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Background: Minor groove binding is a rate-limiting step in proflavine-DNA intercalation reaction. This
step is believed also to be responsible for the sequence-dependent kinetics of proflavine binding to DNA.
At the same time, most studies are focused on the final stage of the reaction — the intercalation complex,
and there is a lack of data concerning the structure and stability of proflavine-DNA minor groove-bound
complexes.

Objectives: The objective of this study was to investigate the stability of proflavine minor groove-bound
complexes with DNA oligonucleotides of different sequence by molecular dynamics simulation and to
analyze the DNA conformational changes caused by the proflavine binding.

Materials and methods: The molecular dynamics simulations of proflavine minor groove-bound
complexes with poly(dA)-poly(dT) and poly(dCG)-poly(dCG) oligonucleotides of 30 bp length were done
in program package AMBERI12 with explicit water (SPC/E) and ions (NaCl 0.15 M) using force fields
FF14SB for DNA and GAFF for ligand. The starting configurations of complexes were obtained by
docking method in AutoDock 3.05. After multi-stage equilibration protocol, each system was simulated at
T=300 K and p=1 bar for a 50 ns production phase. Then trajectories were post-processed in
AMBERTo00ls17 and VMD-1.9.3 packages.

Results: Our simulations confirm that proflavine-DNA minor groove-bound complexes are stable in the
50 ns time range but there are some structural rearrangements in them with respect to the initial
structures. The narrowing of the DNA minor groove is observed in the proflavine binding site. In
proflavine-poly(dCG)-poly(dCG) complex it is more pronounced and is accompanied by the BI/BII
transitions in DNA and the reorientation of ligand. In proflavine-poly(dA)-poly(dT) complex the specific
intermolecular hydrogen bonds are formed, which are optimized by the changes in opening and propeller
twisting of involved AT-base pairs. Complexes are stabilized by the van der Waals and hydrophobic
interactions, which are more favorable in the proflavine-poly(dA)-poly(dT) complex.

Conclusions: Our results show that the binding of proflavine to a minor groove of DNA induces the
conformational changes in the DNA that are important for the resulting complex stability.

KEY WORDS: proflavine; DNA oligonucleotide; minor groove-bound complex; molecular dynamics
simulation; induced fit mechanism; minor groove narrowing; BI/BII transitions.

BUKJIMKAHI JIITAHIOM KOH®OPMAIIIIHI 3MIHU JHK B KOMIIVIEKCAX
MNPODJIABIHY I10 TUITY 3B’SI3YBAHHSA B MAJIOMY KOJIOBKY, JOCJIIKEHI 3A
JAOIIOMOI'OIO MOJIEKYJIAPHO-IMHAMIYHOI'O MOJAEJTIOBAHHS
K.B. Mipomnnuenxo', I'.B. Illecronanosa'’

! Inemumym padiogpizuxu ma enexmponixu in. O.A. Yeuxosa HAH Yipainu,
eyn. Ax. Ilpockypu, 12, Xapkis, 61085, Vxpaina
Xapriecekuii Hayionanbruii yrisepcumem in. B.H. Kapasina, ni. Ceo6odu, 4, Xapxis, 61022, Ykpaina

AxTyanbHicTh. 3B’s3yBaHHS mpoduiaBiHy B Maiiomy xonobOky JIHK — me cranis, mo oOmexye
MIBUAKICTh peakuii iHTepkamsuii. BBaxkaloTh Takox, IO I cTalis peakiii BiANOBIZae 3a 3aJEXKHICTH
KiHEeTHKH 3B’s3yBaHHA npoduasiny 3 JHK Big mocmimoBHOCTI. BimbmiicTe mocmimkeHb OpieHTOBaHI Ha
(iHaMBHY CTail0 peakiii — IHTepKAALIAHUA KOMIUIEKC, TOMY Opakye OaHWX IIOMO CTPYKTYpH Ta
cTabUTPHOCTI KOMILIEKCIB podaBiny B Mangomy xonooky JJHK.

© Miroshnychenko K.V., Shestopalova A.V., 2019



K.V. Miroshnychenko, A.V. Shestopalova

Meta po6oTn. MeTor0 HaHOTO AOCIHIIKEHHS OyJIO BHBYCHHS CTAOUTFHOCTI KOMIUIEKCIB Mpo(iaBiHy B
MaloMy >KoJIOOKy odxirorykieotuniB JHK pi3HOI HOCTIIOBHOCTI 3a JOIMOMOTOI MOJIEKYIISPHO-
JUHAMIYHOTO MOJENIOBaHHS Ta aHami3 KoHpopmamiiHux 3miH [IHK, BuxiMKkaHUX 3B’S3yBaHHIM
npoduiaBiHy.

Matepianm Ta MeToaH. MONEKYIAPHO-IMHAMIYHE MOJICNIOBAHHS KOMIUIEKCIB TpoQuiaBiHy 3
onironykieotunamu poly(dA)-poly(dT) ta poly(dCG)-poly(dCG), nosxunoro 30 1.0., Oyjo npoBejcHE B
nporpamaomy maketri AMBERI12 3 sBHuM ypaxysanusm Boau (SPC/E) ta ioniB (NaCl 0.15 M) 3
Bukopuctanusam cwioBux noyiB FF14SB mms JIHK ta GAFF mis miranmy. CraproBi koHGIiryparii
KOMIUIEKCiB Oynu orTpmmMaHi MeTomoMm nokiHry B AutoDock 3.05. Ilicnms GaraToeTamHOro MpPOTOKOIY
BPIBHOBaXXCHHS, NPOIYKIliiiHa (ha3a MOJEIOBaHHS JUII KOXKHOI cucTeMH craHoBmiaa 50 HC 3a yMOBH
T=300 K i p=1 Gap. AHami3 Tpaekropiii mpoBoauscsi 3a pomomororo mnakeriB AMBERTools17 Ta
VMD-1.9.3.

Pe3yabTaTn. Pe3ybraTi MOJIEIIOBaHHS CBiT9aTh, 0 KOMILICKCH IpodaaBiHy B MayioMy x0100ky JJHK
€ CTabiIbHUMHU B 4acoBOMY iHTepBam 50 HC, OJHAaK y MOPIBHSHHI 31 CTAPTOBUMH CTPYKTYpaMH € JesKi
CTPYKTYpHI 3MiHHM. B Mmichi 3B’s3yBaHHS mpoduiaBiHy BiaOyBaeThCsl 3BY>KeHHS mManoro »oinooky JIHK.
Bono € Ounbin BupakeHHM y Komiuiekci npoduaBiny 3 poly(dCG)-poly(dCG) i cynpoBOmKy€EThCS
nepexomxamu BI/BII 8 IHK Ta mepeopienTamiero giranmy. B kommiekci nmpodurasiny 3 poly(dA)-poly(dT)
YTBOPIOIOTHCSL crienu(ivuHi MDKMOJIEKYJSpHI BOAHEBI 3B’SI3KM, 110 ONTHMI3YIOTBCS 4Yepe3 3MiHy
napaMeTpiB orneHiHr Ta mponenep 3axisHux AT-map. Crabimizaiis KOMIUICKCIB BiOyBaeThCs 3aBISKH
BaH-JIeP-BaaJIbCOBUM Ta TiAPO(GOOHUM B3a€EMOISIM, 110 € OUIBII BUTIIHUMH B KOMIUICKCI IPOQJIIaBiHy 3
poly(dA)-poly(dT).

BucHoBkn. Hami pe3ynbpraTé BKasylOTh Ha Te, MO 3B’s3yBaHHSA MPOQUIaBiHYy B MaJOMY JKOJOOKY
3ammyckae koHpopmMamnirHi 3mMiHn B JIHK 3a MexaHi3MOM iHIYKOBaHOI BiJIOBiTHOCTI, IO € Ba)XITUBUMH
JUTSL CTaO1TBHOCTI KIHIIEBOTO KOMILICKCY.

KJUIIOYOBI CJIOBA:npoduasin; onironykieorun JJHK; kommekc B ManoMy 0I00Ky; MOJIEKYIJISIPHO-THHAMIYHE
MOJICIIOBAHHS; MEXaHi3M IHIYKOBaHOI BiJIIOBIJHOCTI; 3By>KEHHsI Majoro »x05100ky; BI/BII nepexou.

BBI3BAHHBIE JIMT'TAHIOM KOH®OPMALNMOHHBIE UBMEHEHUSA THK B
KOMIIVIEKCAX ITPO®JIABHUHA 110 TUITY CBA3BIBAHUS B MAJIOM KEJIOBKE,
HUCCIEJOBAHHBIE C ITIOMOLBIO MOJIEKYJAPHO-AUHAMUYECKOT' O
MOJEJIMPOBAHUA
E.B. anom}mqemco', A.B. lllecronanosa'?

! Hnemumym paouousuiu u snexkmponuxu um. AA. Yeuxosa HAH Yipaunwt,
ya. Ax. IIpockyput, 12, Xapvkos, 61085, Ykpauna
Xapuvrosckuii nayuonanshbiii ynusepcumem um. B.H. Kapasuna, nn. Ceo60061, 4, Xapwkos, 61022, Yipauna

AxTyanabHocTh. CBs3piBaHHe TpoduaBuHa B MaiioM xenodke JJTHK — 3to cragms, orpaHmdmBaromias
CKOpPOCTh PEaKIHU WHTepKAIAINU. CUUTAIOT TaK)Ke, 9TO 3Ta CTaIs OTBEYAET 33 3aBHCUMOCTh KHHETHKH
ces3piBanus  mpodmaBuHa ¢ JIHK or  mociemoBaTeNnbHOCTH.  BONBIIMHCTBO — HMCCIeIOBAaHUM
OpPHEHTHPOBAHBI HAa (PHHAIBHYIO CTaIUI0 PEAKINN —MHTEPKAJSIIMOHHBIN KOMIUIEKC, IOATOMY HE XBaTaeT
JIAHHBIX O CTPYKTYpPE ¥ CTaOMIbHOCTH KOMIUIEKCOB npodJiaBuHa B MasioM xesooke JJHK.

Hean paGoTel. 3amavell qaHHOW pabOTHI OBUIO M3y4YCHHE CTAOMJIBHOCTH KOMILICKCOB MpodiaBrHA B
MaJsioM JkenoOke onuronykieotunoB JJHK pa3Hoil mociienoBaTenbHOCTH C HOMOIIBIO MOJIEKYJISIPHO-
JMUHAMAYECKOTO MOJCITUPOBaHUS U aHaium3 KoH(opMarmoHHbXx u3MeHeHnd JIHK, BbI3BaHHBIX
CBsI3BIBAaHHEM MPO(dIaBHHA.

Martepuaidbpl H MeTOABI. MOJICKYIIIPHO-TUHAMUYIECKOE MOJICIHPOBAHUE KOMIUIEKCOB MpO(IaBHHA C
omuronykieotanamu poly(dA)-poly(dT) u poly(dCG)-poly(dCG), amuroit 30 m.0., OBUIO MPOBEICHO B
nakere AMBERI2 ¢ sBabiM ydetoM Boasl (SPC/E) m wmonoB (NaCl 0.15 M) mpu HCHOJIB30BaHUH
cunoBbiX nonei FF14SB misa [IHK u GAFF ans nmuranga. CtapToBble KOHPHUTYPAIUKA KOMITIEKCOB OBLITH
moJiydeHbl MetofoM nokuHra B AutoDock 3.05. Tlocne ypaBHOBemMBaHUWS, MPOAYKIMOHHas (Hasza
MOJIETTUPOBaHUs s Kaxkmoi cuctemsbl coctaBisuia 50 He npu T=300 K u p=1 6ap. AHanm3 TpaekTopHit
MPOBOAMIICS ¢ TIoMOIbI0 maketoB AMBERTo0ls17 1 VMD-1.9.3.

PesyabTaThl. [TonydeHo, 4To KoMIUIEKCH podiiaBuHa B MaioM xenooke JJHK sBnstoTcs crabuabHbIME
BO BpeMeHHOM uHTepBaie 50 HC, HO €CTb HEKOTOpblE CTPYKTYPHbIE HM3MEHEHHS IO CPaBHEHHUIO C
HaYalbHBIMH KOH(QUrypanusMud. B Mecte CBs3bIBaHHSA MpOQUIaBUHA TPOUCXOAHUT CYXKCHHUE MAlIOTO
xkemodka JIHK. Owno Oomee BoIpaxkeHo B Komiwiekce mpodiaBuHa ¢ poly(dCG)-poly(dCG) wu
compoBoxaaercs nepexomxamu BI/BII 8 THK u nepeopuenTanueii muranga. B kommiekce npoduaBuna ¢
poly(dA)-poly(dT) oOpasyrorcs crenuduyeckue MEXMOJEKYIIpHbIE BOJIOPOJHBIC CBSI3H, KOTOPBIC
ONITUMHU3UPYIOTCA 33 CYET M3MEHEHHUS IapaMeTpoB OIEHUHT W Iporeiviep 3aaeicTBoBaHHBIX AT-map.
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Crabunm3anuss KOMIUIEKCOB — IIPOHMCXOAWT  Ojaromaps BaH-IEP-BaallbCOBBIM W THAPO(POOHBIM
B3aUMOJCHCTBUSAM, KOTOphIe OoJjiee BHITOAHBI B KOMILIEKce mpoduiaBuHa ¢ poly(dA)-poly(dT).

BoiBoabl. Hamm pe3ynbTaThl yKa3bIBalOT Ha TO, YTO CBS3bIBaHHME NpOQIaBHHA B MallOM KeJIoOKe
3amyckaeT KoHdopmanuonHsle u3MeHeHuns B JIHK mo MexaHmsMy WHAYIIMPOBAaHHOTO COOTBETCTBHS,
KOTOPBIE SBIISIOTCS BAKHBIMH JUISI CTA0OMIIBHOCTH KOHEYHOT'O KOMILIEKCa.

KJ/IIOUYEBBIE CJIOBA:mpodnasun; omuronyxineornn JHK; kommiekc B MaioMm »eloOke; MOJEKYJSIPHO-
JAHAMUYECKOC MOJCIMPOBAHUC, MEXAHW3M HHAYHHUPOBAHHOI'O COOTBETCTBHSA, CYXCHUE MaJIOro )Ken061<a; BI/BH
HEepPeXOIbl.

Proflavine (PF) (Fig. 1) is a small aromatic molecule that is known to exert antibacterial
and mutagenic properties due to its interaction with DNA [1]. Depending on drug-DNA
concentration, two binding modes are observed for PF: the strong binding of individual PF
molecules to DNA at low drug-DNA ratios and weak binding of PF aggregates to DNA at
high drug-DNA ratios [2]. To explain the strong binding of PF to DNA, an intercalation
model was proposed by Lerman [3], according to which the planar drug is inserted between
the base pairs into the DNA double helix with drug plane being perpendicular to the helix axis
and long axis of the drug chromophore being almost parallel to the long axis of the base pair.
This model became generally accepted due to the large number of experimental facts
supporting it [3-6]. Later the X-ray structures of PF complexes with dinucleoside
monophosphates [7-9] and short DNA duplex [10] were resolved also confirming the Lerman
intercalation model.

X

NH NH

8~
|

H

Fig. 1. The structural formula of proflavine.

Despite the overall agreement on the structure of PF-DNA intercalation complex, the
mechanism of the intercalation reaction has been controversial. Early kinetic studies on strong
PF binding to calf-thymus DNA, performed by Li [11] using joule-heating temperature-jump
method with absorption detection, revealed two relaxation times in sub-millisecond and
millisecond range with different dependence on concentration. The two-step scheme of the
reaction was proposed: the strong outside-bound complex is formed between the PF and DNA
on the first stage and the intercalation complex is formed on the second stage (Scheme 1). The
absorption spectrum of the outside-bound complex was similar to that of the intercalation
complex, implying that there was at least a partial overlap of bases with PF in the outside-
bound complex.

PF + DNAE=2 (PF),, 2= (PF), (1)

The subsequent investigations showed that the kinetics of the PF intercalation reaction
depends strongly on the DNA base composition [12, 13]. Using joule-heating temperature-
jump method with fluorescence detection, Ramstein found that there was only one relaxation
time in the relaxation signal of PF-poly[d(GC)] system, and the inverse of the relaxation time
varied linearly with concentration [13]. He suggested a single-step reaction for binding of PF
to poly[d(GC)] and the resulting complex was interpreted as a strong outside-bound complex
(Scheme 2). For the PF-poly[d(AT)] system also only one relaxation time was found, though
its inverse leveled off at high phosphate concentration, and the two-step mechanism of the
reaction proposed by Li was found to be appropriate (Scheme 3). An additional slower
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relaxation time independent on concentration was seen for the interaction of PF with natural
DNAs. Ramstein supposed that it was due to the PF exchange between GC- and AT-sites,
having different kinetics of dye binding.

ky N
(GC) +PF <T (PF)out str (2)
(AT) + PFe==(PF),,, = (PF), 3)

Later, the kinetics of PF binding to DNA was reinvestigated by Marcandalli using iodine-
laser temperature-jump technique with absorption [14] and fluorescence detection [15]. One
relaxation time was detected regardless of the choice of the method used. The dependence of
reciprocal relaxation time on DNA concentration was linear in the case of GC-rich DNA and
tended to a plateau at high DNA concentrations for AT-rich DNA. To explain the results
Marcandalli suggested that there were two types of sites in DNA: B; sites(connected to GC-
pairs) and B, sites (connected to AT-pairs). But unlike Ramstein, he proposed two-step
mechanism of the reaction for both sites, and the complex formed at the final stage of the
reaction was believed to be of intercalation type in both cases (Scheme 4, 5). The complexes
formed on the first stage, E and E', were rapidly formed outside-bound complexes, but in
contrast to the outside-bound complex from the Li scheme [11], these complexes were
spectrophotometrically similar to free dye molecules, implying that they were water-solvated
and there was no direct overlap of PF with DNA bases in them. Marcandalli showed that the
magnitude of K.B; (K¢ is the equilibrium constant of the first step of the reaction (Scheme 4,
5), Bi — number of corresponding sites) determined the dependence of reciprocal relaxation
time on DNA concentration. In the case of GC-rich DNA the outside-bound complex of PF
was weak resulting in linear concentration dependence. For the AT-rich DNA strong outside-
bound complex was formed between PF and DNA, which led to the leveling off of reciprocal
relaxation time at high DNA concentrations and slower intercalation compared to the GC-
sites. Marcandalli assumed that the greater stability of the outside-bound complex of PF with
AT-rich DNA could be due to the hydrogen bonding of PF with purine N3 and pyrimidine O2
atoms in the minor groove of DNA. The N2 amino group of guanine protruding into the
minor groove would interfere such interactions causing the weaker outside binding of PF with
GC-rich DNA.

PF+B c==Ez

—D (4)

PF+B, = E'

=3 )

Nowadays the detailed picture of drug-DNA interactions at the atomic level can be
obtained using computer simulation methods. Most of the computational studies of PF-DNA
interactions considered the final stage of the reaction — the intercalation complex [16-21]. The
outside binding of PF was modeled in the pioneering works as a hydrogen bonding to
phosphate group [22], based on the 3:2 PF-CpG structure of Berman [8], or as an incomplete
intercalation from the minor groove side [23]. To the best of our knowledge, the first
modeling study that investigated the outside-bound complex of PF with DNA oligomer was
done by Sasikala [24]. Using metadynamics method he studied the dissociation of PF from
the minor groove-bound state and with appropriate configurational restraint managed to
achieve the intercalation of PF from the minor groove-bound state. In the subsequent work of
Sasikala, the intercalation of PF from the major groove-bound state was achieved and the
processes of intercalation, de-intercalation and dissociation of PF from both grooves of DNA
were compared [25]. It was found that the intercalation and de-intercalation of PF proceeded
through the major groove side but the timescale of the intercalation reaction was determined
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by the stable pre-intercalative minor groove-bound state. According to Sasikala, the binding
of PF to DNA can be described by the following scheme: first, drug forms quickly (in a
nanosecond range) groove-bound states with the population of the minor groove-bound state
being higher due to its greater stability (compared to the major groove-bound state), but the
direct intercalation from the minor groove-bound state is extremely slow due to the high
energy barrier, therefore drug dissociates from the minor groove-bound state in a millisecond
range and forms the intercalation complex from the major groove side (Scheme 6).
k k K
(PF),,, &= PF + DNAe—=(PF),,, &= (PF), 6)

Recently the outside-binding of multiple PF molecules to DNA was simulated by
Sasikala [26]. The formation of PF aggregates around DNA in nanosecond range was
observed. Aggregates were seen mostly in the major groove of DNA, though a few stacks of
PF molecules in the minor groove of DNA were also found. Due to the low phosphate to dye
ratio (P/D=1) used in that study, the simulated process can be attributed to the weak binding
of PF to DNA. It would be interesting though to investigate the strong monomeric minor
groove binding of PF in more detail. There is a lack of simulation data on minor groove
binding of PF to different DNA sequences. At the same time, there is multiple experimental
evidence that the kinetics of PF binding to DNA depends on the DNA composition [12, 13,
15], and the analysis of literature suggests that it is the minor groove-bound state of PF that is
responsible for the timescale of the reaction and the sequence-dependent kinetics [15, 25].

Previously we used molecular docking method to obtain the minor groove-bound (MGB)
complexes of PF with DNA oligonucleotides of different sequence built according to the X-
ray fiber data [27]. Depending on the geometry of the minor groove of DNA, two types of PF
MGB complexes were observed. For DNA-targets with narrow minor groove (mostly
poly(dA)-poly(dT) sequences), the strong MGB complex of PF was formed: its energy was
comparable or even more favorable than that of the intercalation complex of PF. In this type
of MGB complex, the PF chromophore was laying along the groove and its amino groups
were participating in hydrogen bonding with DNA bases. For DNA-targets with wide minor
groove (DNA of GC-composition), the second type of PF MGB complex was obtained: the
PF chromophore was located across the minor groove and its amino groups formed hydrogen
bonds with one of the sugar-phosphate chains. This type of complex was less energetically
favorable than the intercalation complex of PF and the first type of PF MGB complex. The
aim of this study was to investigate the stability of PF MGB complexes formed with DNA
oligonucleotides of different sequence using molecular dynamics (MD) simulation with
explicit solvent and physiological salt concentration and to analyze the DNA conformational
changes caused by the PF binding.

MATERIALS AND METHODS

The DNA oligonucleotides of 30 base pairs long were constructed in the module NAB of
AMBERTo0ls17 [28] or program FIBER of 3DNA package [29]. The protonated form of PF
molecule was optimized at the B3LYP/6-31G* level in the Gaussian 03 software [30], and the
RESP atomic charges were calculated at the HF/6-31G* level of theory using RED III
package [31]. The structures of PF MGB complexes were obtained by molecular docking
method in the AutoDock 3.05 package [32] using Lamarckian genetic algorithm with the
following parameters: the size of population = 150 individuals, the maximum number of
energy evaluations = 107, the maximum number of generations = 27000. The Kollman partial
atomic charges were used for DNA-targets and the RESP atomic charges — for PF molecule
during docking procedure. All hydrogen atoms in the structures of target and ligand were
considered explicitly and treated as non-polar. Under these conditions the NDB structures of
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PF complexes with dinucleoside monophosphates (NDB codes: ddb009, ddb033, ddb034,
drb008, drd004 [33]) were well reproduced in test re-docking calculations. The docking
search space was confined by the grid box of 70x70x70 points centered at the fifteenth step of
the DNA oligonucleotide with distance between adjacent grid points equal to 0.375A. 100
dockings were performed for each DNA-target, and the obtained complexes were ranked by
the docking energy and clustered using a tolerance of 1 A. The best cluster containing more
than 10 conformations was used as a starting structure for MD simulations.

The MD simulations were performed for MGB complexes of PF with poly(dA)-poly(dT)
and poly(dCG)-poly(dCG) oligonucleotides, and separately for DNA oligonucleotides and the
PF. The program package AMBERI12 [34] was used with the force fields FF14SB [35] for
DNA and GAFF [36] for PF. Each system was solvated with SPC/E water molecules [37] in a
truncated octahedral box, and periodic boundary conditions were applied. The minimal
distance from solute atoms to the edge of the box was greater than 15 A. The sodium
counterions were used to neutralize the DNA charge, and an additional amount of Na" and CI
ions was added to model the 0.15M concentration of NaCl salt. The Joung parameters for ions
were used [38]. The initial positions of ions were randomized so that there were no ions
within 6 A of solute, and the minimal distance between the ions was greater than 4 A. The
long-range electrostatic interactions were treated using particle-mesh Ewald method [39] with
a direct space cutoff of 9 A. The bonds involving hydrogen were fixed using SHAKE
algorithm [40], and a 2 fs integration step was applied. To equilibrate the system, the multi-
stage protocol was used. First, the positions of water and ions were minimized keeping the
solute fixed with weak restraints (25-20 kcal/(mol-A%). Then the system was heated during
100 ps from 100 to 300 K under constant volume condition and 15 kcal/(mol-A?) restraints on
solute. After that, the restraints on solute atoms were gradually relaxed from 15 to 1
kcal/(mol-A%) during a 5 series of alternating stages of 5000 steps minimization and 50 ps
NPT MD at T =300 K and p = 1 bar. To control the temperature and pressure, the Berendsen
thermostat and barostat [41] were used with a coupling constant of 0.2 ps for both parameters.
The next step was the 50 ps NPT MD with 0.5 kcal/(mol-A?) restraints on solute followed by
the 100 ps unrestrained NPT MD. The last stage of the equilibration protocol was the
unrestrained 1 ns NPT MD at T = 300K and p = 1bar with the coupling constants increased to
5 ps. Then the simulations were extended under the same conditions for a 50 ns production
phase.

