2
tested samples are formed. For example such a structure can be represented by paramagnetic
centers formed by complexes with paramagnetic metals of intermediate group. It may be
(Fe’"), since it is known that at room temperature the ESR signal of Fe*" is not detected [23].

The broad line in ESR spectrum of humic acids with g-factor of 2.0023 is associated with
the paramagnetic centers, which are represented by complexes with paramagnetic metals. It is
known that paramagnetic Fe** refers to groups with the electron configuration of the ions that
are in the S-state (spin moment of 6 (5/2) for Fe’" and Mn”") [23, 24]. In the above ions, the
orbital angular momentum is zero, so the main levels in the crystal lattice should not be split,
but the paramagnetic activity is shown. S-state ions in the complexes have the g-factor close
to the value of unpaired electron (2.0023) that is found in the spectra [23]. Thus, a broad ESR
line of the HA2 with the g-factor of the free unpaired electron clearly corresponds to the "non-
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free" unpaired electron in chelate complex with the ion Fe’". Aromatic systems of humic
acids are represented by different cyclic structures with the oxygen-containing functional
groups, the spatial configuration forming various complexes due chelate (and macrocyclic)
effects. Complexity of the organization of supramolecular structure increases the stability and
multifunctional properties of paramagnetic complexes and of the entire supramolecular
structure [24].

We have proposed a generalized structure scheme of the chelate supramolecular complex
of the HA2 (Fig. 5) subject to the data obtained by the UV, FTIR, and ESR spectroscopy.
Configuration of the supramolecular structure is also stabilized by the hydrogen bonds (like a

dative bond), and the latter may be united in cooperative paramagnetic clusters in the HA2
[27-29].

Fig. 5. Scheme of the fragment of supramolecular structure of HA2 from the black soil tillage by plowing,
including the cooperative cyclic interaction with Fe*" ions also stabilized by H-bond.

The ESR spectra of the HA2 isolated from the black soil after plowing tillage have the
highest intensity of signal (Fig. 4), due to a high content of paramagnetic centers represented
by paramagnetic chelate complexes with Fe’". In the aromatic system Fe’ chelate, the
complexes are formed owing to oxygen-containing groups due to the -electrostatic
interactions. In the macroscopic approach, such complexes can be regarded as a cluster
structures with cyclic delocalized cooperative interactions because the electron-donor-
acceptor interactions with the formation of Fe’" complexes [24, 25-27] are observed in the
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HA2. Such complexes are paramagnetic due to overlap of the electron clouds of the
paramagnetic ion and ligands of m-aromatics system and the unpaired electron can move
throughout the system of double bonds of the complex [26-28].

The demonstrated intense mineralization after plowing of the typical black soil is
accompanied by a more active formation of the so-called "immature" humic formation of
associates of low molecular weight complex structure in the soil [5, 21]. This process is
connected with emergence of paramagnetic complexes with Fe’” in the HA2. Presumably,
subject to changes of external conditions (for example, redox potential), the supramolecular
complexes can dissociate into low molecular weight compounds [29, 30], especially in the
root zone of plants (rhizosphere) due to the plant exudation [6, 21]. It is known that in
rhizosphere, the biofermentation activity varies, which fact consequently impacts the
metabolic redox processes and pH, causing a change of the valence of the metals of the
intermediate group, in this case, of ions of Fe’™ into Fe’", with the intensification of
mechanical processing the soil, thereby affecting the physicochemical properties of the soil
[1,2,19,20].

CONCLUSIONS

It has been found that the methods of tillage of the typical black soil affect the
redistribution and content of agronomically valuable fractions of the HA1 and the HA2 in the
soil. Such effect is connected with the change of microbial and enzymatic activity in the soil
microbial community. It is shown that an increase in the tillage intensity causes a reduction in
the overall carbon content in the typical black soil and a decrease of the HA2 content through
a shift of equilibrium between the humus synthesis and decay in the direction of humus
degradation (mineralization). It is found that direct seeding results in low content of the HA1
and high content of the HA2 in the soil, testifying to formation of inerter humus in the soil,
and affecting fertility of the soil.

It is shown that the intense absorption of the HA2 in the near-UV region is due to the
active electron mobility in the n-n* electronic system of double bonds of the aromatic system,
caused by formation of the complexes with metals of the intermediate group. The HA2 that
are isolated from the black soil after plowing are characterized by the most intense absorption
in the UV area. It is shown that direct seeding gives rise to a lower diversity in the structural
and functional elements of the HA2. It is found that the soil disking increases the content of
aliphatic elements in the HA2 by reducing the mineralization process. It is proved that the
highest content of the metal-oxygen-containing groups in the HA2 of the typical black soil is
observed after intensive tillage. It is demonstrated that the broad line of the ESR spectrum of
the HA2 corresponds to a paramagnetic chelate complexes with Fe**. It has been revealed that
plowing provides an intramolecular rearrangement in aromatic system of the HA2, as
evidenced by the increase in number of the paramagnetic Fe’" complexes.
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XPOHIKA

HAM’ATI €EBI'EHA OJIEKCAH/IPOBHYA I'OP/JJIEHKA

. I"eniii — rune,
'\ﬁ:"ﬂ ?‘ AJIG‘SaJII/IIJ_IaIOTBCSI TCHU.
- B moilt qymni — qyma IlleByenka,

I'eH 11e He 3a1ICHEHOrO BUMHKA. . .

