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Leab. CpaBHEHHE TPEXMEPHON HAHOCTPYKTYPHI MOPUCTHIX OMOCOBMECTUMBIX MaTPUKCOB U3 (hMOPOHMHA IIeNKa
Bombyx mori n pexoMOmHaHTHOTO crimaponHa rS1/9. Martepuaabl 1 MeTOAbI. TpeXMepHBIC MOPUCTHIC MaT-
PHKCHI OBIIM MOJIYYEHBI METOIOM BhIlIenaunBaHus. [lpyn cpaBHeHHH OMOIOIMYECKHX CBOMCTB IOKA3aHO, YTO
aaresust ¥ nponrdepanys MbIIUHBIX (GrOpo0IaCTOB Ha ABYX BHAAX MAaTPUKCOB PA3JINYaINCh HE3HAYUTEIBHO.
B cpaBHUTENBHBIX SKCHEPUMEHTAX in Vivo MOKa3aHO, YTO PEreHepanusi KOCTHOH TKaHU y KPbIC ITPOUCXOIUT
ObICTpee NP UMIUIAHTALMKA MAaTPUKCOB U3 PEKOMOMHAHTHOTO cruapouHa. C 1enbio 00bsCHEHUs Ooee BBICO-
KOW pEereHepaTUBHON aKTHMBHOCTH MaTPUKCOB M3 CHHMIPOMHA C MOMOLIbIO CKAHUPYIOIIEH 30H0BOH HAHOTOMO-
rpadun ObuIa MccleqoBaHa TPEXMEpHAask HAHOCTPYKTYpa MaTpHKCOB, a TaKKe COOOLIAeMOCTh HAHOIIOP BHYT-
pu MarpukcoB. Pe3yabrarbl. boutn 0OHapyKeHbI CylIeCTBEHHBIE OTJIMYMS B IVIOTHOCTH U 00beMe HaHOIIOP: B
MaTpukcax u3 rS1/9 mHTerpanbHas MIOTHOCTh HAHOMOP, 3aUKCHPOBAHHASL B JBYXMEPHOM aTOMHO-CHIJIOBOM
N300paKeHUH, COCTaBIsIa 46 MKM 2, a CTENeHb MOPUCTOCTH — 24%; B TPEXMEPHBIX CTPYKTYpax u3 (pudpou-
Ha IIeJIKa TUNIOTHOCTh HAHOTIOp U CTeneHb nmopuctocT Obutn 2,4 MkM 2 U 0,5% cooTBeTcTBeHHO. TpexmepHast
PEKOHCTPYKITUSI CUCTEMbI HAHOTIOP M 00pa30BaHHBIX UMH KJIAcTEpPOB B MaTpukcax u3 rS1/9 mokazana, 4to 00b-
eMHasl J0JI B3aUMOCBSI3aHHBIX TIOP B MEPKOJIAIMOHHBIX KiacTepax paBHa 35,3% oT Bcero o0Obema Imop, 4To
cocraBisieT 8,4% ot o0miero oorema mMarpukca. BeiBoabl. MeTon cKaHUPYIOIE 30H10BOW HAHOTOMOTpadhun
[IO3BOJISIET MOJIYYUTh YHUKAJIbHYIO HH(GOPMALUIO O TOIOJIOTUU CUCTEM HAaHOIIOP UCKYCCTBEHHBIX OMOKOHCTPYK-
uuil. [lpu cpaBHUTENIFHOM aHAIN3€ HAHOCTPYKTYPbI HCKYCCTBEHHBIX MAaTPUKCOB M3 PETEHEPUPOBAHHOTO IIEIKa
1 peKOMOMHAHTHOTO CIIUAPOMHA, TOJIyYE€HHBIX METOAOM BBILIEIAYMBAHUS, [T0OKA3aHO, YTO CKA((OoIab! U3 cru-
poriHa UMeroT 0oJiee BBICOKYIO MHTETPajIbHYIO IUIOTHOCTHh HAHOIOP, CTENEHb MOPUCTOCTH H OOBEMHYIO OO
B3aMMOCBSI3aHHBIX T10D.
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Aim. To perform a comparison of three-dimensional nanostructure of porous biocompatible scaffolds made of
fibroin Bombix mori and recombinant spidroin rS1/9. Materials and methods. Three-dimensional porous scaf-
folds were produced by salt leaching technique. The comparison of biological characteristics of the scaffolds
shows that adhesion and proliferation of mouse fibroblasts in vitro on these two types of scaffolds do not differ
significantly. Comparative experiments in vivo show that regeneration of bone tissue of rats is faster with im-
plantation of recombinant spidroin scaffolds. Three-dimensional nanostructure of scaffolds and interconnectivity
of nanopores were studied with scanning probe nanotomography (SPNT) to explain higher regenerative activity
of spidroin-based scaffolds. Results. Significant differences were detected in the integral density and volume
of pores: the integral density of nanopores detected on 2D AFM images is 46 um and calculated volume po-
rosity is 24% in rS1/9-based scaffolds; in fibroin-based three-dimensional structures density of nanopores and
calculated volume porosity were 2.4 um and 0.5%, respectively. Three-dimensional reconstruction system of
nanopores and clusters of interconnected nanopores in rS1/9-based scaffolds showed that volume fraction of po-
res interconnected in percolation clusters is 35.3% of the total pore volume or 8.4% of the total scaffold volume.