The MD trajectories were analyzed using CPPTRAJ module [42] of AmberTools17 [28]
and visualized in VMD-1.9.3 [43]. The hydrogen bonds (HB) were determined using the
geometric criteria: the distance between the HB donor and the HB acceptor should be less
then 3.2 A, and the angle formed by the HB donor, the hydrogen and the HB acceptor should
be greater than 120°. The ion was considered to be located in the minor groove of a DNA
helical step when it was within 3 A of N3 purine or O2 pyrimidine atoms of bases of this
helical step.

The binding free energy estimates were obtained according to the molecular mechanics
Poisson-Boltzmann surface area methodology (MMPBSA) using MMPBSA.py script [44]
from AmberTools17. Under this approach, the binding free energy is calculated as a
difference between the free energy of complex and the sum of the free energies of the
unbound receptor and ligand:

AG,,, = Gcomplex - |:Greceptor + Gligand] . (7)

Each term in this equation can be represented as a sum of three components: the gas
energy, calculated from the force field, the solvation energy and the entropy contribution:

G=E,+G,, -TS (8)

solv
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The solvation free energy can be divided into the polar and non-polar part:
G = Gpol + an . (9)

solv

The polar part of the solvation free energy was calculated by solving nonlinear Poisson-
Boltzmann equation. The ionic strength was set to 0.15 M. The dielectric constants of solute
and solvent were equal to 4 and 80, correspondingly. The ratio between the longest dimension
of the rectangular finite-difference grid and that of the solute was equal to 4.0. The grid
spacing of 0.5 A was used.

The non-polar part of the solvation free energy was estimated as a sum of the repulsive
term related to the formation of the solute-sized cavity in the solvent and the attractive
dispersion term describing the attractive solute-solvent interactions. The repulsive term was
calculated as

G, =p-SAV +c (10)

where SAV — is the molecular volume enclosed by the solvent-accessible surface, p=0.0378
kecal/(mol-A’) — is the solvent pressure parameter, and ¢=-0.5692 kcal/mol. The dispersion
term was computed with a surface-based integration method [45].

Each energy term was calculated as an average over the ensemble of representative
structures taken from the trajectory. Both single and multiple trajectory approaches were used
and compared. We used for the calculation every 10™ frame of the trajectory production phase
(at every 20 ps, 2500 frames total).

The entropy contribution was calculated as a sum of translational, rotational and
vibrational terms using standard statistical mechanics formulas for the rigid rotor harmonic
oscillator ideal gas approximation [46]. Due to the computational cost, the entropy calculation
was done only for a subset of 50 trajectory frames taken at every 1 ns. These frames were
minimized using implicit solvent and then subjected to the normal mode analysis. It took
more that 40 hours on 8-core node (2x Intel® Xeon® CPU 5420) to complete the
minimization and normal mode calculation for 50 frames.

RESULTS AND DISCUSSION
Average MD structures and root-mean-square deviation of PF from the initial position

The starting structures of PF MGB complexes with poly(dA)-poly(dT) and
poly(dCG)-poly(dCG) oligonucleotides obtained by docking method are shown in Fig. 2 (a)
and (b). As one can see, the position of PF in the DNA minor groove is different in these two
complexes. The poly(dA)-poly(dT) oligonucleotide has narrow minor groove, and in complex
with it, the PF chromophore is located along the groove with its protonated ring nitrogen and
amino groups being directed into the groove and making hydrogen bonds with DNA. The
poly(dCG)-poly(dCG) oligonucleotide has wider minor groove compared to the
poly(dA)-poly(dT), and in this case, the PF chromophore is positioned across the groove with
its protonated nitrogen interacting with one of the sugar-phosphate chains.

To estimate the stability of PF MGB complexes in MD simulation, the root-mean-square
deviation (RMSD) of PF heavy atoms with respect to the starting structures was calculated
(the structures were aligned by the 4 base pairs closest to the bound PF) (Fig. 3).From the
RMSD values it follows that the PF MGB complexes are stable in the 50 ns time interval. The
average RMSD value of PF in complex with poly(dA)-poly(dT) is quite small (1.38+0.28 A)
indicating that the structure of the docking complex is well conserved during the MD
trajectory. Indeed, the average MD structure of PF MGB complex with poly(dA)-poly(dT) is
very much alike to the starting structure (Fig. 2 (a) and (c)). On the contrary, the average
RMSD value of PF in complex with poly(dCG)-poly(dCG) is relatively high and equals to
4.09+0.93 A. This means that though the ligand is in close contact with poly(dCG)-poly(dCG)
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during all the trajectory time there are some structural rearrangements in this complex with
respect to the starting structure. Visual inspection of the trajectory reveals that during the MD
simulation the reorientation of ligand takes place that causes the narrowing of the
poly(dCG)-poly(dCG) minor groove in the PF binding site. The chromophore of ligand
becomes located along the groove, like in the complex of PF with poly(dA)-poly(dT), except
that amino groups of PF are directed outside the groove (Fig. 2 (d)). As it is evident from the
time dependence of the RMSD, the reorientation of ligand occurs already at the equilibration
phase (Fig. S1).The different orientation of PF amino groups in the average MD structures of
PF MGB complexes can be explained by the fact that poly(dCG)-poly(dCG) has more shallow
minor groove compared to the poly(dA)-poly(dT) due to the NH,- groups of guanine
protruding into the minor groove.

(c) (d)
Fig. 2. The structures of PF MGB complexes: (a) and (b) starting (docking) structures of PF-poly(dA)-poly(dT)
and PF-poly(dCG)-poly(dCG) complexes, correspondingly; (c) and (d) — average structures obtained from MD
simulation for PF-poly(dA)-poly(dT) and PF-poly(dCG)-poly(dCG) complexes. PF is shown with red color.



13
Ligand-induced DNA conformational changes in proflavine minor groove-bound...

(o]

~

PF-poly(dCG)*poly(dCG)

(9}

u

RMSD, A
iy

w

IIIIIIIFIIIIIII‘I|IIII|IIIIIIIII

N

=

PF-poly(dA)*poly(dT)

0 T T T T | T T T T I T T T T I T T T T I T T T T I

o
=
o
N
o

30 40 50
time, ns

Fig. 3.The RMSD of PF heavy atoms with respect to the starting structures vs simulation time.

Hydrogen bonds

The orientation of PF amino groups affected the formation of intermolecular HB in PF
MGB complexes. There were no intermolecular HB in the PF-poly(dCG)-poly(dCG) complex
during the most part of the simulation time. And in the MD trajectory of PF-
poly(dA)-poly(dT) complex, the average number of HB between the PF and DNA was 1.77.
In Fig. 4, the snapshots from the MD trajectory of the PF-poly(dA)-poly(dT) complex with
depicted intermolecular HB are given. As shown, there are two PF groups, which make HB
with DNA (thymine O2 or adenine N3 atoms) at the same time: the protonated ring nitrogen
and one of the PF amino groups. This observation is in agreement with the prediction of
Marcandalli that strong outer complex with AT-rich DNA is formed only for those acridine
derivatives that have HB donor groups simultaneously in the positions 6 and 10 of the
acridine chromophore [15].

Interactions with solvent and ions

In both PF MGB complexes, water-mediated intermolecular HB (water bridges) were
seen during the MD simulation. The average number of water bridges between the PF and
DNA was equal to 1.2 for the PF-poly(dA)poly(dT) complex and 1.6 for the PF-
poly(dCG)-poly(dCG) complex. The snapshots of the PF MGB complexes with the maximum
observed number of water bridges are shown in Fig. S2. In the PF-poly(dCG)-poly(dCG)
complex, all the PF nitrogens were solvated and could interact via water bridges with DNA.
And in the PF-poly(dA)-poly(dT) complex, only amino-groups of PF were solvated whereas
the protonated ring nitrogen was unavailable to water because it was deeply inserted into the
DNA minor groove and most part of the time participated in direct hydrogen bonding with
DNA. The lifetime of the HB between PF and water molecules was in range 10-20 ps. Due to
the PF-DNA interactions, the total number of water molecules bound via HB to each MGB
complex was ~5 molecules less than the sum of the waters bound via HB to its free
components (Table S1).



14
K.V. Miroshnychenko, A.V. Shestopalova

Fig. 4. Snapshots from the MD-trajectory of PF-poly(dA)-poly(dT) MGB complex with different pattern of
intermolecular HB. PF is shown with red color. HB are shown as black dashed lines. DNA atoms that participate
in hydrogen bonding are labeled.

The intrusion of the PF into the DNA minor groove caused not only the change of the
hydration pattern but also the redistribution of the sodium ions in the DNA minor groove
(Fig. 5). More noticeable changes were seen for the poly(dA)-poly(dT), which had more Na"
ions in its minor groove during the simulation compared to the poly(dCG)-poly(dCG) in line
with other simulation studies [47, 48]. The residence times of Na' ions within the minor
groove of the PF MGB complexes were about one-and-half to two times shorter than that for
the free DNA oligonucleotides.

Helical parameters

To study the structural deformations of DNA caused by the PF minor groove binding, the
helical parameters of DNA in complexes were calculated for every 40 ps of the MD trajectory
(using CPPTRAJ) and compared to the parameters obtained from the MD trajectories of free
DNA oligonucleotides. The most obvious change was the narrowing of the DNA minor
groove in the PF binding site and the neighboring helical steps with respect to the free DNA
oligonucleotides (Fig. 6). The effect was more pronounced for the PF-poly(dCG)-poly(dCG)
MGB complex: the groove narrowing in the PF binding site was up to 2 A compared to the
free DNA oligonucleotide. In complex with poly(dA)-poly(dT), the narrowing of the minor
groove caused by PF was circa 1 A.

A partial widening of the minor groove observed at the initial steps for the
poly(dA)-poly(dT) oligonucleotide both in free state and in complex with PF (Fig. 6) was due
to the fraying of the terminal AT base pair and the subsequent formation of the stacked
noncanonical structure between the terminal thymine and adenine during the MD simulation.
The fraying of the terminal base pairs in MD simulations is a known force field artifact [49].
However, we expect that it slightly affects the final geometry of the PF binding site because
PF was bound in the central part of the 30bp DNA oligonucleotide.

The narrowing of the minor groove was accompanied by the variations of other DNA
helical parameters. The increased twist (overwinding) was found in the PF binding site, which
was partially compensated by unwinding in the adjacent steps (Fig. S3). The changes of other
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helical parameters involved decrease of roll with change of sign from positive to negative,
more positive x-displacement and more positive slide in complex with poly(dCG)-poly(dCG)
(Fig. S4-S6). Those changes are characteristic for BI/BII transitions of DNA backbone that
are caused by coupled changes of dihedral angles ¢ and ¢ from (t,g-) in BI state to (g-,t) in BII
state [50, 51].

—)— PF-poly(dCG)*poly(dCG)
.= —E— poly(dCG)*poly(dCG)

Average number of Na*

0 5 10 15 20 25 30
base pair step number

(a)

—ll— PF-poly(dA)*poly(dT)
—HB— poly(dA)*poly(dT)

Average number of Na*

0 5 10 15 20 25 30
base pair step number

(b)
Fig. 5.The average number of Na" ions in the minor groove of PF-DNA MGB complexes and free DNA
oligonucleotides during the MD simulation: (a) PF-poly(dCG)-poly(dCG) complex, (b) PF-poly(dA)-poly(dT)
complex. The position of the bound PF is shown with horizontal line.

The difference e-¢ is around -90° for BI state and around 90° for BII state. The analysis of
DNA backbone angles in the PF binding site showed that, in the MD trajectory of PF-
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poly(dCG)-poly(dCG) complex, two nucleotides (C15 and G46) had significant population of
BII state (Fig. 7). The transitions to the BII state caused a shift in the distribution of sugar
puckers of cytosines (C13, C15, C45, C47) in the PF binding site to the south region (Fig.
S7). The adaptation of the double helix structure to the backbone transitions led to the
enhanced fluctuations of propeller twist near the bound PF in the PF-poly(dCG)-poly(dCG)
complex (Fig. S8 (a)). The BI/BII transitions are often seen upon binding of proteins to DNA
and are believed to play an important role in the indirect DNA recognition [52-54].
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Fig. 6. Minor groove width in PF-DNA MGB complexes: a) PF-poly(dCG)-poly(dCG); b) PF-
poly(dA)-poly(dT). The position of the bound PF is marked with horizontal line.
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Fig. 7. The populations of BI and BII states of C15 and G46 residues during MD simulation of PF-
poly(dCG)-poly(dCG) complex and free poly(dCG)-poly(dCG) oligonucleotide.

Unlike the PF-poly(dCG)-poly(dCG) complex, the nucleotides in the PF binding site in
its complex with poly(dA)-poly(dT) were mostly in the BI state during the MD simulation.
This difference can be rationalized by two reasons. First, the poly(dA)-poly(dT) already has a
narrow minor groove, and small conformational changes are needed to provide tighter
proflavine binding. Second, the BI/BII conformational transitions are sequence specific: the
CG and GC steps are known to undergo BI/BII transition more easily than AA or TT steps
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[55, 56]. The base pairs of the PF binding site in the PF-poly(dA)-poly(dT) complex were
characterized by more negative propeller twist and an increased opening (Fig. S8 (b) and S9
(b)). These changes most likely were due to the hydrogen bonding of PF with N3 atoms of
adenine (A17, A16) and/or O2 atoms of thymine (T44, T45) (Fig. 4). The sugar pucker
distributions of A18 and A17 nucleotides were shifted to the north region (Fig. S10) possibly
as a result of the interaction of their O4' atoms with the aromatic system of the PF
chromophore (Fig. S11).

MMPBSA free energy estimates

To estimate quantitatively the stability of PF MGB complexes, we calculated the PF
binding free energies using MMPBSA approach. The results are given in Table 1. As one can
see, the MGB complex of PF with poly(dA)-poly(dT) is enthalpically more favorable than
that with the poly(dCG)-poly(dCG). The stabilization of complexes was due to the van der
Waals interactions and hydrophobic interactions (there is no need to form an extra cavity in
solvent because PF fits well into the DNA minor groove) (Table S2). At the same time, the
intrusion of PF disturbed the DNA-solvent interactions in the minor groove that caused the
unfavorable AGy;s, term (Table S2).

The entropy penalty was less in the case of PF-poly(dCG)-poly(dCG) complex. Analysis
of the entropy components showed that the major unfavorable contribution (~22 kcal/mol)
was due to the loss of translational and rotational degrees of freedom, which was partially
compensated by the favorable vibrational term (Table S3). It should be noted that the entropy
gain due to the release of tightly bound water molecules upon PF binding from the spine of
hydration of poly(dA)-poly(dT) or ribbon of hydration in the case of poly(dCG)-poly(dCG)
was not taken into account. Therefore we suppose that the obtained entropy penalties are
overestimated.

Values of the energy terms calculated using multiple trajectory approach showed high
fluctuations. But this approach allowed to access the cost of the DNA conformational changes
upon the PF binding. For the PF-poly(dCG)poly(dCG) complex, the unfavorable
conformational term (AGgons) Was obtained that is consistent with the observed in the MD
trajectory notable conformational changes of the poly(dCG)-poly(dCG) minor groove in the
PF binding site (Table S2).

Table 1. The binding free energies for proflavine MGB complexes with poly(dA)-poly(dT) and

poly(dCG)-poly(dCG)
System AH | -TAS AGrogai
Soly(dAYpoly(dTY-PF ST -19.0£25 | 20.2+1.9 1.243.1
MT -24.8+49.0 | 21.0+3.9 -3.8449.1
R — ST 13835 | 17.8+2.6 4.0+4.4
MT 2.6£51.6 | 18.9+5.4 16.3+£51.9

All energy terms are given in kcal/mol. ST and MT are the single and multiple trajectory approaches,
correspondingly. AH is the sum of all energy terms except entropy contribution; -TAS is the entropy penalty due
to the loss of translational, rotational and vibrational degrees of freedom upon ligand binding; AGre = AH-TAS.

CONCLUSIONS
We performed the MD simulation of the PF MGB complexes with DNA oligonucleotides
poly(dA)-poly(dT) and poly(dCG)-poly(dCG). The stability of those complexes is responsible
for the timescale of the PF intercalation reaction [25]. The results of our simulation confirm,
that PF MGB complexes are stable in the 50 ns time interval but there are some structural
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rearrangements with respect to the initial docking structures, especially in the case of PF-
poly(dCG)-poly(dCG) complex.

The binding of PF to the DNA minor groove is sequence specific. The PF-
poly(dA)-poly(dT) MGB complex is enthalpically more favorable than that with the
poly(dCG)-poly(dCG). It is stabilized by the van der Waals and hydrophobic interactions.
Besides, there are specific hydrogen bonds in PF-poly(dA)-poly(dT) complex formed by the
protonated ring nitrogen and one of the amino-groups from the PF side and O2 thymine and
N3 adenine atoms of poly(dA)-poly(dT), which were predicted earlier by Marcandalli [15].
The PF-poly(dCG)-poly(dCG) MGB complex is weaker due to the interfering amino-groups
of guanine in the minor groove of poly(dCG)-poly(dCG), which prevent deeper binding of
ligand.

The binding of PF launches the DNA conformational changes through the induced fit
mechanism. The narrowing of the DNA minor groove in the PF binding site is observed. In
the PF-poly(dCG)-poly(dCG) complex, it is more pronounced and is accompanied by the
BI/BII backbone conformational transitions. During the induced fit process, the reorientation
of ligand in the PF-poly(dCG)-poly(dCG) complex takes place: the PF chromophore becomes
located along the minor groove, like in PF-poly(dA)-poly(dT) complex, except that its amino-
groups are directed outside the groove.

In the case of PF-poly(dA)-poly(dT) complex, the conformational changes are not so
large but they are still important for tighter PF-DNA binding: the change of the propeller twist
and the increased opening in the PF binding site optimize specific hydrogen bonds between
the PF and poly(dA)-poly(dT). Recently Ramakers and coworkers reported that the binding of
Hoechst33258 to the A-tract DNA induces subtle conformational changes in the DNA
structure, which maximize favorable ligand-DNA interactions [57]. The results of our study
and that of Ramakers indicate that the model of rigid DNA-target is not a good choice even
for small minor groove binders. An induced fit model gives better description of the binding
process. One should keep in mind the DNA conformational changes induced by ligand
binding upon design of new minor groove binders.
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Figure S1. The RMSD of PF heavy atoms with respect to the initial structure for PF-poly(dCG)-poly(dCG) MGB
complex during the equilibration phase.

(c) (d)

Figure S2. Waters bound via hydrogen bonds and water bridges in PF-DNA MGB complexes: (a) and (c) —
maximum and average number of water bridges in PF-poly(dA)-poly(dT) complex; (b) and (d) — maximum and
average number of water bridges in PF-poly(dCG)-poly(dCG) complex. PF is shown with red color and waters

are blue. Hydrogen bonds are shown as black dashed lines.
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Figure S3. Twist in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex. The position of the bound PF is marked.
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Figure S4. Roll in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT) complex.
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Figure S5. X-displacement in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-
poly(dA)-poly(dT) complex.
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Figure S6. Slide in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex.
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Figure S7. The distributions of sugar puckers of cytosine residues C13 (a), C15 (b) in the PF binding site in PF-
poly(dCG)-poly(dCG) complex.
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Figure S7. The distributions of sugar puckers of cytosine residues C45 (c), C47 (d) in the PF binding site in PF-
poly(dCG)-poly(dCG) complex.
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Figure S8. Propeller twist in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex.
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Opening in PF-DNA MGB complexes: (a) PF-poly(dCG)-poly(dCG); (b) PF-poly(dA)-poly(dT)
complex.
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(a) (b)
Figure S11. The interaction of PF and sugars of adenine nucleotides A17 and A18 in the PF- poly(dA)-poly(dT)
complex: (a) side view; (b) top view.

Table S1. The average number of water molecules bound via hydrogen bonds to PF MGB complexes and free

components
Number of HB waters (N) AN
System
Complex DNA PF

PF-poly(dA)-poly(dT) 481.5+8.4 480.0+8.4 2.7+0.7 -5.1+12.0
PF-poly(dCG)-poly(dCG) 506.94+9.3 503.949.2 4.5+1.1 -5.6+13.1
poly(dA)-poly(dT) - 482.0+8.5 - -
poly(dCG)-poly(dCG) - 507.949.1 - -
PF - - 4.6+£1.2 -

AN is the difference between the number of water molecules bound via hydrogen bonds to the complex and the
sum of the bound waters of its free components.

Table S2. The binding free energies for proflavine MGB complexes with poly(dA)-poly(dT) and
poly(dCG)-poly(dCG)

AGcout

polyda) ST 00  -325 0.8 -17.9 321 -19.0£2.5 202419  1.2+3.1
poly(dD)+PF MT .51 346 03  -17.8 324 -248+49.0 21.0+£3.9 -3.8+49.1

poly(dCG)- ST 0.0 -28.3 0.7 -16.5 303 -13.8+3.5 17.8+2.6 4.0+4.4

poly(dCG)
+PF MT 11.8 -31.6 0.6 -17.6 342  -2.6£51.6 18.9+54 16.3+51.9

System AGeont  AGyaw AG., AGgyp  AH -TAS AGrou

All energy terms are given in kcal/mol. ST and MT are the single and multiple trajectory approaches,
correspondingly. AGo is the sum of the bonded energy terms (bond, angle, dihedral) and 1-4 non bonded
interactions; AG,qw is the van der Waals energy; AGco,+AGpg — is the sum of the Coulombic energy and the
polar solvation energy (Poisson-Boltzmann energy); AG,, — is the repulsive cavity term; AGyg, — is the
dispersion energy term describing the attractive solute-solvent interactions; AH is the sum of all energy terms
except entropy contribution; -TAS is the entropy penalty due to the loss of translational, rotational and
vibrational degrees of freedom upon ligand binding; AGr, = AH-TAS.



31
Ligand-induced DNA conformational changes in proflavine minor groove-bound...

Table S3. Entropy contributions (TAS) for PF-DNA MGB complexes (kcal/mol)

System Translational Rotational Vibrational Total
poly(dA)- ST -12.5 -9.6 1.8+1.9 -20.2+1.9
poly(dT)+PF MT -12.5 9.6 11539 -21.0+3.9
poly(dCG): ST -12.5 -9.6 4.242.6 -17.842.6
poly(dCG) +PF MT -12.5 -9.6 32454  -18.9+5.4

ST and MT stand for the single and multiple trajectory approaches, correspondingly
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Background: Superparamagnetic iron oxide nanoparticles (SPION) are widely used in various
biomedical technologies, in particular, as carriers for drug delivery to the target. Since SPION-drug
complexes are planned to be used in vivo, it is necessary to find out if competitive binding of
nanoparticles with biologically important macromolecules (nucleic acids and proteins) is possible.
Objectives: To investigate the possibility of complexation of iron oxide nanoparticles with DNA and
serum albumin.

Materials and methods: Bare and sodium citrate coated SPION with different surface charges, bovine
serum albumin (BSA) and calf thymus DNA were used. The complexes of SPION and macromolecules
were precipitated by an external magnetic field. The research was carried out by spectrophotometry in
visible and ultraviolet ranges.

Results: To study SPION interactions with DNA and BSA, the spectra of supernatants of the binary
systems were compared with the spectra of the corresponding control macromolecules solutions. In the
DNA-SPION systems, a decrease in the DNA absorption is observed only for bare nanoparticles. Our
estimation shows that the maximum possible concentration ratio of bound DNA to SPION is about
2.5x10™ mol/g. The addition of sodium citrate coated SPION to the DNA solution does not cause any
spectral changes of the supernatant. The interaction of BSA with SPION, coated with sodium citrate,
leads to a slight increase in supernatant absorption compared with the one of the control protein solution.
It can be caused by the fact that the resulting complexes are not precipitated by a magnetic field. No
difference between the spectrum of the supernatant of BSA-bare SPION system and the control protein
solution was observed.

Conclusions: The obtained spectrophotometric results demonstrate the formation of complexes between
DNA and bare iron oxide nanoparticles as well as between BSA and the nanoparticles, coated with
sodium citrate. The maximum concentration ratio of bound DNA and bare SPION was obtained for the
investigated system. It is necessary to take into account when SPION are used as carriers for drug
delivery.

KEY WORDS: superparamagnetic iron oxide nanoparticles (SPION); DNA; serum albumin; sodium
citrate; complexation; spectrophotometry.

B3AEMOAISA CYHEPHAPAMATHITHUX HAHOYACTOK OKCHUAY 3AJII3A 3 THK I BCA
A.A. CkypartoBcbKa, [1.0O. ITecina, K.I'. Bepe3nsik, H.O. 'naakoBcebka, €.B. /lyxoneJbHHKOB
Incmumym paodiogizuxu ma enexmponixu im. O.A. Ycuxoea HAH Vipainu,
eyn. Ax. Ilpockypu, 12, Xapxis, 61085, Yrpaina

AkTyanbHicTe. CyneprapamarHiTHi HAaHOYacTKM OKCHAY 3aJli3a IIMPOKO BUKOPHCTOBYIOTBCS Yy
PI3HOMaHITHUX OlIOMEIMYHHMX TEXHOJOTISX, 30KpeMa, SIK HOCIi JIKapChbKUX IpenapariB A iX JOCTaBKH
qo wmimeHi. OCKIUIBKM TUIAHYETHCS BUKOPHCTOBYBAaTH KOMIUIEKCH HAaHOYAaCTOK OKCHIy 3aiiza 3
npenaparamu in vivo, HeoOXiJHO 3’CyBaTH, YM MOXIIMBE KOHKYPEHTHE 3B’S3yBaHHS HAHOYACTOK 3
610JI0TYHO BasKIIMBUMH MAaKpOMOJIEKYJIaMHU (HYKJIETHOBUMH KHCJIOTAaMH Ta O1JIKaMn).

Meta po6otn. JlocimiuTn MOXIMBICTH KOMIUIEKCOYTBOPEHHS HaHOYacTOK okcuay 3aiiza 3 JIHK i
CHPOBATKOBUM alTbOYMIHOM.