€eeen I'opoienko

10 uepBHsa 2015 poxky mimIOB i3 XHUTTS
BIIOMHIl YYEHH, MEJaror, 4ieH-KOPECIOHIACHT
HAH VYkpaian, goktop O10JOTIYHUX HAYK,
npodecop €pren Onekcanapouu [ opaieHKO.
He cramo wmyapoi TanaHOBUTOI JIOJAMHU 3
OypXJIMBOIO €HEpri€ro, J0O0B’I0 10 KUTTS B
yCix ioro MposiBax, BEITNYE3HOIO
Mpale3JaTHICTI0O Ta HEBHYEPIIHUM  3aracoM
HAYKOBUX ileW, SKMMH BiH LIEIpO IIIUBCA 3
yuHssMH Ta Koseramu. lle Oyrna pi3HOOIUHO
o0japoBaHa JIOJUHA 31 IMUPHM CepIeM, sKa
MOTJia JIOCSATTH ycmixy B Oyab-skiii mapuni. Ta
€Bren OsiekcaHIpoOBHY BUOpaB HayKy, a came
610(i3uKy.

[Micns  3akiHueHHs  pagiodizmyHOro  (hakymbTeTy  XapKiBCBKOTO  JIEPKABHOTO
YHIBEPCUTETY 3a CHELialbHICTIO «Oiodizuka» €BreH OnexkcaHIpOBUY MOCTIHHO MPALIOBAaB B
[HcTuTyTI IpoGiiem kpiobionorii 1 kpiomeauuuau HAH Ykpainu 3 gaciB #ioro 3acHyBaHHS B
1972 pomi. 3 1995 mo 2011 poky BiH OyB 3aBigyBaueM OJHOTO 3 KIIOYOBUX BiJIILTIB
IHCTHTYTYy — BiAIuTy HU3BKOTEMIepaTypHOTro KoHcepByBaHHs. Y 2011 porui [opaienko €.0.
OyB oOpanuil 3acTynmHukoM nupekropa 3 HaykoBoi pobotu IITKiK HAH VYkpainu. 3 1998
poky €Bren Omekcanaposud OyB mpodecopom kKadeapu 6Oiodizukn XapKiBCHKOTO
HaIlloHanpHOTO yHiBepcuteTy imeHi B.H. Kapasina 1 o4omiroBaB ii mpoTsIroM OCTaHHIX TPhOX
POKIB.

I'opaienko €.0. 06yB npodecopoM MiKHaApoAHOT Kadeapu Kpiobionorii i KpioMeIUIHH,
3acHoBanoi 1998 poxy IOHECKO Tta HAH Vkpaiam 3 MeETO MiArOTOBKH
BHUCOKOKBai(hiKOBaHUX KaApiB 13 LUX CIeliaJbHOCTEH y CBITOBOMY MacmiTabi. Bin mae
noHaa 170 HayKOBHX APYKOBAaHUX TIpallb, sIKi OMyOJIIKOBaHI y BITUM3HSHUX 1 3aKOPIOHHHUX
BUJAHHAX, Y TOMY YHUCIi Tpu MoHorpadii, miapyuynuk aus BH3 1 10 nmaTteHTiB Ha BUHAXOH.
[Tin kepiBHUIITBOM €BreHa OekcaHAPOBUYA 3aXHINECHO 9 KaHIUIATCHKUX JHCEPTAIIHHHX
poOiT, BiH OyB HAYKOBHM KOHCYJIBTAaHTOM 4-X JOKTOPCHKUX aucepTaiiil. [Ipotsrom 6aratrox
pokiB €.0. 'opaieHKo yCHIITHO TO€IHYBaB HAYKOBY Ta BUKJIANAIBKY AiIsTBHICTD HA Kadeapi
OionoriyHoi 1 Menu4Hoi (i3uku XapKiBCHKOTO HAIIOHATBHOTO YHIBEPCUTETY I1MEHi
B.H. Kapazina. 3a Barommii BHECOK Yy pO3BHTOK BiTum3HsHOI Hayku €.0.[opuieHko
HaropoukeHu# BiazHakoro HAH Vkpainu «3a npodeciiiHi 3100y TKI».