Martepiann Ta w™metoau. BukopucroByBammch HemoAu(]iKOBaHI Ta MOKPUTI IUTPATOM HATPItO
HAHOYACTKH OKCHIY 3aji3a 3 pPIi3HUMH IOBEPXHEBHUMH 3apsiaMH, OMYaunii CHpPOBATKOBHI ampOyMiH

© Skuratovska A.A., Pesina D.A., Bereznyak E.G., Gladkovskaya N.A.,
Dukhopelnykov E.V., 2019
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(BCA) i JHK 3 TtuMycy Ttenstu. KoMmImiekcn HaHOYACTOK 3 MAaKpOMOJIEKyJIaMH OyJi0 OCaKeHO 3a
JIOTIOMOT'OI0 30BHIITHBOT'O MarHiTHOTO MOJs. JloCimKeHHS IPOBOIIIIICH METOJIOM CIEKTPOPOTOMETPIii y
BUNMI 1 ynbTpadioneTosiit 00nacTsx.

PesyabTtaTn. {06 mocminutu B3aemomiro HaHoyacToK okxcuay 3amiza 3 BCA 1 JIHK, cmexrpu
HaJ0CaOBUX PIAUH TOJIBIMHUX CHCTEM IMOPIBHIOBAIKMCH 31 CIEKTPaMU BiAMOBITHUX KOHTPOJBHUX
po3uuHiB Makpomosiekys. Y cuctemi JIHK-nanowactku 3menmienns noriuuands JJHK y Hamocamosiii
pimuHiI cHocTepiraeTbcs JHIIE Ui HEeMOAW(IKOBaHMX HAHOYACTOK. 3a HAIMMH PO3paxyHKaMH,
MaKCHMaJIbHO MOJKJIMBE CIIiBBiHOLIEHHS KoHueHTpauii 3B’s3aHoi JJHK 1o koHueHTpauii HaHOYacTok
cxtazae npudmisHo 2.5x10° mons/r. B3aemonis BCA 3 HaHOUACTKAMH, HOKPHTHMH LHTPATOM HATPIIO,
BUKIJIMKA€ HEBEJIMKE 3POCTAaHHS MOTJIMHAHHS HaJl0CaJ0BOI PiAMHM BiIHOCHO MOTJIMHAHHS KOHTPOJIBHOTO
pozunHy Oinka. Lle Moke OyTH MOB’SI3aHO 3 THM, 1110 YTBOPEHI KOMIUIEKCH HE OCAIKYIOThCS il BILTHBOM
MarHiTHOTO mois. CrekTpu HamocamoBoi pimuan cyMimn BCA 3 HemommdikoBaHUMEH HaHOYACTKAMH i
KOHTPOJBHOTO PO3YMHY OiJTKa MPAKTUIHO HE BiAPI3HAIOTHCS.

BucnoBkn. OTpuMaHi pe3yibTaTH CBigUaTh HPO Te, IO KOMIUIEKCH yTBOproloThcst Mik JHK i
HeMoau(iKOBaHMMH HaHOYACTKaMH, a TakoK Mixk BCA Ta HaHOYaCTKaMH, MIOKPUTHUMH IIUTPATOM HATPIfO.
Ile HEoOximHO OpaTH K0 yBaru Mpu BUKOPHUCTaHHI HAHOYACTOK OKCHAY 3ali3a y SIKOCTI HOCIiB JIKapChKUX
MpenapariB.

KJIIOYOBI CJIOBA: cynepnapamarHiTHi HaHOYaCTHHKH okcuny 3amiza; JIHK; cupoBarkoBuil ansOyMiH; murpat
Hani}O; KOMIIJICKCOYTBOPECHHSA CHCKTpO(bOTOMeTpiS{,

B3AI/IMOI[EI71CTBI/IE CYIIEPITAPAMATHUTHBIX HAHOUYACTHUIL OKCHUIA KEJIE3A
C IHK 1 BCA
A. A. CkypartoBckas, [. A. Ilecuna, E. I'. bepe3nsik, H. A. 'nagkoBckas, E. B. lyxoneibHuK0B
Hncemumym paouoghuzuru u snexkmponuru um. A. A. Yeuxoea HAH Ykpaunuvl,
yn. Ax. Ilpockypu, 12, Xapvkos, 61085, Ykpauna

AxtyanabHocTh. CymneprnapaMarHUTHBIE HAHOYACTHIIBI OKCHJA J>Kejie3a INMHPOKO WCIIONB3YIOTCS B
pa3TMYHBIX OMOMENEIMHCKMX TEXHOJOTHSAX, B YAaCTHOCTH, B KadeCTBE HOCHTENEH IJIeKapCTBEHHBIX
[IpenapaToB Uil HUX JOCTaBKM K MullIeHH. [IOCKONbKY IUIaHMpYETCS HCIOJIb30BaTh KOMILIEKCHI
HAaHOYACTHUI] OKCHIA JKeJe3a C TIpemapaTamMd in  Vivo, HEOOXOIMMO BBIICHUTH, BO3MOXHO JIH
CyIIIECTBOBaHHE KOHKYPEHTHOTO CBS3BIBAHHS HAHOYACTHI] C OMOIOTHYECKH BaYKHBIMA MaKpPOMOJIEKYIaMU
(HYKJIEMHOBBIMH KUCJIOTAaMHU U OEJIKaMU).

Hean padoTel. MccnenoBats BO3MOXHOCTh KOMIUIEKCOOOpA30BaHUsI HAHOYACTHUI] okcHa xxenes3a ¢ JJHK
1 CBIBOPOTOYHBIM aJ'II)6yMI/lHOM.

Marepuansl u MeToabl. Vcrnonp30Bannch HEMOIU(DHUIMPOBAHHBIE M IIOKPHITHIE LUTPATOM HATPHA
HAHOYACTHUIBI C Pa3IMYHBIMH ITOBEPXHOCTHBIMH 3apsiiaMu, Obldnii chlBOpoTOuHbI ansOymun (BCA) u
JHK Ttumyca teneHka. Kommiekcsl HaHOYAaCTHI ¢ MaKpOMOJEKYJIaMU OCAaXAAIMCh MOJ ACUCTBHEM
BHEIIHEr0 MarHUTHOTO IoJis1. VcciieqoBaHus IPOBOIIIIUCH METOAOM CIEKTPO(POTOMETPHH B BUIUMOU H
yIbTpaduoIeTOBOM 00TACTSIX.

PesyabTaTel. UToOBl wmccrmenoBaTh BlammopeictBue HaHowactunm ¢ JHK u BCA, chexrpsr
HAJ0CaJOYHbIX JKHUAKOCTEH JBOMHBIX CHCTEM CPaBHUBAIMCh CO CIHEKTpaMH COOTBETCTBYIOLIHX
KOHTPOJIBHBIX PAacTBOPOB Makpomoliekyd. B cucteme JIHK-HaHOWAacTHIBI yMEHBIICHHE HOTJIOMICHHUS
JIHK Habmoaercst TOJIbKO 1l HEMOTU(PHUIIMPOBAaHHBIX HaHOYacTHIl. COrJIaCHO HAIIUM HCCIIEIOBAHUSIM
MaKCHUMaJIbHO BO3MOXHOE COOTHOIIEHHE KOHIeHTpauuu cBszaHHoi JIHK k xoHIeHTpanuy HaHOYaCTHIL
cocraBiser okoso 2.5x10 mons/r. B3aumoneiicteue BCA ¢ HAaHOYACTHIIAMH, HOKPHITHIMU LUTPATOM
HaTpHsl, IPUBOAUT K HEOOJIBIIOMY YBEJIMYEHHIO ITOTJIONIEHHS HAI0CaI09HON )KUAKOCTH TI0 CPAaBHEHHIO C
TMIOTJIOIIEHNEM KOHTPOJIFHOTO pacTBOpa Oesika. JTO MOXKET OBITh CBS3aHHO C TE€M, YTO 0Opa30BaHHbIC
KOMIUIEKChl HE OCaXJIAITCsl MOJ JeHCTBUEM BHEIIHEro MarHMTHOro nonsd. CoekTp HagocafouHOU
xkuakocta cmecu BCA ¢ HeMOIM(UIIMPOBAHHBIMH HAHOYACTHIIAMH IPAKTHYCCKH HE OTINYAETCS OT
CIIEKTpa KOHTPOJIBHOTO pacTBOpa Oenka.

BeiBoasl. [lonmydeHHBIE pe3ynbTaTBl CBHACTEIBCTBYIOT O (opmupoBanmn komurekco JHK ¢
HEMOIN(PHUINPOBAaHHBIME HaHOYacTHUIAMH, a Takke BCA ¢ HaHOYACTHIIAMH, TOKPBITBIMH IIHTPATOM
HaTpus. DTO HEOOXOAWMO YUYHUTHIBATh NPU HCIIOJIB30BAaHMK MATHUTHBIX HAHOYACTHI[ OKCHAA JKeJe3a B
KaueCTBE HOCUTENEH JIEKapCTBEHHBIX [IPENAapaToB.

K/JIIOYEBBIE CJIOBA: cyneprnapaMarHUTHBIE HaHOYacTHIB! okcupa xene3a; JJHK; ceiBopoTouHsId anpOymuH,
LUTpPAT HATPHsI; KOMILIEKCOOOpa3oBaHue; CIIEKTPO(OTOMETPHSL.

Superparamagnetic iron oxide nanoparticles (SPION) are a promising material for
biological, biomedical and biotechnological applications [1, 2] due to their unique physical
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and chemical properties such as large surface-to-volume ratio, chemical stability,
biocompatibility, and low toxicity [3-7]. Another advantage of SPION is an easy modification
of the surface to change their charge which makes it possible to get electrostatic complexes of
SPION with different types of drugs. All these properties and the ability to be controlled by
an external magnetic field make SPION extremely perspective in the drug delivery.

For many types of drugs with different clinical applications, DNA is a target molecule. In
case of using nanoparticles as drug carriers, the therapeutic effect depends on the interactions
in the ternary drug-SPION-DNA system. Thus, the investigation of binding in the binary
SPION-DNA system can simplify the further study of competitive interactions that take place
in the ternary system.

After the injection of drug-SPION mixture into the bloodstream, interactions with plasma
proteins occur. Binding of the nanoparticles with proteins, along with various factors like
SPION size, shape, surface charge, and solubility, is considered one of the key elements that
affect their biodistribution [8]. As shown in the review [8], the interactions with plasma
proteins modulate the immune system response of the body and affect the circulation time of
nanoparticles in the blood. For example, opsonin proteins stimulate phagocytosis, and,
therefore, reduce the circulation time of nanoparticles, while dysopsonins (including
albumins) promote prolonged circulation time of the particles in the bloodstream, when
binding to them.

The present study of the interaction between both bare and modified with sodium citrate
SPION and biologically important macromolecules, DNA and bovine serum albumin (BSA),
is a necessary step for further development of the biomedical application of the iron oxide
nanoparticles.

MATERIALS AND METHODS

Nanoparticles of iron oxide (Fe;O4) were synthesized by cryochemical method [9]. The
diameter of the nanoparticles is about 11 nm. Suspensions of SPION in water and water
solution of sodium citrate (NaCit) with concentration Cy,cir= 8% 10* M were used. The
surface charge of bare iron oxide nanoparticles in water is slightly positive [10]. The coating
of SPION by NaCit leads to the negative charge of their surface [11]. The concentration of
stock suspensions of nanoparticles was 0.4 mg/ml.

Commercial calf thymus DNA ("Serva") and bovine serum albumin ("Sigma") were used
without additional purification. The stock solutions of DNA were prepared in distilled water
with addition of NaCl (Cy,c;= 0.02 M) and in sodium citrate solution (Cy,cir= 8% 10 M). The
stock solutions of BSA were prepared in distilled water and in sodium citrate solution
(Cracit= 8x10™ M). The concentrations of the macromolecules were determined using the
molar absorption coefficients &,g9= 4.4x 10* M'em™ for BSA [12] and &,59= 6.4% 10° M'em™
for DNA [13].

The stock SPION suspensions were diluted by the appropriate solvents and dispersed by
ultrasound at two modes applied successively and repeated twice: 22 kHz for 0.5 min and
44 kHz for 5 min. Experimentally we have shown that it is the optimum mode for dispersing.

The stock solutions of macromolecules were then added to the SPION suspensions.
Obtained mixtures were stirred for 30 min.

To take into account the possible kinetics of nanoparticles binding to the
macromolecules, the samples were kept for 5 days. Then the mixtures were stirred again and
exposed to the magnetic field (0.42 T) for 1 hour for precipitation of iron oxide nanoparticles
and their complexes with the macromolecules.
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The control samples were prepared by dilution of the stock macromolecules solutions and
SPION suspensions by the appropriate solvents. The concentrations of SPION and
macromolecules in the control samples were the same as in the investigated mixtures.

Absorption spectra of control samples and supernatants of the mixtures were obtained by
spectrophotometer "Specord M40" (Germany) in ultraviolet and visible spectral ranges.
Quartz cells (1 cm and 5 cm optical path length) were used for the measurements. The
measurement error of optical density was 0.005 units. The precipitation degree of SPION and
SPION-macromolecules complexes was controlled by the intensity of the absorption at
340 nm (maximum absorption of iron oxide). The supernatant absorption was compared with
the absorption of the control samples of DNA and BSA. Concentrations of macromolecules in
the supernatants were calculated from the spectra intensities at the macromolecules absorption
maxima (260 nm for DNA and 280 nm for BSA). The error of the concentration calculation
was about 10 %.

RESULTS AND DISCUSSION

Figures la, b show absorption spectra of the control DNA solutions and the supernatants
of DNA-SPION suspensions. The supernatant does not contain iron oxide nanoparticles
(absorption at 340 nm 434 = 0). The intensity of the supernatant spectrum is lower than the
one of the control solution. It can be caused by the DNA binding to bare iron oxide
nanoparticles and precipitation of the DNA-SPION complexes by the external magnetic field.
Previously the possibility of electrostatic complexes formation between positively charged
nanoparticles and DNA was shown in [14-16].
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Fig. 1. Absorption spectra of DNA and supernatant
of DNA-SPION suspension (a, b).
Absorption spectra of DNA and supernatant of
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Table 1. The concentration of bound DNA and the concentration ratio of bound DNA and SPION in suspensions
with different initial DNA concentration

Cspion, mg/ml Cpna, M Chround pN4» M Chouna pn4/ Cspion, mol/g
0.06 0.15x10* 0.66x107 1.1x10™
0.06 1.1x10™ 0.13x10* 2.2x10™
0.06 2.2x10™ 0.15x10™ 2.5x10™

The experiments at higher relative DNA concentrations demonstrate qualitatively similar
results (Fig. 1b). However, amount of bound DNA changes. As can be seen from Table 1,
with increase of the initial DNA concentration, the concentration of DNA bound to the
nanoparticles rises up to 0.13x10*M and then practically does not change. The maximum
possible ratio Cpouna pna/Cspioy 1s about 2.5x 10 mol/ g.

Absorption spectra of the control DNA solution and the supernatant of DNA-
SPION@NaCit suspension practically do not differ (Fig. 1c). It indicates the absence of the
DNA binding with the SPION@NacCit.

Though electrostatic interactions between DNA, a polyanion molecule, and negatively
charged nanoparticles are impossible, negatively charged complexes of magnetic nanoparticles
with certain drugs can bind to DNA in the minor groove [17]. Our studies indicate that for iron
oxide nanoparticles coated with NaCit there is no mechanism of binding with DNA.

Fig. 2a shows absorption spectra of the control BSA solution and supernatant of the
BSA-SPION@NaCit suspension. The supernatant spectrum intensity is greater than the one
of the control solution. It should be noted that the higher absorption is also observed at the
maximum of the iron oxide spectrum (340 nm).

The additional contribution to the absorption spectrum might be caused by the
nanoparticles that did not precipitate under the influence of the magnetic field. To test this
hypothesis, we compared the experimental spectrum of the system with superposition of the
BSA spectrum and the spectrum of nanoparticles taken at the appropriate concentrations (Fig.
2a, dashed line). Since BSA does not absorb at 340 nm, the concentration of unprecipitated
nanoparticles was estimated by the supernatant absorption at this wavelength. It amounted to
7 % of the initial SPION concentration. Total BSA concentration in the supernatant was the
same as in the control solution.

,, ——BSA —BSA
7 \\ - — - BSA-SPION@MNaCit supernatant 1,04 — — -BSA-SPION supernatant
4 —— BSA+SPION@NaCit

1,04

0,8+ 0,84

< 0,64 < 0,6

0,4- 0,4

0,2 0,2

0,0- 5 0,04
240 260 280 300 320 340 880 900 240 260 280 300 320 340

2, nm A, NmM
a b

Fig. 2. Absorption spectra of BSA, the supernatant of BSA-SPION@NaCit suspension and the superposition of
free BSA solution and SPION@NacCit suspension spectra (a). The total BSA and SPION concentrations
corresponding to the experimental spectra are Cpgy = 2% 10° M and Cgpion= 0.06 mg/ml. The total BSA and
unprecipitated SPION concentrations corresponding to the calculated superposition curve are Cpgy =2x10° M
and Cspion = 0.0042 mg/ml. Absorption spectra of BSA and the supernatant of BSA-SPION suspension (b).
The total BSA and SPION concentrations are Cgsy = 2x10” M and Cspjoy= 0.06 mg/ml.
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The experimental plot and the calculated superposition curve are in a good agreement. It
confirms the presence of the SPION in the supernatant. Since under the same experimental
conditions free nanoparticles precipitate completely, the observed effect should be due to the
interaction of SPION with the protein.

Qualitatively similar changes take place with the increase of the total BSA concentration
in the investigated suspensions up to 4.6x10™ M (graphs are not shown). However, significant
light scattering of both the control solution and the supernatant, which may be caused by the
aggregation of the protein at the relatively high concentration, complicates the detailed data
analysis.

The absorption spectrum of BSA does not change upon addition of bare iron oxide
nanoparticles (Fig. 2b) which indicates that BSA does not interact with SPION.

CONCLUSIONS

Spectrophotometric studies of systems containing DNA and either bare or coated by
sodium citrate SPION have shown the possibility of complexation between the positively
charged SPION with DNA molecules. The maximum concentration ratio of bound DNA and
bare SPION was obtained for the investigated system. It should be taken into account for
application of SPION as carriers of the negatively charged drugs in the targeted delivery.

While bare SPION do not interact with BSA, minor interactions of negatively charged
nanoparticles coated by sodium citrate with the protein are observed. It is shown that the
formed BSA-SPION complexes can not be manipulated under the action of the external
magnetic field.
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AkTyanabHicTb. Po3poONeHHS HOBHX TEXHIK KOMIUIEKCHOI moisipuMerpudaoi 3D miarHOCTHKH
MOJIIKPUCTATIYHAX MEpeX OIlOJOTiYHMX TKAaHWH — aKTyalbHa 3agada OlOMEOMYHOi ONTHKH. Taky
MOXJIUBICTh MOX€E 3a0€3MeUuTH TMOEIHAHHS TPAAMIIMHUX METOAIB  MIOJUIep-MaTpUIHOTO Ta
rosiorpagiuHoro kaprorpadysants (HazoBo-HEOAHOPIMHKUX mapiB. [JaHuii migxig BiIKPUBAE MEPCIEKTUBH
JIOCHI/DKEHHST  PO3MOJUIIB JIHIHOTO Ta UUPKYJSPHOTO JIBOIIPOMEHE3aJOMIICHHS 1 JIUXpOi3My
MOJIKPUCTAIIIYHUX MEPEX 1 CTPYKTYp B 00’emi Oiomoriunoro mapy. Taka iHpopmalis € 6a3ucHOW0 y
BU3HA4YeHH1 HOBUX (y MOPIBHSHI 3 TPAWIIHHUMHU JaHUMK MIOJUIEp-MaTPpUYHOI MOJSIPUMETPil) KpUTEpiiB
mudepeHIianbHOl 1IarHOCTUKM Pi3HOMA@HITHUX MATOJIOTIYHMX CTaHiB OiOJOTriYHMX TKaHWH OpTaHiB
JIFO/TNHH.

MeTta podoTn. Metoro po6oTH € po3podKa Ta eKCIIepUMEHTalIbHA anpo0arlis KOMIUIEKCY METO/IB CTOKC-
monsipuMeTpii  Ta  iHTepdepoMeTpii 3 BHUKOPHCTAaHHAM AITOPUTMIB  IHQPOBOi TosorpadigHOi
PEKOHCTPYKIII aMILTiTyTHO-()a30BOi CTPYKTYpH 00’ €KTHHX IIONIB IJISI OAEp KaHHS B3a€MO3B’SI3KIB MiX
3D posmoxizamMyd Mam JEHOJSpU3aIlii Ta OCOOMUBOCTSAMH TMONIKPUCTATIYHOI CTPYKTYPH TiCTOJOTIdHIX
3pi3iB 010JOTIYHUX TKAaHHUH Pi3HOT MOpdomoridaoi Oy1oBH Ta (Pi3i0IOTiYHOTO CTaHY.

Marepianun i meromu. B ocHoBy merony 3D Miosuiep-MaTpiyHOro KaprorpadyBaHHS MOKJIAJCHO
BHKOPHUCTAHHS OMOPHOI XBHJIi JIA3€PHOTO BUIPOMIHIOBAHHSA, SIKa B CXE€Mi ONTHYHOTO iHTEepdepoMeTpa
HAKJIaJIA€ThCS HA TOJISIPU3aIli THO-HEOIHOPIIHE 300payKEHHS 010JI0TTYHOrO IIapy.

PesyabraTi. B mporeci NOpiBHSIIBHOTO aHamizy Marl Aenojsipu3anii 010JIOriYHUX TKaHWH 3 Pi3HOI 3a
reOMETPUYHUMHU MacutadamMu MOp(OJIOriyHOK OyIOBOIO MM BHSBWIM Pi3HY IIBUJAKICTH HAPOCTAHHS
CTYIEHS JIeToIIsIpr3aii.

BucHoBKkH. 3amnponoHOBaHO Ta OOIPYHTOBAaHO MeTox Miomiep-MaTpuyHOro KaprorpadyBaHHS Marl
JETOSIpU3aIlii  ACTOMAPU3YIOUHX IMapiB  OiOJOTIYHMX TKAaHWH pi3HOI MopdomorivHol OymoBH i
(izionoriyHOTO CTaHy. BU3HAYEHO 3aJI€KHOCTI BETMYUHHA CTATUCTHYHUX MOMEHTIB 1-T0 — 4-T0 TIOPSIIKIB,
SIKI XapakTepU3yIOTh IMOMIAPOBI PO3IOAUIN 3HAUYEHb CTYICHS ACMONSApH3alii Pi3HUX THUIIB Oi0JIOTIYHUX
TKaHuH. [IpoBeIeHO MOCITIMKEHHS MOXKIUBOCTEH audepenmiarii 100poskicHuX (ameHoMa) 1 370SKICHUX
(kapLIMHOMA) 3MiH T1CTOJIOTIYHUX 3pi3iB O10MCIT TKAHWUHM MPOCTATH.

KJIFOUYOBI CJIOBA: nosisipu3atiist; inTepdepeniiis; kaprorpadyBants; MaTpuis Mrosuiepa; 0ionoriysi
TKAaHUHHU.

POLARIZATION-INTERFERENCE MAPPING OF NETWORKS IN DIFFUSAL
POLYCRISTALINE BIOLOGICAL TISSUES
0.V. Olar, V.0. Ushenko, M.Yu. Sakhnovsky, Yu.O. Ushenko, O.V. Dubolazov,
0.G. Ushenko
Yuri Fedkovich Chernivtsi National University, 2 Kotsyubinskogo st., Chernivtsi, 58002, Ukraine

Background: The development of new techniques for complex polarimetric 3D diagnostics of
polycrystalline networks of biological tissues is relevant task of biomedical optics. Such an opportunity
can provide a combination of traditional methods of Muller-matrix and holographic mapping of phase-
inhomogeneous layers. This approach opens the aspects of studying the distributions of linear and circular
birefringence and dichroism of polycrystalline networks and structures in the volume of the biological
layer. Such information is the basis for developing new (in comparison with traditional Muller-matrix
polarimetry data) criteria for the differential diagnosis of various pathological states of biological tissues
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of human organs.

Objectives: Development and experimental testing of the complex of Stokes-polarimetry and
interferometry methods using algorithms for digital holographic reconstruction of the amplitude-phase
structure of object fields for obtaining interrelationships between 3D distributions of depolarization maps
and peculiarities of the polycrystalline structure of histological sections of biological tissues of different
morphological structures and physiological state.

Materials and methods: The basis of the 3D Miiller-matrix mapping method is the use of a reference
wave of laser radiation, which is superimposed on a polarization-non-uniform image of the biological
layer in the scheme of the optical interferometer.

Results: In the process of comparative analysis of the map of depolarization of biological tissues with
different geometric scales of the morphological structure, we found different rates of growth of the degree
of depolarization.

Conclusions: The Muller-matrix mapping of depolarization of depolarizing layers of biological tissues of
different morphological structure and physiological state is proposed and substantiated. The dependences
of the magnitude of the statistical moments of the 1st-4th order, which characterize the layered
distributions of the degree of depolarization of different types of biological tissues, are determined. The
research of the possibilities of differentiation of benign (adenoma) and malignant (carcinoma) changes of
histological sections of the prostate tissue biopsy has been carried out.

KEY WORDS: polarization; interference; mapping; Miiller matrix; biological tissue.
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AKTyajbHOCTb. Pa3paboTka HOBBIX TEXHHMK KOMIUIEKCHOW moiisipumerpudeckoid 3D nmarHocTuku
MOJMKPUCTAJUIMYECKUX CeTeil OMOJIOrMYecKUX TKaHeW - akTyalbHas 3a/1ada OMOMEIMIIMHCKOW ONTHKH.
Takyto BO3MOXKHOCTh MOKET OOECIIEYHTh COYETaHHE TPaJULIMOHHBIX METOI0B MIOIEep-MaTpHYHOTO U
rosorpaduueckoro kaprorpadupoBanusi (a3oBO-HEOIHOPOIHBIX CiIOEB. J{aHHBIA IMOIXOJ OTKPHIBAET
MEpPCIIEKTUBBI MCCIECJOBAHMS PAaCIpEAeiIeHNH JIMHEHHOTO W LUPKYJISPHOTO NBYIIy4YETIPEIOMIICHHUS H
JUXPOM3Ma MOJMKPUCTAJUIMUECKUX CeTell M CTPyKTyp B 0O0beme Ownonormdeckoro cios.. Takas
nHpopManus sBIsIeTCS 0a30BOil B pa3paboTKe HOBBIX (II0 CPaBHEHUIO C TPAAUIMOHHBIMH TaHHBIMH
Mrosutep-MaTpU4HON — MOJSIpUMETpUN) KputepueB auddepeHunanbHOi ANarHOCTHKU — Pa3lInuHBIX
MATOJIOTMYECKUX COCTOSIHUI OMOIOrMYECKNX TKaHEi OpraHOB YelIOBEKa.

Iens paGorbl. Pa3zpaboTka W 3KCIepUMEHTaNbHas ampoOalys KOMIUIEKCa METOIOB CTOKC-
NOJSIPUMETPUHA M WHTEP(EPOMETPHH C HCIIOJIB30BaHHEM aJIrOPUTMOB LU(POBOIl Trosiorpaduyeckoit
PEKOHCTPYKIMU aMIUIUTYAHO-(a30BOW CTPYKTYpbl OOBEKTHBIX MHOJIEH JUIs TOJNYy4YeHUs B3aHMMOCBs3EH
Mexay 3D neneHusMH KapT JACHONSPH3AMM M OCOOCHHOCTSMH TOJMKPUCTALUIMYECKOH CTPYKTYpBI
THCTOJIOTMYECKHX CpPe30B OHOJIOTMYECKMX TKAaHEH pa3iu4yHOro MOPQOIOTHYECKOr0 CTPOCHUS U
(hU3HOITOTUYECKOTO COCTOSIHUS.

Marepuansl u MeToasl. B ocHoBy Merona 3D Miomtep-MaTpuaHOro KaprorpaduMpoBaHHs MOJIOKEHO
HCTIONIb30BAaHKE OTIOPHOI BOJIHBI JIA3EPHOTO M3IIYUIEHUs, KOTOpas B CXeMe ONTHYECKOro HHTephepoMeTpa
HaKJI/IBIBAETCS HA TIOJISIPU3ALIMOHHO-HEOTHOPOIHOE H300paKeHHE OHOIOrHIECKOTO CIIOS.

PesyabTaThl. B mporecce CpaBHUTENBHOTO aHalu3a KapT ACHONAPHU3ALMK OHOJIIOTHYECKHX TKAaHEH ¢
PasIMYHBIM II0 TEOMETPUYECKUM MacmrTadaM MOP(OIOrHYecKUM CTPOGHHEM Mbl OOHAPYKUIH
Pa3IUYHYI0 CKOPOCTh HApaCTaHMs CTETNICHH JETIOSIPU3aLn.

BoiBogbl. [IpeiockeH M o0ocHOBaH Meron Mioiiep-MaTpuyHOro  KaprorpagupoBaHusi KapT
JIETIOJISIPU3ALMN  ETIOJSIPU3UPYIOIINX CJIOEB OMOJIOTMYECKHX TKaHEeH pa3lIMuHOro MOPQOIOrHYECcKOro
CTpoeHHsI M (HU3MOJOTMYECKOro coctosiHus. OmnpesaeneHbl 3aBUCHMOCTH BEJUYUHBI CTaTHCTHYECKUX
MOMEHTOB 1-ro — 4-ro mopsakoB, KOTOpPbIE XapaKTepPHU3YIOT IOCIOWHBIE pacHpeAeieHUs 3HaueHUH
CTENCHN JeTOJIIPU3alMM Pa3IMYHBIX THIIOB OWOJIOTMYecKMX TKaHei. I[IpoBexeHO wucciienoBaHue
BO3MOXKHOCTEH auddepeHnuaniy 100pOKaueCTBEHHBIX (aJeHOMa) M 3JI0KaYeCTBEHHBIX (KapIMHOMA)
WN3MEHEHHH TUCTOJIOTMYECKUX CPEe30B OMONCHHU TKaHH MPOCTATHI.

KIIOUEBBIE CJIOBA: nmnomsipu3anus; uHTepdepeHuus; kaprorpadupoBanue; MaTpuua Mioepa;
61OI0OTHYECKUE TKAHU.
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Ha npanumit wac y OloMenWuHii ONTHIIl AKTHUBHO PO3BHBAIOTHCS METOIU 1 3aco0m
HOJISIPUMETPUYHOI JIarHOCTUKU CTPYKTYPH O10J70TiYHMX TKaHUH [1-6], fka BKIIIOYAa€e HU3KY
OpUTIHAJILHUX HAMPSIMKIB:

— IOCTIKEHHS MaTpUIlb po3cistHus [7-117;

— Mionnep-maTpudHa nojaspumetpis [12-16];

— MOJISIpHA AeKOMMO3uLis MaTpuilb Miosepa [17, 18];

— nBoMipHe Mromtep-maTpuuHe kaptorpadyBanus [19-22] y paMkax pi3HUX MOJEITBHUX
HaOMMKeHb [23-26].

Cepen ychoro pisHOMaHITTSI METOAIB 1 3aCO0IB MOJIAPUMETPii O10JIOTTUHUX 00’ €KTIB ICHY€E
JeKinbka 3aradbHux pedei. [lo-mepiie, st omucy B3aeMojii MOJSIPU30BAHOTO CBITIA 3
TaKUMHU CKJIQJHUMH CHUCTEMaMH BHKOPHCTOBYIOTh HAMOUIbII 3arajibHi HAOJMKCHHS 3
BUKOPUCTAaHHAM Mroiiep-marpuyHoro ¢popmainizmy [1-18]. Tlo-npyre, BCi ekcriepuMeHTaNbH1
Ta aHAJIITUYHI Pe3yJbTaTH OJEp>KaHl IUIIXOM BHMIPIOBAHHS Ta aHaji3y Marpuilb Mriojuiepa
npeacrasieni y Burianl 1D («impukatpucu» [14, 27, 28]) 1 2D («Mromiep-MaTpuyHi
300paxkennsi» [13, 15, 16]) dopmarax. Tomy akTyanbHUM € poO3poOKa HOBUX TEXHIK
KOMIUIEKCHOI TMOJIIPUMETPUYHOI 3D MiarHOCTHKM MOJIKPUCTANIYHUX MeEpex O10J0riyHuX
TKaHUH. Taky MOXJIUBICTh MOKE 3a0€3MEUYUTH MOETHAHHS TPAAUIIHHUX METOAiB Mriojiep-
MaTPUYHOrO Ta TosiorpadiuHoro kaprorpadysanHs ¢a3zoBo-HeOAHOPIAHUX mapis [29, 30].
[Ipote, y BUINMAIKy CHUIBLHO PO3CiIOIOUMX AUGY3HUX IIApiB JAJIEKO HE BCl €JIEMEHTH MaTpPHIIi
Mionnepa € 3py4YHUMU ISl XapaKTePUCTUKH 3pa3Ky 010JI0T14HO] TKaHUHU. AJIBTEPHATHBOIO B
IIbOMY CEHCl € 3aCTOCYBaHHs KOMOIHAIli JiaroHaaIbHUX MIoJuIep-MaTpUYHUX €JIEMEHTIB a0
Mman aenonspu3anii [13, 31].

MATEPIAJIM I METOAU
Kopomka meopia memoody 3D Mwnnep-mampuunozo kapmozpagysanns
B ocunoBy wmeromy 3D Miomnep-MaTpUuHOro  KaprorpadyBaHHS — MOKJIAJCHO
BUKOPUCTAHHS OTOPHOI XBWJII JIA3€PHOTO BHIPOMIHIOBAHHSA, SKa B CXEMl ONTHYHOTO
iHTepdepoMeTpa HAKIANAEThCA Ha TMOJIIPH3ALiiHO-HEOHOPiAHE 300paXKeHHS 010J0T1YHOTO
mapy. OnepxaHa iHTep(depeHIIiifHa KapTHHA PEECTPYETHCS 3a JOTIOMOTOI0 ITU(POBOT KaMepH
3 HACTymHHM UU(POBUM rojorpadiyHUM BIATBOpPEHHSAM 2D po3mojimiB KOMIUIEKCHUX

aMILTITY |Ex exp i(&x); ‘Ey‘exp i(&y) 1 BianmoBiIHUX mapameTpiB Bekrtopa CTOKca

(cmiBBigHOMIEHHS (3)) 00’ €KTHOTO MOJIS O10JIOTIYHOTO MIAPY Y AMCKPETHOMY HaOOpi (a3zoBHX
momms 5, (7, ):

2 2
S, =|E[ +|E,|;
2 2
S, =|E[ -|E,|"; )
S, = 2Re‘ExE; =2E, Ey‘cos5k;
S, =2ImlE E}| = 2|E ||E | sin &,.

Ha wiii ocHOBI MOXHa oJepKaTh CYKYIHICTh IOMIAPOBUX PO3MOJUTIB BEIUYHHU
MaTpUYHUX eneMeHTiB M, (x,y,kAd ) 3a HACTYITHOIO METOAUKOIO:

— 1151 BekTopiB CTOKCa JiHifHO-NOIAPU30BAHUX 30HIYIOUUX MTyuKiB S° (OO> S 0(900)
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1 M11+M12 1 M11_M12
1 M, +M -1 M, —M
SO(OO):{M _ 21 2 ;S0(900):{M _ 21 2 : @)
0 M31+M32 0 M31_M32
0 M, +M, 0 M, -M,

— 1 BekTopiB CTOKcA JIiHIHHO MONAPH30BAHNX 30HAYIOUNX IydKiB S’ (450) S 0(1350)

1 M11+M13 1 M11_M13

0 M, +M 0 M. - M
sO(as0)={m) = T T Ls0(1350)= (M = R (3)

1 M31+M33 -1 M31—M33

0 M, + M, 0 My =My,

— u1st BekTopiB CTOKCca MpaBo- Ta JIBO LUPKYJISAPHO-TIOISIPU30BAHUX 30HIYIOUHX MyUKiB
S'(®) S°(@):

1 M +M, 1 M, -M,

0 M, +M 0 M, -M
SO(®):{M _ 21 24 ;SO( )={M _ 21 2% | (4)

0 My + M, 0 My —M;,

1 M,+M, -1 M, -M,

3 BupasiB (1) — (4) BUIUMBAIOTH poOOYI CIIBBIAHOIICHHS [JIs BU3HAYCHHS 3HAYCHB
eJeMeHTIB MaTpuii Mroisepa y «hazoBomy» nepepisi &

SO 4 5% _5%) (5B —s1s) (58 —s®
( ) ) )
) SO 4§ _50) (s —s1s) (58 -s®
{M(§k )}_ 0,5 (SSO + S;)o) (So S90) (S45 S135) (S3® _ S3® )
)

(s +55) (50~

Koopaunatauii po3momin (Mama) BETMYMHHU JENOJSIpU3alii y KOXKHOMY (a30BOMY
nepepisi BU3HAYAETHCS HACTYITHUM CHiBBigHOIIEHHIM [17-19]

Alx, y,8,) 1——{[(S° sP)+ (s = s )+ [lse+ s (o)

KinpkicHO po3mnoninu A(x y,5) OIIIHIOBAJIUCSA MUISXOM OOYMCIIEHHS CYKYITHOCTI

CTATUCTUYHHX MOMEHTIB 1-ro — 4-r0 nopsakis Z,_,., [14-16] y xoxuiii «ha3osii»

IUTOIIHHI O, .

Onmuuna cxema ma memoouka eumipioganv 3D Mionnep-mampuunoi nonapumempii
Ha puc. 1 naBemeno omtuyne posramyBanHi 3D Mromep-MaTpuyHOi TOISpUMETPil
010JIOT1YHHX IIAPIB.
Hapanensrnii (@ =2x10° m) mydox He-Ne (A4 = 0,6328 um ) masepa 1, chopmosanmuit
3a JIOMOMOTO0 KoJliMaTopa 2, 3a jgormomoror 50% CBITJIONOAUTBHHUKA 3, PO3IUISETHCS Ha
«OTMPOMIHIOIOUHI» Ta «OMOPHHID». « ONPOMIHIOIOUHIT» 32 JJOTIOMOTOI0 00EpTaloyoro aA3epkana
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4 CcrpsMOBYETBCS Kpi3b TOJApU3AIiiHUN (PUIBTp 6—8 y HampsMKy 3pa3Ky O10J0TI4HOTO
mapy 9. Ionspuszaniiino-HeonHopiane 300paxkeHHs 00°ekTy 9 00’ekTBOM 10 MpoEKTyeThCS
y 1iomuHy 1udpoBoi kamepu 14. «OmopHUi» MydoK M3€pKaJoM 5 CHPSMOBYETHCS Kpi3b
nonspuzaniiauii Ginetp 11-13 y muommHy mnonsipu3aniiHO-HEOIHOPITHOTO 300pa)KeHHs
00’ekty 9. V pesynbTaTi dopmyeThes iHTephEpeHIliiHa KapTHHA, KOOPAUHATHUN PO3IIOIIIT
IHTEHCUBHOCTI 5IKOi peecTpye nuppoBa kamepa 14. DopmyBaHHS CTaHIB MOJApU3ALIi

«OTIPOMIHIOIOYOT0» Ta «OMOPHOTO» IMYYKIB 3A1HCHIOETHCS MOISpHU3aliiHuMu (pitbTpamMu 6—8
111-13.

16

Puc. 1. Cxema nossipu3aitiiinoi inrepdepometpii 3D posmoainis egeMeHTiB MaTpuili Mrouiepa.
[MosicHeHHSI B TEKCTI.

ExcnepuMenTanbHa ~ METOIMKA — TOJApHU3AIiHHO-IHTEp()EPEHIIMHOTO  BU3HAYCHHS
€JIEMEHTIB MaTpulli MroJuiepa rnossirae y HaCTyIHii CyKyITHOCTI JTii:

— ¢opMyBaHHS B ONPOMIHIOIOYOMY Ta OMOPHOMY JIa3€pHUX ITydKaX YOTUPHOX JIHIHHO
(0°:90°;45%;135%) i mBox (mpaBo- (®) i miBo- (D)) LUPKYISAPHO MONAPU30BAHUX CTAHIB —
((0°=0°F (90°-90°} (45°-45°} (135°-135'} (®-®) (®-®));

— peecTpaliio KOXHOI mNapuianbHOI 1HTepQepeHIiifHOT KapTUHU Kpi3b MOJISPU3ATOP-
aHamizatop 14 3 TOCTIJOBHOI OpIEHTAII€I0 IUIOMIMHA TPOMYCKaHHS TiJ KyTamH
Q=0% Q=90";

— BIZHOBIIEHHS JUIsl KOXHOTO TapuiadbHOro iHTep(depeHIiiiHoro po3mnoainy 3a
JIOTIOMOTOF0  iHTerpaimbHOoTO  AudpakmiiiHoro mneperBopeHHs [30] cepii  “dazoBux”
KOOP/IMHATHUX PO3MOALIIB KOMILIEKCHUX aMmutityn {E, (x,y) E,(x,y)j 06 extHOro mons y

X

TUTOMIHMHI 010JIOT1YHOTO HIapy .

Memoouka éuzomoenenus 3pasKie
BuOip TeXHIKM BUTOTOBJIEHHS TICTOJOTIIYHUX 3pi3iB OIOJOrIYHMX TKAHUH Yy HAaIIUX
HOJSIPUMETPUYHUX  JOCHIDKEHHAX ONTHYHOI aHI30Tpomii MOB’S3aHMNH 3 HACTyHHUMHU
0o0CTaBHHAMU.
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CrannmaptHe AOCHiKCHHS OyI0BM O10J0TIYHOT TKAaHWHM B JIIarHOCTHYHHMX ITIJISAX
NPOBOIUTHCA Ha 3pi3ax, OTpuUMaHuX 3 Oiomcii Mmartepiany, 3aiKCOBAaHOTO PO3UMHOM
dbopmaltiHy, 3HEBOJHEHOTO 1 3aJMTOr0 B mapadiH abo IHINI CHHTETHYHI CEpeOBHIINA
(HampuKJIaa, maparniacT, TICTOIUIACT 1 1H.) — CaHHI Ta POTOpHI MikpoToMu. [Iporiec 06podku
TKaHWHH, 10 3aBEPIIYETHCSA BUTOTOBJICHHSM 3pi3iB 3 mapadiHOBUX OJIOKIB, TPUBAIWN 1
3aiimae Ounbiie 42 roaus [32].

JInst mONMApUMETPUYHHUX JTOCHIDKEHb ONTHYHOI aHI30TpoImii O10J0TIYHUX TKaHWH TaKi
3pa3ku € HenpuIaTHUMU. Lle 00yMOBIeHO THM, 1110 (QIKCYI0Ul MaTepiaiu BOJIOIIIOThH BIACHOIO
AHI30TPOTMIETO, IO CIIOTBOPIOE TOJIIPU3AIIINHI MTPOSIBU JBOIIPOMEHE3AJIOMIICHHS 1 TUXPOiZMy
JOCTIIKYBAaHUX 3pa3KiB O10JOTIYHIX TKAHUH.

OkpiM 1BOTO, y TMATOJOTOAHATOMIYHIM TMPAKTHIIl Pa3oM 3 IJIAHOBUMH IPOBOJATHCS
TEPMIHOBI TiCTOJIOTIUHI AOCHIKEHHSI — 1HTpaonepaiini Oiomncii. Yac, mo BUTpayaeThCcs Ha
OTPUMAaHHS BHCHOBKY B IIMX BHIMAaJKaxX, Ma€ cTaHOBUTU He Oinbine 20 xB. [lapadinoBi 3pizu
HE BIAITOBIIAIOTH JaH1il BUMO31.

JImst mIBUIKOTO OTPUMAaHHS TICTOJIOTIYHOTO TMpernapaTy B OIOMCIMHINA 11arHOCTHIN
3aCTOCOBYIOTH IIBHJIKE 3aMOpPO’KYBaHHS TKaHWHH 3 MOJAJBIINM BUTOTOBJICHHSIM 3pi3iB 3a
JIOTIOMOTOF0 KpiocTaty abo 3aMOpOKyBajIbHOI MPUCTABKU 10 MIKpOTOMY. Taka TEXHOJOTis,
OKpIM  eKCIPECHOCTi, 3abe3rnedye MOXJIMBICTH TPSAMOro JOCHi/KeHHA (a3oBoi Ta
aMILTITY/THOI aHI30TpOmii 1 TOMY 3HAWIJa 3aCTOCYBaHHS Yy BCIX MPOBITHUX CBITOBUX
71a00paTopisAX MOIIPUMETPHUYHOI JIarHOCTUKU CTPYKTYpH 010JI0TTYHUX TKaHuH [2-6,10-13].

['ooOBHUM HETOJIIKOM METOMy 3aMOpPOXKYBaJbHOI KpioToMii OyB BIUIMB KpHCTasizamil
Boau. [Ipore, oTpuMaHHS SKICHOTO 3aMOPOXKEHOTO 3pPi3y MOMIIMBE 32 PAXyHOK IIBUIKOTO
3aMOpOKYBAaHHSI TKaHWHH, TPH SKOMY BOJAa HE KpPUCTATI3YETHCS, a TMEPEXOAWTh B CTaH
amopdnoro nsoxy [33].

Pimennst 3a3Ha4eHoi mpobieMu 3HaICHO B 3aMOPOXKYBaHHI 3pa3ka 0ionTaTy y n-rekcaHi
[34]. B pe3ynbrari OTpUMYIOTBCS 3pi3U BUCOKOI SIKOCTI, IO J03BOJISIE MPOBOJUTH HE TITBKU
MOJIIPUMETPUYHI, ajie CBITJIIOBI MIKPOCKOMIYHI JOCHI/DKEHHS 3arajlbHOrO MAaJIFOHKY
O10JIOTIYHUX TKAHUH, a TAKOX JeTallel 1X KIIITUHHOI OyIOBH.

B sKoCTI eKCmepHMMEHTAIBHOTO 3pa3Ky BHUKOPHCTOBYBAJIMCS TICTOJOTIYHI  3pi3H
NoOposiKicHOT (7 =2.14;A =88% ) 1 3nosikicHOT (7 =2.14;A =88% ) NyXJHMH TNPOCTATH:
noOposikicHa myxJiHa (ageHoma) — rpymna 1 (26 3paskiB); 370sIKiCHa TyXJIuHA (KapIIMHOMA) —
rpymna 2 (26 3pa3kiB).

Ilpunyunu oughepenyianvnoi diacnocmuxu
OnTuyHa TexHOJIOTiS audepeHIiaabHOl IarHOCTUKK TaKUX 3pa3KiB BKIIOYAE B cebe
HACTYIIHI €Tamu:
1. BwusnauenHs cepii «¢ha3oBHX» IMOIIAPOBHX PO3IMOIIIIB A(5k,x,y) y Mexax 000x
TPYII 3pa3KiB.
2. Jlnst KoXHOro «(a3oBOro» mepepizy o, OOUHCIIOETHCS CYKYIHICTb CTaTUCTUYHUX
MOMEHTIB 1-T0 — 4-ro nopstakis Z,_,,,,{A(5,,x,y)} [35-43].

3. Bynytotecs mng ricTolmoriyHuX 3pi3iB rpynu 1 i rpymu 2 “¢a3oBi” 3alneXHOCTI
Zi:l;2;3;4 {A(é‘l ’ é‘2 e '5k )} :

. % . .
4. BusHauatothcs «daszoBi» ommHE (O ), € peami3yroThCi MaKCHMAlbHi
_ 3k
=AZ[:1;2;3;4(5 )—) max).

BiIMIHHOCTI MiX BEIMYMHAMY CTATUCTUYHUX MOMEHTIB ( AZ"

i=1;2;3;4
5. 'V «pasosiit» miommni ¢° BusHauarotscs cepenne AZ. ., Ta MOXUOKa G(AZ;‘) y

MesKax TiCTOJNIOTIYHMX 3pi3iB 3 rpynu 1 i rpynu 2.
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6. 3 MeTO MOXIMWBOTO KIIHIYHOTO 3acTocyBaHHsA [44,45] nns  KOXHOrO 13

. : a
CTaTUCTUYHUX  MOMEHTIB  Z,_ ,,, OOUHCHIOETbCA  4yTIuBicTH (Se= 5 100%);
. c . Se+§, .
cnenudivuaicth (Sp = P 100%); 30amaHcoBaHa TOYHICTh (Ac= —p), ne a i b
c+

KUTBKICTh MPABWIBHHUX 1 HEMPABUJIBHUX JIarHO3iB y Mekax Ipynu 2; ¢ i d - Tex came y
Mexax rpynt 1.

PE3YJIbTATH i OGTOBOPEHHS
Ha puc. 2 npuBeneni manu aenospu3aiii A(5 X, y) ONTHYHO-TOBCTUX T1CTOJIOTIYHUX
3pi3iB azieHOMH (J1iBa YaCTHUHA) Ta KAPIIMHOMH (IIpaBa YaCTHHA) MPOCTATH.
HaBeneni npukiagum man jaenosispusaiii ONTHYHO-TOBCTHX (7 =1,99 —2,04) 3pa3kiB
oJiepKaHi TUTSt (hazoBoro nepepizy 0 =095 1 BIJINOBI/IAl0OTh YMOBI
AZ" =AZ 4y (5*)—> max.

i=1;2;3;4

VY tabn. 1 npuseneni cepene AZ_,;, Ta NOXUOKU O'(AZl.) y MekKax TICTOJIOTIYHUX
3piziB 3 rpynu 1 i rpynmu 2 Ta OOYMCIICHA /I KOKHOTO 3 CTAaTUCTHYHUX MapaMeTpiB
30a/1aHCOBaHa TOUHICTh Ac; (AZi %.

P &
¥.oum 00 X, L ¥ pm 00 X, um

Puc. 2. Po3noniny BeNMYKMHK CTYIIEHs Jenolsipusanii ontuuro-ToBetux (7 = 1,99 — 2,04 ) ricrosnoriynux
3pi3iB Oioricii aneHoMu (JIiBOPYY) Ta KapIMHOMH (IIpaBOpYyY) MPOCTATH.

Amnamni3 onepxaHux pesynbraTiB 3D Mromiep-MaTpuYHOTO KapTorpadyBaHHS ONTHYHO-
TOBCTHX TICTOJIOTIYHUX 3pi3iB Oiomcii JOOPOSKICHOI Ta 3MOSIKICHOT IMyXJIMH MPOCTaTH BUSIBUB
CHIUIbHY 3JICKHICTh CTPYKTYPH MaIl JeNOJSIpU3aliii BiJl 3pOCTaHHs piBHS ()a30BOTO Mepepizy.
Tax 3i 36inbmennsM 5, T (3pOCTaHHSM KPaTHOCTI CBITJIOPO3CisHHS B 06’€Mi 6i0J10Ti9HOrO

[1apy) Ma€ Miclie HaCTYIHUN ClIeHapiil 3MIHU BETUYMHU CTATUCTHUYHUX MOMEHTIB 1-T0 — 4-T0
Z,, (S y) T

MOPSTIKIB, SIKI XapaKTePU3YIOTh A(é'k, X, y) —
Zyy (A(5k > Xs y)) 4

. BusiBiena 3akoHOMipHICTh
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TpaHchopmaIllii CTaTUCTHYHOI CTPYKTYpH Mam JenoJisipu3aliii ricTOJOTIYHUX 3pi3iB Olomcii
JNOOpOSIKICHOT 1 370SKICHOI MyXJUH Yy pi3HUX ¢a3oBux nepepizax 3D — posmoninis
0o0yMOBJIEHA ~ HApOCTaHHSAM  KPAaTHOCTI  PO3CISHHSA  TOJSPU30BAHOTO  JIA3E€PHOTO
BUIIPOMIHIOBAHHS ONITUYHO-aHI30TPOITHUMH CTPYKTYypaMH TKaHUHH MTPOCTATH.