VY moni HaykoBux iHTepeciB €.0. ['opunienka nepedyBanu GyHIaMEHTAIBHI JOCITIKSHHS
B Taly3i KpioOioyorii sIKk OCHOBHU AJIsl MPHUKIATHUX PO3POOOK, SKI MAIOTh BaXKJIUBE 3HAYCHHS
JUTSL KJTIHIYHOT PAaKTUKX W HApOJHOTO TocmoaapcTBa. OCHOBHUM HANPSMKOM HOTO HAyKOBUX
JOCTiIKeHb OyB TEOPETUYHHM aHai3 Ta eKCIepUMEHTAIbHE BUBYCHHS IPUYUH 1 MEXaHI3MIB
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KPIOMOIIKO/DKEHHS W KpI103aXHWCTy KIITHH 3 METOI PO3pOOKHM HOBUX 1 YIOCKOHAICHHS
ICHYIOUHMX TEXHOJIOTi! JOBrOTPUBAIOT0 30epeXeHHs 010710TTYHIX 00’ €KTIB Y KUTTE€3JATHOMY
crani. ['opmierko €.0. MaB rMOOKI 3HAHHS B PI3HUX rajy3sx Oiosorii, ¢i3uku, Ximii i
MEAWIMHH, CIIUPAIOYHNCh HA SKi YCHINIHO BHPINIYBAaB CKIAAHI MDKIMCUIUIUIIHAPHI 3aBIaHHS
kpio6iosorii. I'opmieakom €.0. cTBOpeHI OpUTIHAIBHI MOJEII SIBUI TiMep- 1 TIMOTOHIYHOTO
JI3UCY, TEMIIEPATypHOTO LIOKY, MOCTTINEPTOHIYHOIO KPioreMouisy, eleKTponopanii KIiTHH,
MIPOIIECIB TPAHCMEMOPAHHOTO MAaCOIIEPEHOCY Ta JIATePaTbHOTO TEPEePO3MOALTY KOMIIOHEHTIB
KIITUHHOI MeMOpaHM Ha pI3HHMX eTamax IMKIY HHU3bKOTEMIIEPaTypHOTO0 KOHCEpPBYBAaHHS
KIITUHHHUX CycreH3id. HuM cTBopeHa KiJIbKicHa MOJIeNTb KPIOTIOMIKOKEHHS KIIITHH Ha eTarri
KpUCTamizamii 1 TOOYIOBaHWA aJrOPUTM OIIIHKA 3HAYCHHS ONTUMATbHOI IIBHIKOCTI
OXOJIOJKEHHSI CyCHeH31i KIITHH Ha eTami i kpucramizamii. Bin OyB omHuUM 3 iHIIIATOPIB 1
OCHOBHMX BUKOHABIIIB (DyHJIaMEHTAIbHHUX JOCIHI/PKEHB B Taly3i Kpio6ioiorii, 10 cCrpsMOBaHi
Ha CIPOIICHHS Ta 3/CIICBICHHS TEXHOJOTIH KPIOKOHCEPBYBaHHS Ta JIOBrOCTPOKOBOTO
30epekeHHsT (PYHKIIIOHATHHOI MOBHOIIIHHOCTI 01000’€KTiB PI3HOTO TMOXOKCHHS, 30KpeMa
MIKpOOPTaHi3MiB, PENPOIYKTUBHUX Ta IMyHOKOMIIETEHTHUX KJIITHH.

Il'opaienko €.0. edexkTuBHO MO€AHYBaB (yHIAMEHTANbHI JOCHIHKEHHS 3 BUPILICHHAM
NpPUKIAAHUX 3a7ad  KpioOionorii. Y #oro poOoTax TEOPETHYHO OOTpyHTOBAHUN Ta
EKCIePUMEHTAIBHO MIATBEPUKCHUH HOBHMU MIAXiJ A0 PO3B’sA3aHHSA NpoOJIeMH ONTUMI3awii
YMOB 3aMOpOXXYBaHHS O10JIOTIYHUX O0O0’€KTIB TOPIBHSHO BETUKHX po3MipiB. OmHUM 3
NPUKIAJHUX HANPSIMKIB pOOOTH BiJAlTY, SKHMM BiH KEpyBaB, € 3aCTOCYBaHHS KpPiOT€HHHUX
METO/IB ISl JIIKyBaHHS 3aXBOPIOBaHb NUTONOI0HOT 3a71031. BiH npuiiMaB akTUBHY y4acThb y
CTBOPEHHI EKCIEPUMEHTAJIBHOIO 3pa3ka KpioOaHKy KpoBi Jis oOONacHUX CTaHLIN
NepeTMBaHHs KpOBI YKpaiHH.

€Brena OnekcanapoBuua OiNbIIe HEMae MOpsA] 3 HaMM, ane HOro HaykoBi inei, Horo
Xapu3Ma Ta CMUIMBICT, Ha JOpO31 Mi3HAHHS IIe JOBro OyIyTh MIATPUMYBATH HAc Ha
HEJIETKOMY LUIAXY HAyKH.

...I'y yacu GypemHi Ta BaxKi
3aBxau Oyiu 1 OyayTh BaTaXKH,
Ski y HIDKHIX

TOYKaX KpU3U

I3 kpicen HIKHHUX

BCTAIOTh HA PU3HK. ..

€eeen I'opoienko

Hpy3i, Koyiery, y4Hi
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