B mporieci mopiBHJIBHOTO aHAI3y Mam JAenoJisipr3aliii 610J0TIYHUX TKaHUH 3 PI3HOIO 3a
TeOMETPUYHUMH MaciiTabamMu MOpQOJIOTiYHOI0 OYyJOBOI0 MU BHSBMJIM Di3HY LIBUAKICTH
HApOCTaHHs CTYIICHS Jenossipu3aliii. Y BuUmaaky audepeHIaii 3pa3kiB MyXJIuH MPOCTaTH
TaKUil TpoIec KOpeNmoe 3 MexaHi3MaMu (opMyBaHHA Jenossipu3anii B 00’eMi 3705KiCHOT
KapIUHOMH, BeNIMKOMacIiTabHa (iOpwisipHa CiTKa SKOi 3a3Ha€ JECTPYKTHBHUX 3MiH. 3a
paxyHOK IIbOTO 3pOCTa€ KpPaTHICTh PO3CIIOBaHHSA Ha JApiOHOMAcIITaOHUX CTPYKTypax i
riCTOTpaMHd PO3MOJIITY BETHYHHH A’ (5K,x, y) 3TiIHO LIEHTPaJIbHOT TPAaHUYHOT TeopeMu [44]
MParHyTh J0 «A3BOHOMOMIOHUX» 1 CTalOTh MEHIII BY3bKHMMH Ta aCHMETPUYHUMU Yy TOPIBHSHI
13 TicTOrpamMamMH JaHOTO TMapamerpy, OOYHMCICHMMH Ui 3pa3Ky IOOPOSKICHOI IMyXJIMHH.
TakuMm YMHOM, MaKCHMaJIbHI BIIMIHHOCTI MK Mamam# JEHoJiApu3ariii ONTHYHO-TOBCTHUX
I1apiB aJIeHOMH 1 KapIUHOMH (puc. 1) peani3yloThCs Ui IEBHOTO «IIPOMIDKHOTO» Jiana3oHy
¢azoBux mepepizis (0.75 < Ad" <1.05).

Tabmums 1 imocTpye pe3yiabTaTH CTATUCTUYHOTO aHAII3Y PO3MOIUTIB  BEIHYUHU
A(5k,x, y) 3pa3KiB MyXJIMH MPOCTaTH 000X THUMIB y HAHOUIbII A1arHOCTMYHO-YYTIUBOMY

«pazoBomy» niepepizi 5 =0,95.

Tabmuusg 1. CraructruHi KpuTepii audepeHttiamii myXIMH IpocTaTH HAa OCHOBI Mall JemoJiipu3amii

[TapameTpu Anenoma — Kapruunoma TouHicTb,

(8" =095) Ae,%
AZ, 0,074+ 0,004 71
AZ, 0,041+ 0,003 68
AZ, 0,310+ 0,017 83
AZ, 0,44 £ 0,029 87

CipuM BUALIEHI CTaTUCTHYHI MapaMeTpH, Ul SKUX BIIMIHHOCTI MIX A(5k,x, y) 1
A (6,,x,y) MakcumanbHi. Jlnst JaHUX MApaMeTPiB 3riIHO KAHOHIB IOKA30BOi MeIMIMHH [44]

BIIEpIIEC JOCSATHYTO XOPOIIMX piBHIB 30anaHcoBaHoi TouHocTi Metony 3D  Mirosep-
MaTpUYHOTO  KapTorpadyBaHHsS ONTHYHO-TOBCTUX IIapiB  OIOJOTIYHMX TKAaHWUH Yy
mudepeHLianpHid  JlarHOCTHI  JTOOpPOSIKICHUX 1 3J0MKICHUX MyXJIUH TOPOCTaTH —

4dz,,,(A(57)) ~ 83%—87%.

Takum 4MHOM, HaMM BIIEpLIE PEATi30BAHO HOBE IMOJIIIIEHHS IIUPOKO BIJOMUX METOIB
nossipumeTpii 2D Mromiep-maTpuyHuX 300pakeHb O10JIOTIYHMX TKAaHUH, SIKi y3arajibHEHi B
aBTOpuTeTHUX orisgax [1-6, 10-12], na Bumamok 3D matpuuHoro kaptorpadyBaHHs [29]
peabHUX AUQPY3HUX OIOJIOTIYHUX IIApiB MUISXOM BHU3HAYCHHS IIONIAPOBUX  MAIl
nenonspusainii. Ha uiii ocHOBI, Bmepine y CBITOBIM MpakTUIll MOISAPUMETPli O10JOTIYHHX
TKaHuH [ 14-16, 23-28] peanizoBaHo nudepeHIialio 1enoaIpru3y0YuX 3pa3KiB TiCTOIOTITYHUX
3pi3iB Oi0MCii JOOPOSKICHUX 1 3MOSAKICHUX MYXJIMH MIPOCTATH.

BUCHOBKH
3anporoHOBaHO Ta OOIPYHTOBAHO HOBI TONINIICHHS METOXy MIOIUIep-MaTpUIHOTO
KaprorpadyBaHHs IUIIXOM BiaTBOpeHHs 3D Man nemonspusanii A1enonsapu3younx Judy3Hux
mrapiB 10OPOSKICHUX 1 37I0SKICHUX ITyXJIMH TPOCTATH.
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3aBAsKM  BIEpIIE 3aCTOCOBAHOMY  CTAaTHCTHYHOMY —aHajli3y IOMIAPOBHX  Mall
JeTioNApu3alii BHABICHO HAMOUIBII YYTIAMBI OO NATOJOTIYHUX 3MiH IOJIKPUCTAIIYHOL

CTPYKTypH TIpocTaTu mnapamerpu (AZ° =AZ 544 (5* = 0.95)—) max) — CTaTUCTUYHI

i=1;2;3;4
MOMEHTH 3-r0 1 4-rO TOPSIKIB, SKi XapaKTepU3yIOTh PO3MOAUIN CTYNEHS ACMOospu3anii
3pa3KiB riCTOJOTTYHHUX 3pi3iB aZICHOMU 1 KapIUHOMHU pOCTaTH
(7=1.99-2.04;A =81%—85%).

Hocsaruyro xopomoi (AZ;, (5 " A):> Ac>80%) touHocTi mudepeHIiamii 3pa3KiB

aJCHOMHM 1 KapUUMHOMH MeToAoM Mromep-marpuyHoro Kaprorpadgysanus 3D mam
JIETOJISIpU3aIlii MaToJIOTTYHO 3MIHEHOT TKAHWHU MTPOCTATH.

KOH®JIIKT IHTEPECIB
ABTOpH MOBIAOMIISIOTH PO BiICYTHICTh KOH(IIKTY 1HTEpECIB.

MNOASAKA
JlaHa cTaTTsd BHKOHAaHAa B paMKaxX HAyKOBO-JOCTIAHOI poOOTH, 10 (iHAHCYETHCS 3a
paxyHOK KOIITIB JAep>KaBHOro OmwokeTy MiHICTEpCTBOM OCBITH 1 HaykKu YKpaiHu (HOMep
oromxeTHOT Temu: NeO116U001446).
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AxTtyanbHicTb. Cepen OaraToO4YmcenbHUX METOHIB MMOJMSPUMETPUYHOTO JOCHIIDKEHHS CTPYKTYpH
OioJoTiYHMX TKaHWH OCOONIMBE Micle 3aiiMae Mriomrep-matpudHa moisipuMetpis (MMIT). Jlanwii Metox
A€ BHUKIIOYHO TIOBHY IH(QOpMAIil0 TpO TMOJSApU3AIliiiHi TNPOSBH ONTHYHHX BIACTHBOCTEH
MOJIIKPUCTAIIYHOI CTPYKTYPH O10JIOTIYHMX TKAHWH PI3HOMAaHITHHX OpraHiB JOAWHA. HOBHM KpoKoM y
PO3BUTKY aHOI METOIVWKH CTajJ0 KOOpPAMHATHE KapTorpadyBaHHA PO3NOALNIB BEIHYHMHH MaTPUYHHX
eneMeHTiB — Miomep-matpuuHux 300paxens (MM3). Ilpote, mpakTmyHe 3acTocyBaHHSA MIroiep-
MaTPUYHOTO METONY Y PYTHHHIN 1abopaTopHid mpakTuii oOMexeHo. Benmuwmna 12 i3 16 enemMeHTIB
Marpulli Miomiepa € 3aJeXHOI BiJl IMOBOPOTY 3pa3Ky BIJHOCHO HampsMy OIpoMiHeHHs. Tomy
AKTYaJIbHUM € TIOAAIBIINN PO3BUTOK Ta y3araibHeHHs MeToquk MMII 3 BUKOPHCTaHHSIM KOOPIMHATHHX
posmoniniB Habopy Mroitep-marpuyHux iHBapianTiB (MMI) — a3suMyTaJbHO HE3aJIC)KHUX EJIEMEHTIB
Marpuli Mroiepa, IXHiX KOMOiHaniif, MATPUYHHUX BEKTOPIB Ta KyTiB Mi>K HUMH.

Meta pobotu. PoboTta cipsiMoBaHa Ha TEOPETHYHE OOTPYHTYBAaHHS Ta EKCIIEPUMEHTAIBHY pPO3POOKY
METOJla a3UMyTaJIbHO-IHBAPIaHTHOI MOJSAPUMETPii YaCTKOBO-ICHOAPU3YIOUNX ONTHIHO-aHI30TPOITHUX
OioyoriyHMX mapiB Ha OCHOBI KOOPIWHATHOTO MIOIUIEP-MAaTPUIHOTO KapTorpadyBaHHS TiCTOJIOTIYHUX
3pi3iB s audepeHIiaabHOl MIarHOCTHKH 3MIiH ONTHYHOI aHi30TPOIIii, sIKi MOB’s3aHI 3 BHHUKHCHHSIM
MaTOJIOTIYHUX CTaHIB.

PesyabTaTn. 3ampomoHOBaHO Ta OOIPYHTOBAaHO METOJA a3MMyTalbHO-iHBapiaHTHOro Mrotep-
MaTPUYHOTO KapTorpadyBaHHS Ha MPHUKIAAI ONTHYHO AaHI30TPOIHMX 3Pa3KiB TiCTOJOTIYHUX 3pi3iB
Mmiokapaa. Opep)aHO pPO3NOJUIM BEIMYMHH a3MMYTalbHO-IHBapiaHTHOIO MAaTPUYHOTO €JIEMEHTY,
CYNepro3ullii MAaTpUYHUX €JIEMEHTIB Ta BEJIMUMHH MaTPUYHOTO BEKTOPY.

BucHoBkH. Bu3HAa4e€HO 3aJIe)KHOCTI BEJIIMYMH CTATHCTHYHHX MOMEHTIB 1-ro — 4-ro mopsikis, sKi
XapaKkTepU3yIoTh PO3NOAUIN BelMYMH Mrojuiep-mMaTpuuHux iHBapiantiB (MMI) ricronoridyHux 3pi3iB
Miokapaa. [IpoBeneHO 3 TO3HMIIH OKa30BOI MEAWIMHH JOCHTIDKCHHS MOMJIMBOCTEH TU(epeHIiarii
NPUYNHA HACTaHHA CMepTi BHacHigok imemiuHoi xBopodu cepus (IXC) Ta roctpoi KopoHapHOI
nepoctatHocTi (I'KH).

KJIFOYOBI CJIOBA: monspusanis; iHTepdepeHIis; moispuMeTpis; MaTpuns Mroiuiepa; 0iooriyHi
TKaHUHH.

METHODS AND MEANS OF ASYMUTAL-INVARIANT MULLER MATRIX
POLYARIMETRY OF OPTICAL AND ANISOTROPIC BIOLOGICAL LAYERS
0.V. Olar, V.0. Ushenko, M.Yu. Sakhnovsky, Yu.O. Ushenko, O.V. Dubolazov,

0.G. Ushenko, A.V. Motrich
Yuri Fedkovich Chernivtsi National University, 2, Kotsyubinskogo st., Chernivtsi, 58002, Ukraine

Background: Among the many methods of biological tissues structure polarimetric research, Muller-
matrix polarimetry (MMP) has a special place. This method provides exclusively complete information
about polarization manifestations of biological tissues of polycrystalline structure of various human
organs optical properties. A new step in development of this technique was the coordinate mapping of the
magnitude of the matrix elements distribution — Muller-Matrix images (MMI). However, the practical
application of the Miiller-matrix method is limited in routine laboratory practice. The size of 12 of 16
Miiller matrix elements is dependent on the rotation of the sample relative to the direction of irradiation.

© Omnap O.B., Ymenko B.O., Caxunoscrkuit M.10O., Ymenko 10.0., [Iy6onazor O.B.,
Ymenko O.I'., Motpuu A.B., 2019
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Therefore, further development and generalization of the MMP techniques using the coordinate
distributions of the Muller-matrix invariant (MMI) set — azimuthally independent elements of the Miiller
matrix, their combinations, matrix vectors, and the angles between them.

Objectives: The work is aimed at the theoretical substantiation and experimental development of the
azimuthally invariant polarimetry method of partially depolarizing optical anisotropic biological layers on
the basis of coordinate Muller-matrix mapping of histological sections for differential diagnostics of
changes in optical anisotropy, which are associated with the emergence of pathological states.

Results: The method of azimuthally invariant Muller-matrix mapping of optically anisotropic samples of
the myocardium is proposed and grounded. The values of azimuthally invariant matrix element,
superposition of matrix elements and the magnitude of the matrix vector distributions are obtained.
Conclusion: The magnitude of the 1st-4th order statistical moments’ dependences, which characterize the
distribution of the Muller-matrix invariant (MMI) of the histological sections of the myocardium are
determined. The study of the possibility of differentiating causes of death due to ischemic heart disease
(IHD) and acute coronary insufficiency (ACI) conducted from the standpoint of evidence-based
medicine.

KEY WORDS: polarization, interference, polyarimetry; Miiller's matrix, biological tissues.

METO/JIbI M CPEJICTBA ABUMYTAJIbBHO-UHBAPIAHTHOM MIOJLJIEP-MATPUYHOMN
MOJIIPUMETPUH ONITUYECKH-AHU3OTPOITHBIX BHOJIOTTYHUX CJIOEB
0.B. Ouaap, B.O. Ymenko, M.IO. CaxnoBckuii, }0.0. Ymenko, O.B. /Iy6o.1a3os,

O.I'. Ymienko, A.B. Motpuu
Yeprosuyxuil HayuoHaroHulil yuusepcumem umeru FOpus dedvkosuua,
ya. Koyrobuncxozo, 2, Yepnosywl, 58002, Yrpauna

AkTyanbHOcTh. Cpelu MHOTOUUCIEHHBIX METOJOB MOJSPUMETPUYECKOTO0 HCCIEJOBAaHUS CTPYKTYPHI
Ouonornyecknx TKaHeil ocoboe MecTo 3aHuMaeT Mrojutep-marpuyuHas nossipuMerpust (MMID). Janublid
METOJl JJaeT HCKIIOYHMTENIBHO MOJHYI HMH()OPMALMIO O IIOJIIPU3AIMOHHBIX IPOSBICHHUSX ONTHYECKUX
CBOHCTB TOJUKPUCTAINIECKON CTPYKTYypBhl OHOJIOTHYECKHX TKAHEH pa3IMUHBIX OPraHOB YENIOBEKA.
HoBbIM 1m1aroM B pa3BUTHH JTaHHOW METOJHUKH CTAIO KOOPAMHATHOE KapTorpadMpoBaHNE pacrpeeacHuH
BEJIMYMHBl MATPUYHBIX DJJEMEHTOB — Miomiep-MaTpudHblx  u3obpakenmii (MMU). Ompnaxo,
MPaKTUYEeCKoe MpHUMEHeHHe MIOUIep-MaTpUYHOTO METOJa B PYTHHHOW JIaOOpaTOpPHON IPAaKTHKE
orpanudeHo. Pasmep 12 u3 16 snemeHToB Marpuibl Miojuiepa SIBISETCS 3aBUCHMBIM OT ITOBOPOTA
oOpaslia OTHOCHTEJIPHO HamlpaBlieHHss o00mydeHusa. [lo3ToMy aKTyalbHBIM SBISIETCS JajbHeiiiee
pasButue U 0600menue merogquk MMII ¢ ucmosb30BaHMEM KOOPIMHATHBIX paclpejaeneHuid Habopa
Mrosutep-marpuuHbix  MHBapuantoB (MMI) — a3uMmyTanabHO HE3aBUCHMBIX OJIEMEHTOB MAaTPHIIBI
Mrosutepa, UX KOMOMHAIMH, MATPUYHBIX BEKTOPOB M YITIOB MEXK/1y HUMHU.

Iean padoTel. PaboTa HanpaBieHa Ha TEOpeTHYECKOE 000CHOBAaHHE U 3KCIIEPUMEHTAIBHYIO Pa3paboTKy
METOJa  a3UMyTaJbHO-UHBAPUAHTHOW  MOJIAPUMETPUU  YACTUYHO-JCMOJIAPU3YIOUINX  ONTUYECKH
AQHM30TPONHBIX  OWOJIOTMYECKMX  CJIOEB Ha  OCHOBE  KOOPAMHATHOTO  MIOJIep-MaTpHIHOTO
KapTrorpaupoBaHMsl TUCTOJIIOTHMYECKUX CPe30B Uil AU (epeHInaTbHON IHArHOCTUKH W3MEHEHUH
ONTHUYECKON aHU30TPOIHUH, CBA3aHHBIE C BOSHUKHOBEHUEM MATOJIOTHYECKUX COCTOSIHUM.

Pesyabtathl. IIpeioskeH W O0OOCHOBAaH METOJ a3MMYTaJbHO-HHBAPHMAHTHOTO MIOJIEp-MaTpHIHOTO
KapTorpadMpoBaHUs Ha NpPHMEpPEe ONTHYECKH AHH3OTPOIHBIX OOpa3loOB THCTOJIOITMYECKHX CPE30B
Muokapza. IlomxydeHsl pacrpeneneHus BeIUYUHbl a3UMYTaIbHO-WHBAPUAHTHOTO MAaTPUYHOTO JJIEMEHTA,
CYTIEPIO3UIIMHA MAaTPUYHBIX 3JIEMEHTOB U BEJIMUMHBI MATPUYHOTO BEKTOPA.

BuiBoabl: OmnpeneneHsl 3aBUCHMOCTH BEIMYUHBI CTaTHCTUYECKUX MOMEHTOB 1-r0 — 4-ro NOpSIKOB,
XapaKTepu3yoUIMX  paclpeniesieHuss  BeJIMYMHbI  Miojuiep-MaTpuuHblX — MHBapuantoB  (MMI)
TUCTOJIOTUYECKUX Cpe30B Muokapza. IIpoBeneHo ¢ mo3unuid noka3aTeIbHONM MEAMLUHBI HCCIIENOBAaHHUE
BO3MOXXHOCTH JH(dhepeHnnanuy NpruurHbl HACTYIUIEHUsI CMEPTH B pe3yJbTaTe MIIEeMUYEeCKOH 00Jie3HH
cepaua (MBC) u octpoii koponapHoii Heocrarounoctu (OKH).

KJIIOYEBBIE CJIOBA: nomspusanus; nHTephepeHIys; MoasIpuMeTpus; MaTpuia Mrouiepa; Ouojornueckue
TKaHH.

Cepen OaraTouncenbHUX HAMPSMKIB ONTHYHOI A1arHOCTUKHM O10JIOT1YHUX TKaHUH [1-3]
BOXJIMBE Micile 3aiimae Mrosuiep-matpuuna nojsipumerpiss (MMII) [4-6]. Jlanuii meTon nae
BUKIIIOYHO TOBHY 1H(QOpMAIlI0O TpO TNOJSpHU3AIiiiHI MNpPOSBU ONTUYHUX BIACTHBOCTEH
Olonoriyamx TKaHWH. TpamuiiitHo Meromu i 3aco6m MMII po3BHBaUCS y MeEkKax JIBOX
rpaHUYHUX HaOmmxkeHb. [lepiie — momryk B3a€MO3B’SI3KiB MK KYTOBUMH (1HIUKATPUCAMH) 1
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KoopauHaTHUMH (Mriosutep-MaTpudHi 300pakeHHss — MM3) po3nojiiaMu eJIeMeHTIB MaTpPHIIi
Mionnepa Ta CTPYKTYpOIO ONTHYHO-TOBCTHX, JACMOJSAPU3YIOUMX O10JIOTTYHMX TKaHWH [7].
Hpyre — MMII onTHYHO-TOHKUX, HEACTOMAPU3YIOUUX OlonoriyHux 1mapiB [8-10] 3
HACTYIHUM BiATBOPEHHSIM PO3MOALIIB mapameTpiB (pa3oBoi Ta aMInIiTyaHo1 aHizoTpormii [11-
20]. Pa3zom 3 tmm, Oumbmicte (12 3 16) ememeHnTtiB Marpuili Mromiepa € a3uMyTalbHO-
3QJIE)KHUMU. TOMy aKTyalbHUM € MOAAIBIINNA PO3BUTOK Ta y3araJbHeHHs mMeroauk MMII 3
BUKOPUCTAaHHIM Habopy Mroyuep-maTpuuHux iHBapiantie (MMI).

Pobora cnpsiMoBaHa Ha po3poOKy MeToJa a3suMyTaJIbHO-1HBapiaHTHOI MOJISpUMETpil
YaCTKOBO-JCTIONSPU3YIOUNX ONTHYHO-aHI30TPOIMHUX Oloyioriyamx 1mapiB. Jlanwii meton
0a3yeTbcs Ha BHM3HAYCHHI Ta [JIarHOCTUYHOMY BHKOPHUCTaHHI Habopy  (izmuHHX
B3a€EMO3B’S3KIB MIXK PO3MOJILJIaMU a3UMYTaJIbHO-1HBApIaHTHUX TOJISIPU3AIIIHHUX TTapaMeTpiB,
SK1 XapaKTepH3yI0Th ONTHYHY aHI30TPOIIiI0 YAaCTKOBO-JEHOISIPU3YIOUHX IApiB O10JIOTTYHUX
TKaHWH, 1 PO3MOJIJIaMHU MMapaMeTPiB JIHIHHOTO Ta IUPKYJSIPHOTO JBOIPOMEHE3TIOMIICHHS
TaKUX 00’ €KTIB.

MATEPIAJIX I METOIHU
Mronnep-mampuuni ineapianmu
Cyxynnicts MMI, siki XapakTepu3ylOTh ONTHYHY aHI30TPOIII0 O10JOT1YHUX IIapiB, Mae
HACTYTHI aHATITHYHI BUPA3H:
— eJleMeHTH MaTpuli Mromepa
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Takum ynHOM, TIUIIXOM BUKOpHCTaHHS Habopy MMI (cmiBBimHomeHHs (1) — (7)) MoxHa
PO3MIUPUTH MOXIUBOCTI MiIoiep-MaTpUuHOro KapTorpadyBaHHS Ha CTaTUCTH4YHI abo
CKPIHIHTOBI JIaOOpaTOPHI JOCIIIKEHHS 3pa3KiB O10JIOTTYHMX MIapiB (TICTOJIOTIYHI 3pI3M Ta
NOJIKPUCTANIYHI TUTIBKM) OpraHiB JIIOJUHM Y PI3HOMAaHITHHX 3aBJAHHIX OloMeIu4YHOi
IarHOCTHKH.

Onmuyna cxema Miwonnep-wampuunoi noaapumempii

Ha puc. 1 mpencraBineHa onTHYHA CXeMa CUCTEMH 300paKyBajibHOI MIoJuiep-MaTpUIHOT
noJIipuMeTpii GpazoBO-HEOTHOPIAHUX O10JIOTTYHMX 00’ €KTiB. [laHa cucTeMa MICTHTh HACTYITHI
(byHKLIOHATBHI OJIOKU:

— OJOK J1a3epHOro 30HAYBaHHS, 10 ckianaerscsi 3 He-Ne (A =0,63m) nazepa 1 Ta
Komimaropa 2, skumii ¢dopmye cnabko iHTeHcuBHHM (W=5,0 wMBT) mapanensHuit
OTIPOMIHIOIOUUH TTyYOK JIIaMETPOM 5 MM;

— 0110k (popMyBaHHA cTaHy MOJSAPU3ALIT 30HAYIOUOTO JIa3epHOr0 BUIIPOMIHIOBaHHS, SIKUN
CKJIAJIA€ThCS 3 JIIHIMHUX nossipu3aTopis S, 7 (B+W Kaesemann XS-Pro Polarizer MRC Nano)
1 4BepTHXBWIHOBOI TutacTuHKU 6 (Achromatic True Zero-Order Waveplate) Ta 3a0e3neuye
(opmyBanHs TphOX THMIB JiHiiHOT monspusanii (a, =0°; 90°; 45°), a Takox mpaBo

UPKYJLIPHO (@) MOJIIPU30BAHOTO JIA3EPHOTO BUIPOMIHIOBAHHS;

Puc. 1. OnTraHa cxema cucTeMu MONpHU3aliitHoi MIoJuIep-MaTpUIHOT MOJIPAMETPii O10T0T1YHIX MIapiB.
[osicHeHHS Yy TEKCTi.

—00’exTHHI OJOK, SKU 3a0e3nedye KpPIIUICHHS, IOCTyBaHHS Ta OOEpTaHHS 3pasKy
OionoriyHOTO TIpenapary §;
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— MIPOCKIIIHHUN OJIOK, SIKUH 3a JOTIOMOTO0 TMoJisipu3aiiitHoro Mikpoo6’ektuBy 9 (Nikon
CFI Achromat P, ¢okycHa Binctanp — 30mm, uncnoBa aneprypa — 0,1, 30iunbmeHHs — 4x)
3a0e3neuye (GopMyBaHHS MIKPOCKOIMIYHOTO 300pakeHHS Ol0JIOTIYHOrOo Tpemapary 8 B
wiomuHil mudposoi kamepu 12 (The Imaging Source DMK 41AU02.AS, monochrome 1/2"
CCD, Sony ICX205AL (progressive scan); po3ainbHa 3matHICTh — 1280x960; po3mip
CBITJIOUYTHUBOI momaaku — 7600x6200mkm; gytnusicts — 0,05 1x; tuHamMivyHMMA Aiana3oH —
8 bit, SNR — 9 bit);

— OJIOK MOJNSAPU3ALINHOTO aHai3y MICTUTh YBEPTHXBHIBBY miacTuHKy 10 (Achromatic
True Zero-Order Waveplate) 1 momsipuzatop 11 (B+W Kaesemann XS-Pro Polarizer MRC
Nano) i 3a0e3nedye MoNApU3ALIRHUN aHai3 MIKPOCKOMIYHOTO 300pa)keHHs O10JIOTi4HOTO
mapy 8 3a HaCTyITHUM JITOPUTMOM Q=0":90745;135"; ®; @;

—O6mox 1mdpoBoi  peecTpamii  MONSIPU3ALINHO-BIAPIIBTPOBAHUX  MIKPOCKOMIYHUX
300paxkens — nudposa CCD kamepa 12;

— 0ok 00poOku nanux Ha 6a3i PC 13 3abe3neuye oOYMCIEHHS KOOPIMHATHUX
PO3HOALTIB eneMeHTiB MaTpui Mrosiepa f, (x, y) 1 Mromtep-maTpudnux iHBapianTie (MMI

— criBBigHOMmEHHS (1) — (7)) 9acTKOBO JEMOSIpU3YIOYNX O10JIOTTYHUX MIAPiB.
Metoarka 0OYUCIEHHS Y MeXaxX KOXKHOTO IMIKCEeNsl CBITIOYYTJIMBOI TUIOMAAKH [H(pOBOT

kamepu 10 (puc. 1) cykymHocTi enemeHTiB Marpuii Mromiepa f;, 3pa3ka 4YacTKOBO

JENOISPU3YI0UOT0 O10J0TIYHOTO mIapy 0a3yeThCs HA TPATUIIHHUX ISl CTOKC-MONMSPUMETPIi
QITOPUTMAX, SIKI SBJISIOTH COOOI0 CYTEPIIO3WIlil BEMYMHU IHTEHCHBHOCTI OpPTOTOHAIBHO-
HOJISIPU30BAaHUX CKJIAJIOBUX AaMIUNTYAM JIa3epHOrO BUIPOMIHIOBAHHS Ui DPI3HUX CTaHIB
MoJISIpU3aIli 30HyI0YO0ro MmyJKa

£, =05(8" +8); S =0.5(8; +55°);
£,=05(" —85%); S =0.5(8) = 8°);
fis=S"=fis f5=80 = o
fia=SE—fi fo=87 = fos (8)
for =0.5(5) +87°); S =0.5(S7 +5);
S =0.5(87 =57 fio =0.5(8y =8,
fi =87 = fas So=8 = fus
f34:S§©_f31; ﬁm:Sf_fzu-
Tyr S’s,® — cykymmicte mapamerpiB Bektopa CTokca B TOYKax IH(POBOro

MIKPOCKOIMIYHOTO 300pakeHHS 3pa3Ky YacTKOBO JIEMONSPU3YI0YOro 010JOTIYHOrO HIapy, 110
eKCIICPUMEHTAIIGHO BU3Ha4eHi st cepii miniitHo (03 45 90) Ta mpaBomupkyisipHO (®)
NOJSAPU30BAHOTO  30HAYIOUMX  JIA3€pHUX  MYYKiB 332  HACTyNHUMH  KJIACHYHUMH
CHIBBIHOLIEHHIMU

0;45;90;® 0;45;90;,® 0;45;90;®
S, =1, + 1y, ;

=1
0;45;90;® __ 70;45;90;,® 0;45;90;®
Si:Z =1 0 —1 90
0;45,90;® _ 70:4590;®  70;45,90;® . 9)
Si=3 =1 45 -1 135 >
0;45;90;® __ 70;45;90;,® 0;45;90;®
SiZs =1g +1g .

b

Tyt lous001350:0 — TIOMSAPU3AiHHO-BiA(IMETPOBAHI  IHTEHCHBHOCTI  J1a3€pHOTO

BUIIPOMIHIOBAHHS, TIEPETBOPEHOTO OioyoriyHuM 00’ ekToM. Omepairist GpiabTparis BiAMOBIIAE
HACTYITHUM EKCIIEPUMEHTAIIHUM [isIM — MPOXOKEHHIO 00’ €KTHOTO IMydYKa Kpi3b JiHIMHUN
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nossipusaTop 9 3 KyTamu obepraHHs oci mpomyckanes ©: 07 457 907 13507 457 90, a
TaKOXK Kpi3b cucTeMy (a30BOi (GiIbTpallii “UYBEpPTHXBIIBOBA TUNIACTHHKA — MOJIIPU3ATOP”, MO0
BUOKpEeMITIOE TpaBo- (®) Ta miBo- (D) HUPKYISIPHO TMOJISIPH30BaHI CKJIAIOBI 00’ €KTHOTO
JIa3€pHOTO BUIPOMIHIOBAHHS.

s excrieprMeHTanbHOiI ampoOarlii MOXKIMBOCTEH TIarHOCTHKK 3MIH ONTHYHOI
aHI30TPOMIT YaCTKOBO-JICMOJISIPU3YIOUHX IapiB O10J0TIYHUX TKAHWH METOJIOM a3MMYTaJbHO-
iHBapiaHTHOTO MIoIIep-MaTpUIHOTO KapTorpadyBaHHS MUIIXOM BU3HAYCHHS KOOPAMHATHUX

posnozinis cykynHocri MMI fi,; @y, 5 = (fzz + f33) L fas {V12+13} = \/fé + /i Gyro

chopMOBaHO B rpynH 3pa3KiB MioKap/a:
— TmoMepJTi BHACiIOK imemMivHoi xBopoou cepiis (IXC) — rpyma 1 (34 3paskn);
— MOMepJTi BHACHIIOK roctpoi kopoHnapHoi Hegoctatnocti (I'KH) — rpyna 2 (34 3paskn).

Memoouka eucomoenenus 3pasKie

Bubip TexHiKM BHWTOTOBJICHHS TICTOJOTIYHUX 3pi3iB Yy HAMMX MOJSIPUMETPUIHUX
JOCITIJDKEHHSAX ONTHYHOI aHi30Tpormii OlOJOTiYHUX TKaHUH TIIOB’SI3aHUNA 3 HACTYITHUMH
o0OcTaBUHAMHU.

CrangapTHe MOCHIKCHHS OyIOBH O10JIOTIYHOI TKAHMHU B JIarHOCTUYHHX ITUISIX
MPOBOJUTHCS HA 3pi3ax, OTpUMaHUX 3 Oiomcii Marepiany, 3adiKCOBaHOTO POZYUHOM
dopmaniHy, 3HEBOJHEHOro 1 3anuroro B mapadiH abo iHIII CHHTETHYHI CepeloBHILA
(HampwuKIIaa, mapariacTt, TICTOTUIACT 1 1H.) — CaHHI Ta pOTOpHI MikpoToMu. [Iporec 06poOku
TKaHUHM, 10 3aBEPUIYEThCS BUTOTOBJICHHSAM 3pi3iB 3 mapadiHOBUX OJOKIB, TpUBAIMU i
3aitmae Oibie 42 rogus [12].

JUist. MOJSIpUMETPUYHUX JOCHIHKEHb ONTHYHOI aHi30Tpomii Oi0JO0TiYHUX TKAaHUH Taki
3pa3ku € HenpuAaaTHUMU. [le 00yMoBIeHO THM, 110 (HiKCyI0Ui MaTepiaa BOJOIIIOTH BIACHOIO
aHI30TPOIIIEI0, IO CIIOTBOPIOE MONIAPHU3ALIiiHI MPOSBU JABONPOMEHE3aJIOMIICHHS 1 AUXPOiZMy
JIOCJTIJDKYBAaHUX 3pa3KiB 010JIOTTYHUX TKAHHUH.

OxpiM I1pOTO, y MATOJOrOAaHATOMIUHIN MPAaKTHUL pa3oM 3 IUIAHOBUMH IPOBOJSATHCS
TEpMIHOBI TiCTOJIOTIUHI JAOCHIKEHHS — 1HTpaonepaliiai Oiomncii. Yac, 1o BUTpayaeThcsi Ha
OTPUMAaHHS BHCHOBKY B IIMX BHIMAaJKaxX, Ma€ cTaHoBUTU He Oinbine 20 xB. [lapadinoBi 3pizu
HE 3aJ0BOJILHSIOTH JaH1 BUMO3I.

Jlmst mIBUIKOTO OTPUMAaHHS TICTOJIOTIYHOTO TMpemnapaTy B OIOMCIHHINA 11arHOCTHIN
3aCTOCOBYIOTH IIBHJKE 3aMOPOXYBaHHS TKaHMHM 3 MOJAJIBIIMM BHTOTOBJIEHHSM 3pi3iB 3a
JIOTIOMOTOF0 KpiocTaty abo 3aMOpOKyBajIbHOI MPUCTABKU 10 MIKpOTOMY. Taka TEXHOJOTis,
OKpIM  eKCIPECHOCTi, 3abe3rnedye MOXJIMBICTH TPSAMOro JOCHi/KeHHA (a3oBoi Ta
aMILTITYTHOI aHI30TpOmii 1 TOMY 3HAWIIJIa 3aCTOCYBaHHS y BCiX MPOBITHUX CBITOBUX
71a00paTopisX MOIIPUMETPHUYHOI JIarHOCTUKU CTPYKTYpH O10JIOTTYHUX TKaHuH [1, 4-6].

['ooOBHUM HEOIIKOM METOJy 3aMOPOKYBaJIbHOI KpiOTOMOMIi OYB BIUIMB KpHCTasi3amil
Bonu. IIpore, oTpUMaHHS SIKICHOTO 3aMOPOKEHOT0 3pi3y MOXKIHUBE 32 PAaXyHOK IIBHUIKOTO
3aMOpPOKYBAaHHSA TKAaHUHHU, NPU SKOMY BOJIa HE KPHUCTATI3YETbCS, a MEPEXOJUTh B CTaH
amopdnoro nsony [13].

Pimennst 3a3Ha4eHoi npobieMu 3HalICHO B 3aMOPOXKYBaHHI 3pa3ka 0ionTaTy y n-rekcaHi
[14]. B pe3ynbTaTi OTpUMYIOTBCS 3pi3U BHCOKOI SIKOCTi, IO J03BOJISIE€ TIPOBOAUTH HE TLIBKH
MOJIIPUMETPUYHI, aJie CBITJIIOBI MIKPOCKOMIYHI  JOCHIDKEHHS 3arajlbHOrO MAaJFOHKY
O10JIOTIYHHUX TKAHUH, a TAKOXK JeTallell 1X KIIITUHHOI OyIOBH.

INicTomoriuni 3pi3u GioMmCii MiOKapJa BUTOTOBIISIUCS Ha 3aMOPOKYBAIBHOMY MIKPOTOMI
3a CTaHJAapTHOIO METOIMKOI0 1 Malu TeOMETPUYHY TOBHIMHY ~ 30um. Jliama3oH 3MiHU

MOKa3HWKA ONTHYHOI TOBIMHU ckiamaB 7 = 0,21+0,24. CTymneHp aenospu3aliii Jexas y
mexax A =18%+24%.
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PE3YJIbTATU TA OBTOBOPEHHS
Ha cepii pucyskiB (puc. 2 — puc. 5) npeacrasneni mamu ((1), (3)) 1 ricrorpamu ((2), (4))

posnoninis emmuunn fy, (puc. 2); @y, 55 = f5, + f3; (puc. 3), {K2+13} =V fé +f1§ (puc. 4) i

Ja (puc. 5), i xapakTepu3yoTs nposBu $Ha30Boi ( fo,, P, 53 = f1 + f33) Ta ammutiTy gHOT

2 2 . cee o . .« . . .
{les} =\fo+ 15, Ja aHI30TPOMIi TiCTOJNIOTIYHUX 3pi3iB Miokapa rpynu 1 i rpymnu 2.

B tabmuiix 1-4 HaBeneHi cepenHi Z, BENMYMHHU Z;, AKi XapaKTepU3yIOTh PO3MOAIIH

MMI, Ta noxubku (* o ) iX BU3HAUEHHS.

Y, im f(x.y) i x 10*
T 0.5 4l
' 0
2.
-0.5

X, gm

(1)
Y, Hm fu(x.y) 1I: X 10*
5

(3)

0o 05 1
(4)

Puc. 2. Manu (¢pparmentu (1),(3)) Ta ricrorpamu po3noziny (¢pparmentu (2),(4)) BennauHA
MMI f,, 9aCTKOBO JENONSIPU3YIOYNX TiCTOIOTTYHAX 3pi3iB

Miokapmaa rpymu 1 (pparmentu (1),(2)) i rpymu 2 (dpparment (3),(4)).

Tabmuns 1. CratucTHIHI MOMEHTH 1-r0 — 4-T0 TOPSAAKIB, SKI XapaKTEPU3yIOTh PO3IOALIN
BEJIMYMHH f34 TICTOJIOTTYHHX 3pi3iB MioKap/a, Ta 30ajlaHCOBaHa TOYHICTh METOLY

Z IXC (n=34) TKH (n=34) Ac,%
Z, 0,230£ 0,011 0,140 % 0,008 76
Z, 0,180 £ 0,009 0,110 £ 0,006 69
Zs 0,320£ 0,018 0,530 £ 0,028 93
Z4 0,380 £ 0,021 0,62+ 0,04 95

Tabmuug 2. CraTHCTHYHI MOMEHTH 1-r0 — 4-r0 OPSAKIB, SIKi XapaKTepHU3yIOTh PO3IIOALIN
BermunHU MMI @,,.33=f5,+ f3; ricTonoriyaux 3pi3iB Miokapna, Ta 30ajaHcOBaHa TOYHICTh METOLY

Z: IXC (1 =34) TKH (n =34) Ac,%
Z, 0,180 £ 0,011 0,110+ 0,007 74
Z 0,170 £ 0,011 0,120+ 0,008 66
Zs 0,440 £ 0,026 0,57+ 0,03 70
2 0,59+ 0,03 0,71 % 0,04 72
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®,),0(X.Y)
1 L T 15000

0.4
210000
5 5000
5 0 0.5
®

(1) (2) G
x 10"
0.4 6
0.2 4
0
0.2 2
; | 104
- X, um 35 0 N
(3) (4) 22+33

Puc. 3. Manm (¢pparmentu (1),(3)) Ta ricrorpamu posnoziny (¢pparmentu (2),(4))
semmunan D, ., = f5) + f3; wacTkoBO nEmonAPU3yIOUMX ricTONOriUHMX 3piziB

Mmiokapna rpynu 1 (¢pparmentu (1),(2)) i rpymn 2 (pparmentu (3),(4)).

ye]

=3

0
-1 -0.5 0 0.5
(2) {V12+13}

{V 01 0) i
Ll 15000

10000
5000
0

-1 0.5 0 0.5 1
(3} (4) {V12+13}
Puc. 4. Manu (¢pparmentu (1),(3)) ta ricrorpamu po3noainy (¢pparmentu (2),(4))

BennurHn MMI {V12 +13} =4 fé + fé YAaCTKOBO JIETIOJSIPU3YIOYHX TICTOJOTIYHUX 3Pi3iB
miokapaa rpynu 1 (pparment (1),(2)) i rpynu 2 (dpparmentu (3),(4)).
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Tabmmns 3. CratucTHaHi MOMEHTH 1-r0 — 4-T0 HOPSAIKIB, SKI XapaKTePU3YIOTh PO3MOAUINA BETHINHN

[ 2 2 . . S )
MMI {V12 3 } =4/ fi5 + f,3 ricromoriyHux 3pi3iB MioKap/a, Ta 30a1aHCOBaHA TOYHICTH METOALY

Z IXC (1 =34) TKH (n=34) Ac,%
Z, 0,290 £ 0,016 0,410 % 0,024 76
Z 0210+ 0,013 0,360+ 0,018 70
2 0,871 0,05 0,430 % 0,028 92
Z, 0,92+ 0,05 0,51+ 0,03 90

[TopiBHsIbHUIA aHAII3 pPE3yJIbTATIB, SIKI OJEP’KaHI METOJIOM a3MMYTaJbHO-IHBAPIaHTHOTO
Miosiep-MaTpuIHOTO KapTorpadyBaHHS YaCTKOBO-ICHOISPU3YIOUMX TiCTOJIOTIYHUX 3Ppi3iB
miokapga 3 tpymu 1 (IXC) Tta rpymu 2 (I'KH), BusSBMB HaWOLIBIN BiIMIHHOCTI MiX
posnoaitamu BenuunHu MMI niHilHOro JBOIpOMEHE3aIOMIEHHS f,, (pUC. 2) Ta AUXPOi3MY

Vipos =S+ 12 (puc. 4). Bokpema, MaKCHMANbHI BiIMIHHOCTI MAOTh MiCIle JUTS 3HAYCHD
CTaTUCTUYHUX MOMEHTIB 3-T0 1 4-ro MOpsAKiB, SIKI XapaKTepusyloTb acumerpiro (Z;) Ta
excriec (Z,) posmoninis f,,(x,y) (1,65 pasu — tabmuus 1) i {1/12+13}(x, y) (1m0 2-x pasis —

tabmus 3). Ile 3a0e3neuye Bucokmii (Biaminuauii > 90% ) piBeHb 30aaHCOBAHOI TOYHOCTI
[24] mudepenmianii 3MiH ONTUYHOI aHI3OTpOMii MioKapza, Mo 00yMOBJIEHI IMAaTOJOTIYHUMHU
3MiHaM# Horo GiOpUIISIPHOT CTPYKTYPH.

Y, im f,(xy) héx 10"
05 G-
! .
-0.5 2+
141
— 0
X, Bm -1 -0.5 0 0.5 1
(1) (2)
Yy, Um f41(x'y} Nx 104

o

15
T 0.5 il
5.
-0.5
141
—_— X, hm

% o5 o0 05 1
(3) (4)

Puc. 5. Manu (¢pparmenti (1),(3)) Ta ricrorpamu po3noziny (dbparmentu (2),(4)) BennIuHA
MMI f,, 9aCTKOBO JeNONSIPU3YIOUYNX IiCTOIOTTIHAX 3pi3iB Miokapaa

rpynu 1 (¢pparmentu (1),(2)) i rpynu 2 (bparmentu (3),(4)).
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Tabnums 4. CTaTUCTHYHI MOMEHTH 1-TO — 4-T0 MOPAAKIB, AKi XapaKTEPU3YIOTh PO3IIONLITH
Bemmanad MMI f| ricromoriunux 3pi3iB Miokap/a, Ta 30a;1aHCOBaHA TOYHICTh METOTY

Z IXC (n=34) TKH (n=34) Ac,%
Z, 0,09 % 0,006 0,06 0,004 72
z, 0,08+ 0,005 0,07 % 0,005 62
Z, 0,641 0,038 0,78 £ 0,043 68
Z, 1,031 0,058 1,27+ 0,075 64

OTxe, HaMH BIEpIIE pEaTi30BaHO HOBE TIOJIMIICHHS MIUPOKO BIJIOMHUX METO/IIB
Miomnep-MaTpuuHOi MONApUMETpPii O10JIOTIYHUX TKAHWH, SKI y3arajbHEHI B aBTOPUTETHHUX
ormsagax [1, 4, 5], Ha BUMAAOK a3UMyTaJIBHO-1IHBAPIaHTHOT'O MAaTPUYHOTO KapTorpadyBaHHS
[11] peanbHUX YaCTKOBO ACTONSAPU3YIOUMX Ol0JOTIYHUX IIAPIB UIIXOM BH3HAYCHHS HaOOpy
Miosnnep-MaTpuyHUX 1HBApIaHTIB JIHIHHOTO Ta MUPKYJISIPHOTO IBOMpPOMEHe3ajloMmiieHHs. Ha
iil OCHOBI, BHepIlIe Yy CBITOBIM MpakTUIll mojspumeTpii Oiomoriunux TkaHuH [8-10, 15-23]
peamizoBaHo  AudepeHIlanilo  HEKPOTHYHHUX  3MIH  TOJIKPUCTATIYHOI  CTPYKTypH
JEeTIONAPU3YIOUUX 3pa3KiB MioKap/a.

BUCHOBKH
3aBAsSKA BIEPIIEC 3aCTOCOBAHOMY CTAaTHUCTUYHOMY aHali3y KOOPJIWHATHUX PO3IOJLIIB
Miomnnep-MaTpUUHUX 1HBapiaHTIB O10JIOTIYHMX IIApiB BCTAHOBJICHO BEJIMYMHU Ta Jiara3oHH
3MIHU BEJTWYMHH CEPEIHbOrO0, ITUCIIEepCii, acMMeTpii Ta eKclecy, M0 XapaKTepU3yIOTh

postomimu f,; Dyyiay =(foo + fiz) 1 iy Winars | =2+ /7 IU15 4ACTKOBO JCTIONAPH3YIOUHX
3pa3kiB Miokapiaa (7 =0,21-0,27; A =29%—36%) 3 pI3HUM CTyIEHEM HEKPOTHYHHX
3MiH.

BcranoBneHo HOBI (BiACYTHI Ha JaHWUW 4Yac ISl YaCTKOBO JEMOJIAPU3YIOYMX MIapiB)
kputepii audepennianii BinminaOIO (> 90% ) 30a1aHCOBAHOIO TOYHICTIO HEKPOTUYHUX 3MiH
MOJIIKPUCTANIYHOI CTPYKTYpH MiOKapaa - MaKCHMallbHi BIIMIHHOCTI MarOTh Micue JUis
3HA4Y€Hb CTATUCTUYHUX MOMEHTIB 3-T0 1 4-ro MOPAIKIB, IKi XapaKTepU3yIOTh aCUMETpito ( Z;)

Ta excuec ( Z, ) posnoinis f,,(x,v) (1,65 pasu) i {V12+13 }(x, y) (mo 2-x pa3siB).

KOH®JIIKT IHTEPECIB
ABTOpH TIOBIJJOMJIIFOTH TIPO BIICYTHICTh KOH(ITIKTA iHTEPECIB.

MHOAAKA
JlaHa cTaTTs BHKOHaHAa B paMKax HAayKOBO-AOCIIAHOI poOOTH, 10 (iHAHCYeThCS 3a
paxyHOK KOUITIiB Jep:kaBHOro OrokeTy MiHICTEpCTBOM OCBITH 1 Hayku YKpainu (HOMep
oromxeTHOT Temu: NeO116U001446).
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AKTyajbHicTh. Peakuii npupoaHnx 00’€KTiB HA 30BHIIIHINA BIUIMB aHATI3YIOTHCS 33 JONIOMOTOIO0 PiBHSHB
OanaHCy, SIKIIO Taki peakuii MarOTh MYJIbTHEKCIOHEHIIAJbHUN XapakTep, TOOTO Takui, SKUH MOXKHA
NIPEACTaBUTH Y BUTJISIII CyMH €KCIIOHEHT. Takuii Xxapaktep peakiii Moxxe OyTH 3yMOBJIEHHH SIK BIUTMBOM
MPUXOBAaHUX AapaMeTpiB, TaK i BINIMBOM CaMoOi peakiii Ha CTPYKTypy o0’ekra. [Ipobmema momsrae y
TOMY, IO YaCTO HE BIAETHCS EMITIPHYHO BU3HAYMTH 3HAUCHHS KOHCTAHT IIBHIKOCTEH PIBHSAHB OajiaHCy,
ix 3B'I30K 3 TMapaMeTpaMH EKCIIOHEHI[IaIbHUX CKIQJOBUX pPEaKiii, KIHEeTHKY 3acelCHOCTi IIi/ICTaHiB
00’exTa.

Meta podoTu. MeToro po6OTH € po3poOKa METOIMKH AETAIBHOTO aHANI3y peakiii 00’€KTa Ha 30BHILITHIN
BIUIMB, K4 JIO3BOJISIE BU3HAUMTH KiHETHKY 3aCeICHOCTI MOXKJIMBHX MiJCTaHiB 00’€KTa 3a IOIOMOTOI0
1oOy0BH CHCTEMH TU(EpEHLiaIbHUX PIBHSIHB 3 HOCTIHHUMU KOe]illi€HTaMH.

Marepiann Ta Metonu. Y SKOCTI 00’€KTa BHKOPHUCTOBYBAJIMCH 130JbOBaHi peakiuiiHi nentpu (PLI)
baktepiit Rhodobacter sphaeroides, ctpykrypa skux mobpe BuBueHa. IIpu ¢oto30ymxenni PI[ ix
MOBEAIHKA AHATIZYEThCS ILUIAXOM IO0YJOBM CHCTEMH JAW(EpEHLIAbHUX PIBHSAHb 3 IOCTIHHUMHU
koedinienTamu. ExcrieppuMeHTanbHy KiHETHMKY LMKIIYHOTO IepeHocy enekTpoHa Pl ampokcumyBsanu
CYMOIO TPhOX €KCHOHeHIanbHuX (yHKUii. [TapameTpn nux (yHKIIH BUKOPHUCTOBYBAH ISl BU3SHAYEHHS
KOHCTaHT IIBUAKOCTEH PIBHAHD OallaHCY IpHU PO3B’sI3aHHI ONTHMI3aLifHOI 3aa4i TPalieHTHAM METO/IOM.
3amaua pobotrm momsrama y gocmimkeHHi PI[ 3a  momomororo wMeromy TOOYIOBH —CHCTEMH
JdepeHIiaibHUX PIBHSIHD Ta METO/Y JIBOX €KCIO3HUIIIH.

Pe3yabTaTu. Po3pobieHo KOMII'10TepHY NpOLEaypy, AKa J03BOJIsIE BUKOPUCTOBYBATH IIApaMeTPU TPHOX
eKCIIOHEHITIaTbHNX (QYHKIIH KIHETHKH NEpPEHOCY eJEeKTpOHA I BU3HAUYEHHS 3HAUYeHb KOHCTAHT
IIBUAKOCTI YOTHPhOX OallaHCHMX pIiBHSHb, aHaNi3y KIHETHUKM 3aceneHocti miacraHiB  PILI.
ExcniepuMeHTabHa Ta pO3paxyHKOBAa KiHETHKA 3acelieHOCTI moHopa mpu (Hoto30ymkeHHi PIL] moOpe
ChiBNanarTh. Pe3ynbraTi ABOX METOIIB KOPEIIOIOTHCS MiXK c00010. BOHH MOKa3yrTh, 10 y MPOIeci
(oTo30yKeHHST MakCUMyMH 3aceneHocted craHiB PLI BimmoBimaroTe pmiamasony 3—140c micns
YBIMKHCHHSI (BUMKHCHHS) CBITJIA.

BucnoBku. B Takomy Bunazaky PII BianoBigaroTe cucTeMi YOTUPBOX €JIEKTPOH-KOH(OPMALIHUX CTaHiB.
Oco06nMBOCTI KIHETHKH 3aceNieHOCTi miacTaniB PI[ xapakTepn3yoTh MpOCTOPOBO-YaCOBI XapaKTEePUCTHKH
PII.

KJIFOYOBI CJIOBA: peakuiiiHi IEHTpH; €NEKTPOHHUNA TPAHCIOPT; eNEeKTPOH-KOH(POPMAaLiiiHI CTaHU;
CTPYKTypHa CaMOPETYIIALIA; MaTeMaTHYHa MOJEIb.
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Background: Reactions of the natural objects to external influences can be analyzed using balance
equations. If such reactions have a multi-exponential character, they can be represented as a sum of
exponent components. Such kind of reaction is due both to the influence of hidden parameters, and the
influence of the reaction itself on the structure of the object. The problem is that it is often not possible to
determine empirically the values of the constants of the velocities of the balance equation, their relation
with the parameters of the exponential components of the reaction, the kinetics of the population of the
substates of the object.

Objectives: The aim of the work is to develop a method of detailed analysis of the reaction of the object
to external influence, which allows to determine the kinetics of the population of possible substates of the
object by constructing a system of differential equations with constant coefficients.

Materials and methods: Isolated reaction centers (RC) of Rhodobacter sphaeroides bacteria, the
structure of which is well known, were used as an object. Behavior of the RC under photo-excitation was
analyzed by constructing a system of differential equations with constant coefficients. The experimental
kinetics of the cyclic electron transfer of the RC was approximated by the sum of three exponential
functions. The parameters of these functions were used to determine the balance rate constants solving an
optimization problem by a gradient method. The task was to study the RC using the method of
constructing the system of differential equations and the method of two expositions.

Results: A computer procedure was developed to determine the values of the speed constants of four
balance equations, to analyze the kinetics of the population of the bases of the RC using the parameters of
three exponential functions of the kinetics of electron transfer. Experimental and calculated kinetics of the
donor population after photoexcitation of the RC are in a good agreement. The results of the two methods
are correlated. They show that in the process of photo-excitation the maxima of populations of RC states
correspond to a range of 3—140 s after the turning on (turning off) the light.

Conclusion: RC corresponds to the system of four electron-conformational states. The features of the
kinetics of population of the bases of the RC characterize the spatial-temporal characteristics of the RC.
KEY WORDS: reaction centers; electron transport; electron-conformational states; structural self-regulation of
reaction; mathematical model.

KOMIIBIOTEPHAS METOAUKA AHAJIN3A CTPYKTYPHO-IUHAMUYECKHUX
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AKkTyajgbpHOCTb. Ecnm peakumss npHpoOmHBIX OOBEKTOB HAa  BHEIIHEE BO3ICHCTBHE  HMEET
MYJIBTUIKCIIOHEHIIMAIBHBINA XapakTep (CyMMa SKCIIOHEHIIMAIBHBIX COCTABIISIOIINX), TO €€ aHAJIM3UPYIOT
C MOMOIIBIO ypaBHEeHHH OamaHca. Takol XapakTep peakid MOXXET OBITh OOYCIIOBIIEH Kak BIIMSHUEM
CKPBITBIX ITapaMeTpPOB OOBEKTa, TaK M BIMSHHEM CaMOW PEakIWu Ha CTPyKTypy oObekra. [IpoOmema
BO3HMKAET U3-3a2 TOTO, YTO YacTO HE yJAaeTCs SMIMPHUYECKH ONPEACINTh 3HAUCHNSI KOHCTAHT CKOPOCTEH
ypaBHEHHH OanaHca, UX CBA3b C MapaMeTpaMH JKCIIOHEHIIMAIBHBIX COCTABIIAIOUINX PEAKINH, KHHETHKY
3aCEeJICHHOCTH MOJICOCTOSTHUM 0OBEKTa.

Hens padorsl. Llensio paGoTsl sBIgETCA pa3pabOTKa METOIUKH JETAIBHOTO aHAIM3a Peakiuu 00beKTa
Ha BHEIIIHEE BO3JIEHCTBHE, KOTOPAsi C MOMOIIBIO ITOCTPOEHHS cHcTeMbl quddepeHnnanbHbIX YpaBHEHUH ¢
MOCTOSTHHBIMU ~ KOO((HUIIMEHTaMH II03BOJISIET ONPENENIUTh KHHETHKY 3aCEJICHHOCTH BO3MOXKHBIX
HOACOCTOSHUI 00BEKTa.

Marepuansl U MeToAbl. B kauecTBe 00BbEKTa MCHONB30BATIMCH M30JIMPOBAHHBIE PEAKIIMOHHBIE LIEHTPEI
(PLI) Gaxrepuit Rhodobacter sphaeroides. Ilpu ¢doroBo30yxnernu PL| ux moBeneHue aHann3upoBaIn
MyTeM MOCTPOCHHUA CHCTeMBl IH(PQPepeHINANEHEIX ypPAaBHEHUH C TOCTOSHHBIMH KOd()(OHUIIEHTaMH.
OKcHnepruMEeHTANbHYI0 KHHETHKY IIUKIMYECKOTO0 nepeHoca snekTpoHa PLI anmpokcuMupoBanu cymmoit n3
TpeX SKCHOHEHIHAIbHBIX (yHKOWH. [lapamerpbl 3TMX (YHKIMH HCHONB30BAaIM JUIS ONpPEICICHUS
KOHCTaHT CKOpOCTeH ypaBHEHMH OalaHca NpH pPEIIEHHMHM ONTHMHU3ALMOHHON 3ajaud TrpaJdeHTHBIM
METOJOM. 3ajaua 3aKirouagack B uccienoBaHuu PI ¢ mOMOIIBIO METOZOB MOCTPOEHHS CHCTEMBI
muddepeHInanbHBIX YpaBHEHHH U METOla ABYX SKCIIO3UIIMHL.

Pe3yabTathl. B pesynsrare pazpaboTaHa KOMIBIOTEpHAs MpoLEeLypa, KOTOpas MO3BOJSIET HCI0JIb30BaTh
rapaMeTpbl TpeX HKCIOHEHIWATbHBIX (YHKIMH KUHETHKH MEePeHOca JJIEKTPOHA JUIs OIpEeAeIeHHs
3HAQUEHMH KOHCTaHT CKOPOCTEH 4eThlpeX OallaHCHBIX YpPaBHEHWi, aHajiu3a KHHETHKU 3aCeJIeHHOCTH
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noacoctossHuid  PLI. Iloka3zaHo Xopoliee COBNAAEHUE HKCIEPUMEHTAIbHOW M PacYETHOM KHUHETHUKH
3aceneHHocTH noHOpa PII mpm ux ¢oroBo3OyxaeHun. OHH TOKa3bIBAIOT, YTO B IIPOIECCE
¢doroBo30yxaenus PL] makcumymsl 3aceneHHocTer coctostanid P cooTBeTcTByrOT muamazony 3—140 c
MoCJIe BKIIOUEHUS (BHIKITIOUEHHS) CBETA.

BoiBoabl. ChenmaH BBIBOA, YTO B 3TOM ciiydae PILI COOTBETCTBYIOT CHCTEME HETBIPEX AIIEKTPOH-
KOH(pOPMAIMOHHBIX ~ COCTOSHUN. OCOOCHHOCTH KHHETHKH 3acCelIeHHOCTH mojacoctossauid Pl
XapakTepU3yIOT NPOCTPAHCTBEHHO-BPEMEHHbIE XapakTepucTuku PLI.

KJIIOYEBBIE CJIOBA: peakiuoHHBIE IEHTPHI; OJIEKTPOHHBIA TPaHCIOPT, 3JIEKTPOH-KOH(POPMAIIOHHBIE
COCTOSHUA; CTPYKTYpHAas CaMOPETyJialus; MaTeEMaTU4CCKast MOJCIIb.

JluHamiuHi BJIACTMBOCTI OIOJOTIYHMX MAKpPOMOIIGKYJT € BaXIMBUMHU s 1X
(GyHKIIOHYBaHHS, aje BOHH € JOCHTh CKJIaJHUMH JUIsi JOCHIpKeHHs. Hampukmax, npu
dbepMEeHTaTUBHOMY KaTali3i BEeJIMKE 3HAYEHHS MAIOTh CIPSIKEHI eIeKTPOH-KOH(OopMarliiiHi
B3aeMoiii y OukoBii Ti0Oymi ¢epmenta. [lomiOHa cHUTyamiss CHOCTEPIraeThCs 1 IS
130mpoBaHuX peakuiiHux neHtpiB (PL) Oaxrepiii Rhodobacter sphaeroides, enexTpoHHI
CTaHW SKHX OJHOYACHO BIUIMBAIOTH Ta 3aJieKaTh BiJ] KOH(OPMAIIHHOTO CTaHy OUIKOBOTO
komruiekcy PI[ [1-10]. Tomy BoHu Oynm oOpaHi y sSIKOCTi 00’€KTa, 3a JOMOMOTOIO SIKOTO
BUKOHYBAJIaCh pO3p0oOKa KOMII FOTEPHOI MPOLEAYPH JOCIIHKEHHS MOIIOHUX B3a€EMOBILIUBIB.
[TpocTopoBo-4yacoBi pyxu Makpomosekyn PL] MatoTe ckinagHy 6araTOKOMIIOHEHTHY KiHETHKY,
sKa EKCIIEPUMEHTAJIbHO TPOSIBISETHCS y BHUIVIAAI OCHOBHOI peakilii CUCTEeMHM Ha BIUIHB
Kepyouoro mnapameTrpa (IHTeHCHBHICTh 30yskyrodoro cmitia PII). Kinetmka ocHoBHOT
peakiii PL| mpexacraBieHa CyMOmO pi3HMX EKCHOHEHIIAJbHMX (YHKIIH 3 HEraTUBHUMH
3HAYCHHSMH JEKPEMEHTIB (ITOKa3HHWKIB €KCIIOHEHT), SIKi MAlOTh MOCTIWHE 3HAYEHHS Tij Yac
BCchOro dacy cnoctepexkeHHss [11-13]. Ilapamerpum eKcloOHEHIaJIbHUX  (YHKLIN
BUKOPUCTOBYIOTHCSI JIJISl aHAII3y OCHOBHOI peakilii, epeKkTiB CTPyKTypHOi camoperyssmii PLI,
it imenTudikamii HezanexkHux KoHpopMmaniiaux migcucreM PI[. Yacto 3HaueHHS BaroBHX
Koe(iIieHTIB Ta JEKPEMEHTIB €KCITOHEHITIaJbHUX KOMITIOHEHT 3ajie)KaTh OJUH BiJ OJHOTO Ta
BiJl XapaKTEPUCTUKHU KEPYIOUOTro rnapaMeTpa OCHOBHOI peakitii [14—17].

Bunukae nmpobiiema nepexoay Bia mapaMmeTpiB €KCIIOHCHIIATIbHUX CKJIAJIOBUX OCHOBHOT
peakiiii 10 KOHCTaHT IIBHJIKOCTEH OajJaHCHUX pIBHSAHb, HE BHAETHCS 11EeHTH(]IKYBaTH
3HAYCHHSI KOHCTAHT IIBUIKOCTI, KUIBKICTh Ta KIHETHUKY 3aCEJICHOCTI HE3aJeKHUX MIJACHCTEM
00’exTa. MareMaTHyHHil BUJ CEKCIOHCHIIAJbHUX 3aJIEKHOCTEH Yepe3 HakIaJleHI Ha HUX
YMOBHU HE Ma€ BUPAXKEHUX OCOOJMBOCTEH, IO TAKOXK YCKIIAIHIOE aHaJi3 KIHETUKH OCHOBHOI
peaxiii.

Bigomo, 1m0 po3B’s30k cucteMH OU(EpeHIaNbHUX — PIBHAHB 3  MOCTIMHHUMH
KOoe(]illieHTaMH BUPAXKAETHCSA Y BUTIISAAI CyMHM €KCIOHEHI[aNbHUX (YHKIINA, KOTU MaTpULs
Koe(iIieHTIB HE Mae KpaTHUX BJIACHUX 3HAYCHb. SIKIIO EKCIepUMEHTAIbHY KIHETHKY
OCHOBHOI peakiii MOXHa OMHCAaTH Yy BHUIVIAAI CyMH €KCIIOHEHI[aJbHUX (PyHKIH, TO BOHa
MOXX€ BIAMOBIMATH JACsKIM cuctemi audepeHIiadbHuX piBHSAHL. Taki audepeHiiaibHi
PIBHSHHS MOXYTh BIJNOBIZATH HE3aJEKHUM MijgcucreMaM o0’ekta. ExcriepumeHTanbHy
KIHETUKY UHUKIIYHOTO eJeKTpoHHoro TtpaHcnopTy PI[ ampokcumyBamu CcyMoi0 TpbOxX
EKCHOHEHIIaNbHUX (PYHKIIHM, 116 BU3HAYa€ KIUIBKICTh AUDEepeHLianbHUX pIBHAHb (TpU
OaylaHCHI PIBHSAHHS Ta PIBHAHHSA cTaHy). [lapameTpu Takux (yHKIIHI BUKOPUCTOBYBAIHU IS
BU3HAUEHHS 3HA4Y€Hb KOE(]ILi€HTIB YOTUPHOX AU(EpEHIIaIbHUX PIBHAHB, SIKi JOPIBHIOIOTH
anreOpaiyHiii cymi KOHCTAaHT IIBHJIKOCTEH piBHAHL Oamancy PII. 3HaueHHS KOHCTaHT
MIBUIKOCTEH PIBHSIHb OalaHCy 3HAXOAWMIM IIIJIIXOM pO3B’S3aHHS ONTHMI3alliiHOI 3amadi
rpalieHTHUM MeTOJ0M. P0o3B’s30k cuctemu audepeHIlialbHuX PIBHSIHL BU3HAYA€ KIHETHKY
3aceneHocrel migacranis PLI.

3amaua mosArana y po3pooii komm’ oTepHoi nponeaypu (Delphi) BU3Ha4YCHHS] KOHCTaHT
MIBUJKOCTEH OanaHcHUX piBHAHB peakuii PL{ Ta y po3paxyHKy KiHETUKH NEPEHOCY €JIeKTPOHA
Mik ctaHamu PII. Takox y poOOTi omucaHo METOJT ABOX €KCTIO3UITIH.
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Meroo pobotn € po3poOka METOAWKH JETAJIBHOTO aHajidy peakii o0’ekTra Ha
30BHIIIHIA BIUIMB, sIKa 3a JOMOMOTOK MOOYJOBH CHUCTEMH IU(EPEHIiaIbHUX PIBHSAHb 3
MOCTIHHUMU Koe(illieHTaMu J03BOJISIE BA3HAYUTH KIHETUKY 3aCEJICHOCTI CTaHIB 00’ €KTa.

BU3HAYEHHS ITAPAMETPIB CUCTEMU JIU®EPEHIIAJIbHUX PIBHSIHb

BukopucroByBanuce i3onmpoBani PL{ Gaxtepiit Rhodobacter sphaeroides nuxoro tumy,
aKi Oyynm Hanani kadenporo 6iodizuku MI'Y im. M.B. JlomonocoBa. Bonu cycnenayBaiich B
0,01 M Na-P 6ydepi, pH 7,2, sixuit mictus 0,05% LDAO [18]. s npoBeaeHHS AOCHTITKEHb
BUKOPHUCTOBYBAJIM JBOKaHaJIbHUU crekTpoMerp min ynpasminasam IIK. YV kanam
BUMIPIOBaHHS IMOTJIMHAHHS BUKOPUCTOBYBAJIOCH CBITJIO 4acTOoTOO 5 KI'Il 3 1HTEHCHBHICTIO
(0,2 MkBT/cM%, A = 865+10 HM), siKe 3a0e3Ie4yBaI0 BUMIPIOBAHHS [IOTIHHAHHS B Jiala3oHi
0-1 3 rounictio 0,0005/cm. V kanami 30ymxkeHHs PL[ BukopucTOBYBanoch CBITJIO 3
JIOBKUHOIO XBUJII A = 870+50 HM, 3 iHTeHCHBHICTIO 0—10 MBT1/cM? 3 KPOKOM Bif 5 MKBT/cM>.
YacoBa auckpetHicth BuMiptoBanb Big 0,01 c. BumiproBambHa KioBeTa Mayia pO3MipU
3x1x2,5 cM mipu ToBIIMHI cTiHOK 2 MM. Ilicns po3Beaenns cycnensis PIl 3 koHmeHTpariero
10°M BuTpumyBanucss B TeMmpsBi npH KiMHATHIE TemmepaTypi npotarom 12 romun
(TeMHOaIanTOBaHUM CTaH). CBiT/I0aMaIITOBAaHUI CcTaH nocarascs LUIIXOM
¢oroctumymoBanast  PLI  immynbcamu  cBiTia  TpuBamictio 100 c 3 IHTEHCHBHICTIO
7,2 MBt/cm?. Tlicns 3akiHYeHHS eKCIIO3HILI PIl i p#ocsSrHEHHS TEMHOBOTO 3HAYCHHS
noriMHaHHg, po3unH PIL[ gomatkoBo BuTpuMyBaBcs B TeMmpsiBi mporsrom 1500 ¢ ms
JIOCSTHEHHS PIBHOBWXHOTO cTaHy. IloTiMm moBTOproBamu ocBimieHHs Pl wacTymHuM
iMIyJbCcOM CBiTJIa. BigHOCHA KIUIBKICTH IIEHTPIB MOMVIMHAHHA, IIBUAKICTH mepexoxy PILI 3
OJIHOTO CTaHy B IHIIMA BHW3HAYAJIOCAd IO KIHETHIIl BHIBITAaHHSA JiHIT 865 HM crekTpa
nornmHanHg PII i moB'si3yBanacsi 3 HOPMOBAHOIO KiHETHKOIO MEPEHOCY ENEKTPOHA 3 JIOHOPa
Ha akientop (X, (t)).

AHali3 eKCHepUMEHTANIbHOI 3alie)KHOCTI TmepeHocy enekTpoHa Pl BukoHyBamum B
Jekinpka eramiB. Ha meprmomy erami excrniepuMeHTanbHy KpuBy (Xo(t)) doToiHmyKOoBaHOTO
enekTpoHHoro TpaHcnopty PL po3ouBanu Ha qUIHKH (pOTO30YPKEHHS (OKUCIEHHS JOHOPA)
Ta pekoMOiHaIlil eneKTpoHa (BIAHOBJICHHS MOHOpPA) Micis BUKItOYeHHS cBitna. Lli aunsHkKu
alPOKCHMYBAJIM  CYMOIO  €KCIIOHCHILIATbHUX  CKJIAJOBHX 3 JIONATHUMH BaroBHMHU
KoedillieHTaMH Ta BiJl’€MHUMH 3HAUCHHSIMU JEKPEMEHTIB:

Xo(t) = X Ae™"; YA = 1,
ne A; — Bara eKCIOHEHI1aJIbHOI KOMIIOHEHTH (POTOCTUMYJILOBAHOTO MEpeHocy enekTpoHa PII;
i =1, 2, 3; d; — moKa3HUK cTeneHs (IEKPEMEHT) KOMIIOHEHTH (POTOCTHMYIIHOBAHOTO
nepeHocy enexkrpona PLI.

3actocoByBaii  mporpamy  po3kiamy [19] OUISIHOK  KiHETHYHOI  KpHWBOi  Ha
eKCIIOHeHIIaNnbH1 ckianoBi. [Iporpama camMocCTiiiHO 3HaxoAuma KiJbKICTh €KCIIOHEHIIAIbHUX
CKJIaJIOBHX Ta 1X MapaMeTpu MpPHU MIiHIMYMi CepeIHBOKBAIPATUIHOT MOXHOKH arpoKCHUMAIIii.
PesynbraT po3kiangy KiHETHUHOI KpUBOi Ha €KCHOHEHIIabHI KOMIIOHEHTH MPEACTaBIEH] Yy
BUTJISI/II CUTHAITY JUTSL Bi3yasti3allii KOHTPOJIIO Ta y BHTJIA TaOJHUII TTapaMeTPiB €KCIIOHEHT.

AHani3 pi3HUX AUIIHOK (puc. 1) KiHeTH4HUX KpuBUX (oTo30ymkeHHs PL] (oxucneHnHs ta
BiJTHOBJICHHSI JJOHOpPA) TIOKa3aB, 0 SKCIIEPUMEHTAIbHI KPUBI MOXKHA JOOpE almpoOKCHMYyBaTH
CYMOIO TPhOX €KCIIOHEHT. Bizmomo, mo cucrema 3 cymu N OIHOPIAHUX TU(EpeHIiaTbHIX
piBHSHB Ta DPIBHSHHS MaTepiajJbHOTO OallaHCy 3BOJUTHCA 10 CHCTEMH, SKa MOXKE MaTH
PO3B’s30K y BUIIIA] cyMH N-1 eKCIIOHEHIIaIbHUX CKJIaJ0BUX. MosKHa 3pOOUTH MPUITYIIEHHS,
IO KIiHETHYHI KpHBi, TMPEICTABICHI y BHUIVIAAI CYMH TPbOX pIi3HHX EKCIHOHEHI[IaTbHIX
CKJIQJIOBUX, MOXKYTh BIAMOBiIaTH po3B’s3Ky cuctemu 3 (3+1) gudepeHuiaabHUX PiBHSIHB 3
JIeSIKUMH 3HAYCHHSAMHU KiHETHYHUX KOHCTAHT. 3aralbHUi BUTIISLIT KIHETHYHOI CXEMHU TIEPEHOCY
enektpoHa PIl mokazaHo Ha puc. 2, ne uudpu MO3HAYAIOTh EJNEKTPOH-KOH(popMaliiHi
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nigctanu PLI. ITincran O BignmoBizae mepedyBaHHIO enekTpoHa Ha goHopi PLI. ITigcranu 1, 2,
3 — nepeOyBaHHs enekTpoHa Ha akuenTopi PLI.

, | =7,2 MBr/cm”
| =7,2 mBr/cm — T =100c

o 1,0' Texp= 100¢c o 1’0- or
‘f—u _ % 08 —— anpokcumaLis
g 0,8 —— anpoKcymaLis = 71 end == == eKCrepMeHT
z = === EKCTIEPUMEHT o T
2 06 i 3 06] ‘oo
n ©
8 2 04
gg 0
5 § 0,21
< @
© 5]
™ (0] 0,0'

™

1E-3 001 01 1 10 100 1000
yac eKcrnoauii, (c)

a) 0)
Puc. 1. Kineruka 3acesnenocreii fonopa (a) npu ¢poro30ymkenns P1] citiom 3 10BXHHOIO XBHI 865 HM
Ta akienropa (0) micyis 3aKiHIeHHsT OCBITJICHHS.

Tab6u.1. [lapamerpu eKCIIOHEHIIIAIbHUX CKJIJI0BUX KIHETHKH NepeHocy enekTpoHa PI]
D0T036y mKeHHs PL] d;(c) | Ai(y.o) | d>(ch As(y.0) |d;(c") | As(y.0) | nucnepcis
OKHUCIeHHS IOHOPa 123,62 | 0,9925 0,5397 0,0249 0,0235 | 0,0548 0,00443
BigHoBIeHHS TOHOpa 1,1003 | 0,512 0,0342 0,2264 0,0034 | 0,2538 0,00118
c Puc. 2. Kinernyna cxema mepeHocy eiektpona B PL[ Rhodobacter
sphaeroides. CTpijKu Ha cXeMi BiI0OOpaKaroTh eJIeKTPOH-KOH(pOpMariiiHi
o B3aemomii  kommuiekca  PII. Koncrantn  muakocti (k)

mudepeHianbHUX piBHSAHD Oananca (12 mT.) Ha PUCYHKY IO3HAYEHO
cTpinkamu. BoHM BimoOpakaroTh MIBHIKICTH IIEPEHOCY 3apsmy MikK

e a eeKTpoH-KoH(popMamiiftHuMu ctaHamu PLI.

Ha nmpyromy etami mocmigpkeHHS BUKOPHUCTOBYBAJIW TPATIEHTHUNA METOJ PO3B’SI3aHHS
ONMTHUMI3AIlIIHOI 3a7a4i, sKa MOJATalla Y BU3HAYCHHS TAKUX 3HAYCHb KOCQIIIEHTIB CUCTEMHU
nudepeHIliaTbHUX PIBHSAHb, TMPHU SKUX KIHETHKa 3aceyieHocTi joHopa (miacran 0) PIJ
CHIBMAJa€e 3 EKCHepUMEHTalIbHOIO KiHeTukoro mornuHanHs PLI. Ilpu poss’s3anHi
ONTHUMI3aIiHOI 3a7a4i 1151 KIHETHKAa BUKOPUCTOBYBAJACh y SIKOCTI HIIbOBOI (yHKIii. Taka
3aqada € 00epHEHOI0 Ta MoraHo o0ymoBieHO0. [t mpsMoi 3amadi, KOIK BiIOMI 3HAYCHHS
KIHETUYHUX KOHCTAHTH IIBUAKOCTI CHCTeMH Iu(epeHIialbHUX PIBHSIHB, MK KOHCTaHTaMH
TuQepeHiagbHuX PIBHAHB Ta PpO3B’SI3KOM  CHUCTEMHM ICHYE€ B3a€EMHO OJHO3HAYHA
BIJIMOBIIHICTh. PO3B’s30K cucTteMu Mae eauHe 3HaveHHS. JludepeHiianbHi piBHIHHSI

nepeHocy enekrpona PLI 3 piBHSHHIM CTaHy MalOTh BUTJISA:
dXo

? = _(k01 + koz + k03) 'XO + k10 'Xl + kZ() * XZ + k30 : X3’ (1)
ax
d_tl = ko1 - Xo — (kyo + kyp + ky3) - X1 + ka1 - Xy + k3p - X3, 2)
ax
d—tz =koz " Xo t kip* Xq — (kpo + kap + kp3) - Xy + k3p - X3, 3)

Xl +X2 +X3:1 (4)
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3araJibHUM PO3B’SI30K CUCTEMH MA€ BUTJIAL:
Xi(t) = (i1 - exp(—dyt) + (i - exp(—dyt) + Cy3 - exp(—dst),
ne X;(t) — 3acemenicts migcramiB PI[ (i = 1,2,3), C;q; C;5; C;3 — KOHCTaHTH, SKi
BU3HAYAJIKMCh 3HAUYCHHSIMM BJIACHUX BEKTOPIB MATPHUIll KOHCTAHT AM(epeHLiaIbHUX PiBHIHb
Ta TOYaTKOBUMH YMOBAaMH MiJICHCTeM IS mpolieciB 30ymkeHHs Ta penakcamii PLI, k; i~
KIHETUYHI KOHCTaHTH IIBUIKOCTI JU(EpeHIalbHUX pIBHSAHb OanaHCy, SKi 3a7al0Th
MIBUKICTH MIEPEHOCY eJIeKTpoHa Mix mifacTanamu PLI.

(J——(), O OF

Puc. 3. Kinetnana cxema mo4yaTky Ipolecy BU3HAYeHHS KOHCTAHT IIBHUIKOCTI PIBHSAHB OaaHCy.
Kpox 3miau koHCTaHT dky), d;6=0.01 ¢l alk,-j:IO'4 ¢! (s k#0).
a) OKUCJICHHS JOHOPA, TOYaTKOBI 3HAYEeHHS KOHCTAHT IIBUAKOCTI PiBHSAHB OanaHcy: kg,= kp;=0,
-1 -8 -1 -9 -1
kor= k19=0.01 ¢7, kzo= k3o=kz;= k3,=107 ¢, kjp= k3= ko= k;5=107 ¢
0) BIIHOBIICHHS TOHOPA, TOYATKOB1 3HAYCHHS KOHCTAHT MIBHJIKOCTI PIBHAHB O0anaHcy: kg,= ky;= ky;=0,
_ B T e L - T e
k10—0.01 Cc, kg()— k30—k21— k31—10 C, k]g— k13— k12— k]g—lo C .

[ToyaTkoBI YMOBH TIPH PO3paxyHKY 3acCeJICHOCTEH MiJICTaHIB y mpoieci GPoTo30ymKeHHs
PLI marots Burmsia: Xy(0) = 1; X;(0) = 0; X,(0) = 0; X5(0) = 0. IToyarkoBi yMOBH JyIst
pouecy penakcarii P11 JOPIBHIOIOTH 3HAYEHHAM 3aCeIeHOCTEN
Xo(Texp);X1(Texp); Xz(Texp)F X3(Texp) y MOMEHT 3aKiH4YeHHS Tporecy (OoTo30yIKEHHS.
Hexpementu  (d;)  JOpIBHIOIOTH  BJIACHUM  3HAYCHHSAM  MaTpullb  KOEQIIi€HTIB
nudepeHIiaTbHUX PiBHIHB sl TiporieciB (poro30ymkenns Ta pemakcarii PL[. [Ipu mpomy
BU3HAYHUK OOEpPHEHUX MATpUIb KOHCTAaHT JU(EepeHLiaJbHUX pIBHAHb HE TOBHUHEH
nopiBHIOBaTH Hymro. lle Haknagae OOMEXEHHS Ha IIOYaTKOBE 3HAYEHHS KOHCTaHT
nudepeHmiaabHuX piBHAHB (puc. 3 a, 0), SKi BHKOPHUCTOBYIOTBCS y IpPOIECI ONTUMI3allii.
[Iponiec OyB moOya0BaHUIT HACTYITHUM YHMHOM. Y TPOIIECi ONTUMI3aIlli CIIOYaTKy 3HAXOIUIN
3HAa4YeHHsI KOHCTAHT Iu(epeHIliabHIX PIBHIHD Ui Iporiecy GoTo30ymKeHHs enekrpona P11,
Jst bOro BUKOPHUCTOBYBAIIM TOYATKOBI 3HAYEHHS KOHCTAHT IIBHMAKOCTI K;j, PO3B’A3yBaiu
npsMy 3ajJady Ta 3HAXOMWIM 3HA4YCHHS MapaMeTpiB EKCIOHEHI[ANIbHUX CKJIaJI0BHX
3arajbHOTO PO3B 3Ky CHUCTEMH Au(EepeHIiabHUX PIBHIHB, B TOMY YHCII JJI Tiacuctemu (.
Matoun ekcrniepumentanbhi (A7, df) Ta pospaxosami (AY, d¥) 3HaueHHs mapamerpis
EKCTIOHEHITIaTbHIX CKJIAJJOBUX, BH3HAYalM 1X CEPEAHBbOKBAAPATHUYHY pI3HHIIO, SKa
BUKOPUCTOBYBAJIACh Y SIKOCTI KpUTepist onTuMizauii (A, ) sIKuil MaB BUTTISA:
A%-47%)2 al—d*?
D= T+ S (=123, 5)
OntuMmizyBanu 3HaYeHHA Kky; TPW HE3MIHHUX 3HAYCHHAX IHIOUX KOHCTAHT.
OnTumizyBanu 3Ha4eHHs ko Ipy PiKCOBAaHOMY 3HAUYEHHI ky; Ta HE3MIHHUX 3HAYEHHSX 1HIIUX
KOHCTaHT. [ToTiM OnTUMI3yBaIM 3HAYCHHS 1HITUX KOHCTAHT IIJITXOM TOCIIJOBHOTO TIepedopy
KOHCTaHT kg, k2o, ko3, K30, K12, K21, K13, K31, K23, k35 TIpU ONTUMaNbHUX 3HAYEHHSX K Ta
k. Ilepebip 3HaYeHh KOHCTAHT WIIOB 3 3aIaHMM KPOKOM Yy TIOJIBIHHOMY Jlama3oHi 3HaYCHb
HaOLIBIIOrO JeKpeMEeHTa, TaK sK IUIboBa (YHKIIS XapaKTepu3yBajach MHOKHHOIO
NOKabHUX MiHiMyMiB. TloBroproBanu 50 pasiB y Tili camiil MOCIIZOBHOCTI pobotu 3 K;j,

peecTpyBanu HaOip 3HaYeHb K;; 3 HAUMEHIIOW MOXMOKOI. 3HAXOMUIM PO3B 30K CHCTEMH
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JuQepeHIiaTbHUX PIBHAHb 3 ONTUMAaJbHUM HAOOpPOM KOHCTAHT, BU3HAYaJIM 3acCelICHICTb
migcra”iB s nporecy (otozOymkenns PLI. Llei po3B’s30K BHKOPHCTOBYBAJIH Yy SKOCTI
MoyaTKoBO1 ymMoBH yist mipouecy penakcaunii PI[. Tlogionum ymHOM po3B’s3yBaniach 3aaaya
3HaYCHb K, i1 mpouecy penakcauii PLI, s SIKOTO BHKOPHCTOBYBAIM CBill HaOIp

napameTpiB, EKCIIOHEHIIATbHUX CKJIAJ0BUX KIHETUKH PEKOMOIHAIIIT eJIeKTpOHa.

PE3YJIbTATH 1 OGTOBOPEHHS
Ha puc. 4 nokazaHo MeHIO PorpamMu JUIst pO3paxyHKy KOHCTAHT HIBHJIKOCTI CUCTEMHU
nudepeHIiabHUX PIBHSAHD (POTOCTUMYIIBOBAHOTO IMEPEHOCY eIEKTPOHA.

Texp number
9 Stop = press the 0 key
parameters of the experimental curve
dl weaght-1 dz2 weight-2 d3 weight-3
Oxidation data 0 0 -0 0 -0 0
Calcul of oxidation 0 o 1] 0 0 0
Recovery data 0 0 0 ] ] 0
Calcul of recovery -0 0 0 0 0 0
initial p ters of the oplimization process
H 12 21 1-3 A 1-4 41 23 32 24 42 34 43
K oif 0.0 om 0.000000 0000000 0000000 0000000 0.000000 0000001 0000007 0000000 0000001 0000001
dky 0.1 om 0.001 0.001 00011 00011 00 0.0 00011 00011 00O 0.0011
output parameters
k1-2 k21 k2-3 k32 k3-4 k4-3 k1-3 k31 k2-4 k4-2 k1-4 k41
Oxidation 0 i} ] 0 i} 0 0 i} 1] 0 i} 0
Recovery 0 0 0 0 0 0 0 0 0 0 0 0
Calculation Save K[iH) Upload Cleaning Save File No deltal T=H1%) J-'L Close

Puc. 4. Menro nporpamMmu «po3paxyHOK KOHCTaHT IIBUIKOCTI CUCTEMH AH(epeHLiaNbHIX PIBHSIHbY
(hOoTOCTHMYITLOBAHOTO MEPEHOCY EIEKTPOHA.

ExcrniepumeHTanbHa 3a1eKHICTh KIHETUKU (POTOCTUMYIIBOBAHOTO MEPEHOCY €JIEKTPOHA SIK
CYMH EKCIIOHEHI[IHHUX CKJIaJI0OBHX TOBHHHA MaTW BUIJIAN, SK MMOKa3aHO Ha puc. 5. CurHan
Ma€ BHUTJIA JBOX KOJOHOK 3 TOYKOIO Yy SIKOCTI CHMBOJY PO3ZAUICHHS Lij0i Ta ApoOoBOi
YacTHH. Y TIEPIIii KOJIOHIII MPUCYTHS YacoBa YacTHHA (BiCh-X) B CEKYHJIax, Apyra KOJIOHKA —
aMIUTITYJJa CUTHAITYy Y JOBUIBHUX OJMHUILIX. J[JIs 3amycKy mporpamMu po3paxyHKiB HE0O0X1THO
Yy BEpXHBOMY JIIBOMY TIOJIi MEHIO mporpamu (puc. 4) BBeCTH 4ac KiHI ekcro3umii PI] B
UppoBOMy KOAi. Y TaOMUIll «MapamMeTpH €KCIOHEHIIaTbHOI KPHBOI» y BEPXHBOMY PSAKY
BBOJHMTBCS 3HAYCHHS IEKPEMEHTIB (31 3HAKOM «MiHyc») B miamasoni 0,0001-50 ¢ ta BaroBux
KOe(iIieHTIB (31 3HAKOM «IUTIOCY») EKCHOHEHINaNbHUX (YHKLIA Ui MPOIecy OKHUCICHHS
noHopa PLI. V mepenocranHboMy psiaky i€l Tabmmimi (mist mporecy penmakcariii PILI)
BBOJIUTHCSl 3HAUEHHS JIEKPEMEHTIB Ta BariB (31 3HAKOM «MiHyc»). SIKIIO 3Ha4YeHHs
JekpemeHTa d, >50, To HEOOX1IHO 3aMiHMTH Jiana3oH 3HaudeHb y 10 pasiB, HaTUCKarO4U

«T=f(1*t)». [lotim HaTcHyTH KHONIKY «Calculation» 1 BBecTH agpecy (aiina 3 CUTHAJIOM, 110
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aHami3yerbes. [louHeTsCsl mpomenaypa 3HAXOPKEHHS 3HAUYCHb KOHCTAHT IU(EpeHIIATEHIX
piBHsHB. [Iporiec BUKOHaHHS PO3paxyHKIB B110Opaka€eThCs Ha MOJIX BEPXHBOI TaOIHIII.

[To 3akiHUEHHIO PO3PaxXyHKIB 3HAYECHHs KOHCTAaHT JU(epeHIialbHUX PIBHIHB
BiZIoOpazaTecs y Tabmuii «output parameters». 3HaueHHsS MapaMeTpiB EKCHOHEHIIaATbHUX
CKJIAJIOBUX, PO3paxOBaHMX HA OCHOBI 3HAa4€Hb KOHCTAHT IU(PEPEHIIIAIBHUX PIBHIHB,
BiZjoOpazaTecs B Tabnuii «parameters of the experimental curve». Pe3ynbraTi po3paxyHKiB
30epiratoTbcss 'y JnBOX (hailylax TEKCTOBOro (opMary NUISIXOM HAaTUCKaHHS KHOTIOK
“Save Ai=K(i-j)” ta ’Save File”. Ilepma kHomka cTBopioe (aiiia Tabnuii 3HaueHb KOHCTAHT
nudepeHIiaTbHUX PIBHAHD (TaOmauIs 2), moxuOKa po3paxyHKiB (PIKCYEThCS y TIpaBOMY TOJII
tabmumi. J{pyra kHomKa — ¢aiis KiHeTHKH 3aceieHocTi miacraniB PLI.

1 | =7,2 mBTt/cm?
T 1.0- —
g 10 T, =100c¢
- ]
g 0,89 [ e 0 ekcnepuMMeHT
5 1 —— 0 anpokcumauis Puc. 5. Kinernka
f 0,61 (OTOCTUMYJILOBAHOTO NIEPEHOCY
5 ] enekrpoHa PII. ExcriepumenTtanbHa Ta
= 0,44 pO3paxoBaHa 3aJeKHOCTI 3aCEICHOCTI
q:’ ] noHopa (0 mixcran) PL] B pesynbrari
g 021 PO3B’sI3aHHSI CUCTEMU
S 00 1 Tt IUQepeHIiaTbHAX PiBHSIHb.

1E-3 001 01 1 10 100 1000
yac (c)

Tab:x. 2. 3HaueHHS KOHCTAHT IIBUIKOCTI Au()epeHIialbHIX PiBHAHB OalaHCy IS eTarliB OKHCIeHHS JoHopa PL]
(panok 2) Ta BigHoBneHHs goHOpa PLL (psiok 3). IuTeHcHBHICTH 36y DKyI040ro cBitia 7,2 MBr/cM?, uac
excro3mmii PIT (Te,) 100 ¢

ki (0_1) kos ki kis ka; ka3 ks, koo kzp ki3 ks ko3 k3o jmacnepcis
okucnenns | 112,6 | 9,3 0,07 10375 | 1E-5 | 1E-5 | 1,18 | 1E-6 | 1E-5 | 1E-5 | 0,446 | 1E-5 4E-5
BigHoBieHHs) 0 0,01 | 0,007 | 1E-6 | 1E-6 | 0,143 0 0,003 | 0,024 | 0,315 0 0,635 | 2,1E-6

Ha puc. 5 HaBeaeHo excriepuMeHTaIbHy KIHETHKY 3acesieHocTi noHopa P (miacran 0) y
nporieci Horo OKUCICHHS Ta BIIHOBJICHHS. Tak0X HABEIEHO KIHETHKY 3aCEJIEHOCTI IBOTO K
MiJCTaHy, OTPUMaHy B pPe3yJbTaTi POOOTH NPOrpPaMH «PO3PAaXyHOK 3HAYEHb KOHCTAHT
mdepeHmiaabHuX piBHAHBY. CepeaHbOKBaJpaTHYHA IMOXHOKa po3paxyHKiB (disp = 4,5 -
10_5) JUTSL TUTSTHKY OKHCIieHHs Ta disp = 2,1 - 10~* quis MiISSHKY BiHOBJICHHS nonopa PLI.
Yac pobotu mporpamu mpubauzHo 10 xBwimH. 3a A0mMOMOTO0 Ii€i mporpamu  OyIio
BU3HAUEHO 3HAYEHHS KOHCTAHT [UIsi MATpUIb AudepeHIlialbHUX pIiBHSIHb, KIHETHKA
3aceneHocTi mifactaniB PL{ mmst immmx pexumiB doto30ymxenus PII [20]. ¥V OurbmiocTi
BUIAJIKIB BAAETHCS OTPUMATH XOPOIIY allPOKCUMAIIII0 €KCIIEPUMEHTAIBHOI Ta PO3PaXyHKOBOT
KiHeTHKH 3acerneHocTi goHopa PLI (miacran 0) Ha Bchomy iHTEpBami hotoctumystoBanHs PLI.
TumnoBuii BHUIAJOK T[OKAa3aHO Ha puc.6a,0, O HaBEACHO EKCIEPUMEHTaJIbHY Ta
pO3paxyHKOBY 3aiekHOCTI () migicTaHy Ta pO3paxyHKOBI KIHETHMKU 3aCEICHOCTEH YOTHPHOX
migcranHiB npu  ¢oro30ymkenHi PLl omnum immynscom cBitna mpotarom  100c¢ 3
IHTEHCHUBHICTIO 7,2 MB1/em®. Sk MpaBujIo, KiHETHWKa 3aceieHocte miactadiB PLl mae
0COOJIMBOCTI, XapakTep SKUX 3aJeKUTh B MapaMmeTpiB pexxumy QortoctumyntoBanHs PLI.
AHai3 bOro mapaMeTpy Mmokasye, 1o KiHeTHKa mijcTadiB 1, 2, 3 Ha BiaMiHY Bif mijacrany 0
Mae BUpaxeHi ocobmuBocTi. Y pexumi (oto30ymxenHs PL[ makcumymu 3aceneHocTeil
nigctaniB 1, 2 3Haxonmarbest Ha 0,06 ¢ Ta 6 ¢ micis movarky (OTO30y/KEHHS. Y PEeKUMI



71

Kowmr’toTepHa METOIMKa aHaJli3y CTPYKTYPHO-AMHAMIYHUX BJIACTUBOCTEH. ..

penakcaiii P1] makcumymu 3aceneHocTi miacTaHiB GiKCyrOThes yepe3 3 ¢, 47 ¢, 3MEHIIEeHHS
3aCeJIeHOCTI MIACTaHy 3 10 HyJs BinOyBaeTbes yepes 3 ¢, miactany | — yepes 140 c micns
3aKiH4eHHS (POTO30YKEeHHS MpH 3araibHOMY yacy penakcarii PL[ > 1000 c.

| =7,2 MBt/cm 0 craH )
T,,=100c — — 1cTaH I =7,2vBt/cm
1,0 ----2craH 1,01 T,=100c
j bl -— - e j —
T g - ~ o 3craH 4 T o] ‘<
© ¥ / \ ’ © Y N
& / N / o3 \ —— O craH
S 06 N / S 06 - = 1cTaH
= =5 —--
2 \ 2 2 CTaH
5 04 \ 5 044 —-=3cTaH
: N :
c 0,2 /"b'\ \ c 02 e
8 e /' \\ 8 \ K
® 1 = So ®© N N\ s,
® 0,0 - rarest - T— o 0,0 e N =2
1E3 001 01 1 10 100 1£3 001 01 1 10 100 1000
yac (c) yac (c)
a) 0)

Puc. 6. Kinernka 3acenenocri miacranis PLI;
a) ainsika ¢poto3oymkenHs PLI; 0) ninsHka penakcaii P11,

HasiBHicTP MakCHMMyMIB 3aCeJICHOCTI

migcucreM PIL[  nmo3Bosisie  roBOpUTH  TIPO

NPUCYTHICTh TMPOTHJICKHUX IMPOLECIB B KIHETHIl MIACTaHIB Opu iX (OTO30yKEeHHI Ta
penakcamii. Taki mporecu MOXyTh OyTH 3yMOBJICHI CTPYKTYpHMMH 3MiHamu B PILI mpm

(OTOCTUMYITHOBAHOMY MEPEHOCI €JIEKTPOHA.

NOrMUHaHHS
0,81 X (t)=A, exp(-d t)+A, exp(-d,t)+A, exp(-d,t)
071 N e
0,6 A1
0’5 -~ T
— - A—mrm b —a
S RS ke A
> 044 1 y
— . .
a) < 03{ | !
N
ol B
0,14 A-*-"*' ------- Fe-mmmmmmmmmommTes *
0,0 T T T T T T )
0 500 1000 1500 2000 2500 3000
iHTepsan (c)
NorMuHaHHSA
o X, (D)=A, exp(-d t)+A, exp(-d,t)+A, exp(-d.t)
o 13 L/r
E 4 "/'“"‘ '''' Ao - 41
[} by U
I 0,1' [
X i --%---d -3
6) ® 0,01, }f . 3
q;,) Foooom
o VK
8_1E-3- #
()
o
1E-4

0 500 1000 1500 2000 2500 3000
iHTepBan (c)
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JlocmipkeHHsT KIHETUKH (DOTOCTHMYIJIHOBAHOTO TiepeHocy 3apsiny B PLI 3 BukopucTanHsMm
JIBOX TOCIIIOBHUX IMIYJIBbCIB CBiTIIa 31 3MIHHUM IHTepBaJIOM MiK HuMHU [20] moka3zano
HEMOHOTOHHY 3aJIe)KHICTh TapaMeTPiB EKCIIOHCHIIAJIbHUX CKJIAJOBUX KIHETHKH Bif
BEJIMYMHU IHTEpBALy MDK iMmyiabcamu. JlaHa MeToauka, Tak sIK 1 MONEpedHs, I03BOJIIE
BU3HAYATH YacOBI mapameTpu eleKTpoH-KoHpopmariiaux B3aemomiii PLI. IlopiBHsHHS
pe3yabTaTiB IIMX METOAMK (puc. 6 6 Ta puc.7 a, 6) mokasye ix cmiBnagiHag. [nTepBanu 3, 47,
140 ¢, mo BiAMOBIAIOTh MAaKCMMyMaM 3aCeJICHOCTI MiACTaHiB 1 Ta 2 y mporieci pemakcarii
PLI, cniBnamatoTh MO MOPSAAKY BEIWYMHHU 3 iHTepBajoM yacy (4—100 c¢) Mix iMITyJIbcamu
cBiTiia 30ymkeHHs PILI, mpu sikoMy mapameTpu €KCHOHEHI[ATBHUX CKJIAJOBHX IPOIECY
penakcarii PI[ matoTe excTpeManbHi 3HaueHHs. Lle miaATBepIKye MPHUITYIICHHS TPO Te, IO
MmosiBa OCOOJMBOCTEH y KiHETHIN 3aceneHocted mincraniB PLl mpu doTocTumynbsoBaHOMy
nepeHoct 3apsy MoB’A3aHa 31 3MiHAMH Y 1X CTPYKTYpI.

BUCHOBKH

Kinetnka (poTOCTUMYIHOBAHOTO EIEKTPOHHOTO MEPEHOCY €JEKTPOHA B 130JbOBAHUX
peakuiiHux neHtpax Rhodobacter sphaeroides nodpe ONMUCYeTbCS CUCTEMOIO 3 PiBHSIHHSAM
CTaHy Ta TpbOX Iu(epeHIiaTbHUX pIBHSAHb OallaHcy 3 JBOMa Ha0OpaMH TMOCTIHHUX
KOe(]iIi€HTIB.

[Iponiec porocTumynpoBaHOro mepeHocy 3apsny B PL{ 3amo0BosbHSIE MOJEIh YOTHPHOX
He3asleKHUX miActaHiB  PL[, sKki BiANOBiAIOTE YOTHPHOM TMOB’SI3aHUM  €JIEKTPOH-
KOH(OpMaIiiHUM MiACTaHaM.

Kineruka 3acenenocti migcraniB PL] y mporeci ¢poTo30ymxeHHs Ta penakcarii Mmae 1o0pe
BupaxeHi ekctpemymu (0,06, 3—140 c), mo 3yMmoBieHi eheKTaMu CTPYKTYPHOT cCaMOpeTyJIsIii
OCHOBHOI peakuii y pe3yibTaTi NpPOCTOPOBO-4ACOBHX pPyXiB Makpomosekynu PII.
ExcrpeMmymu cimykaTh MapkepaMu CTPYKTYpHUX 3MiH PLI.

Po3pobneno mnporpamy A BU3HAUEHHS KOHCTAHT IIBUAKOCTEH MudepeHIiaTbHIX
PIBHSIHB, KOJIM PEAaKIlisl CHCTEMH MPEACTaBICHAa y BHUIJISAAI TPHOX PI3HUX EKCIOHCHIIAThHUX
CKJIaJIOBHX.
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