Conclusion. Scanning probe nanotomography method allows obtaining unique information about topology of
micro — and nanopore systems of artificial biostructures. High regenerative activity of rS1/9-based scaffolds can
be explained by higher nanoporosity of the scaffolds.

Key words: scanning probe nanotomography, nanoporosity, three-dimensional biocompatible scaffolds, silk
fibroin, spidroin.

BBEAEHUE MIPUPOHBIE TTOJIMMEPHI, TAKHE KaK KOJUIAreH, JKeIaTHH,
PutMm coBpeMeHHO# KH3HU, HKOJOTHS, HACICA- COJNHM aJIbFHHOBOM KHUCIIOTHI (aIbTMHATHI) [3], comoiu-
CTBEHHOCTh OKAa3bIBAIOT OOJIBIIIOE BIMSHUE HA Ye-  MEphl P-OKCUMACISTHOW KUCIIOTHI (TOJIMOKCHOYyTHpATa),
JIOBEKA, BHOCAT HEONAromnpHusATHBIE W3MEHEHHs B €ro  (UOpOMH IIeiKa, OCNIKK MayTUHBI (CriuapouHsl) [4, 5].
OpraHM3M, CHIDKas KadecTBO KM3HHW, OTPAaHWYMBAIOT B pesynbrare pe3opOuuu OHOAerpagupyeMbIX IOJH-
(yHKIOHABHBIE BOBMOXKHOCTH, a B XYJIIEM Cllydyac MEPOB B KaueCTBE MPOMEKYTOUYHBIX BEHIECTB MHOTIA
MPUBOMAT K WHBAIUIHOCTH W COKDAICHHUIO TPOJOT-  00pa3yroTCsl T€, KOTOPbIC BKIIIOYAIOTCS B KIIETOYHBIN
JKUTENTFHOCTH KU3HU. bronorus, MennuimHa, WHXeHe-  MeTa0oau3M (IVIMKOJIMEBasi M MOJIOYHAsI KMCIIOThI, MO-
PHS — TPY COCTABIISAIONINE PETeHEPATUBHON METUITMHBI, ~ HOcaxapa, aMUHOKHCIOThI). [Ipu aToM ecru pe3ynbrar
KOTOpasi O3BOJISIET uesioBeKy B X XI Beke BOCCTaHABIN-  pe30pOLMU — BEIIECTBA, HE SBISIONIMECS YacThio 00-
BaTh, yIy4YIlaTh, MOJICPKUBaTh (DYHKIIMOHUPOBAHME MEHA BEIICCTB KJIETOK WU TKaHEW, TO OHU HE JIOJIKHBI
OpraHM3Ma, ero TKaHeil U opraHoB. B cBsi3u ¢ TeM 4TO  OBITh TOKCUYHBIMH JIJISl OPTAaHNU3MA, & UX KOHIIEHTPAIUS
JIOHOPCTBO SIBIISIETCS JAOPOTHM, WMEIOMIMM OOJBIIOE B KPOBH — B MpeJeNax JTOMYCTUMOTO YPOBHSI.
KOJIMUECTBO OTPAHUYCHHI HAMPABIICHUEM B ME/IUIIUHE, [Mpuponuble mOMUMEpHl 00NMANAIOT OOJNBIICH CTe-
YYEHBIC U Bpa4H BCETO MHpA TPYASTCS HAJ pa3padoT-  MEHbIO OMOCOBMECTUMOCTH C OPraHM3MOM 4YeJIOBEKa
KOM aJbhTEpPHATHBHBIX METOJOB BOCCTAaHOBJCHHS II0- B CPAaBHEHHWU C CHUHTETHYECKUMHU. TpeXMepHBIE IIO-
BpEXKICHHI opraHu3Ma denoBeka [1]. PereHeparnBHas  pucThle OMOCOBMECTHMBIE MCKYCCTBEHHBIE MAaTPHKCHI
MEJIUIMHA Ha JAHHOM 3Tarle pa3BUTHS UCTIONB3YeT /1B (CKIPQOIIBI) SBISIOTCS OJHUMHU U3 CAMBIX TMEPCIEK-
BapHaHTa UMIUIAHTUPYEMbIX OHOAErPaJUpPyeMbIX Ma- THBHBIX HUMIUIAHTATOB-HOCUTEIICH B pereHepaTUBHON
TEPHAJIOB: CHHTETUYECKUE OMOMaTepHallbl, HAPUMEP, MEIUIMHE, [TIOMOTasi OPTraHU3MYy BOCCTAaHABJIMBAThH €TO
MOJTMKANPOJIAKTOH [2], TOIMOKCHAIIKAaHOAThI, KOTOPhIE  COOCTBEHHBIE TKaHW B MecTe moBpexiaeHus [6]. Ta-
SABJIAOTCA HOHI/IC)(i)HpaMI/I 1 COCTOST U3 LICIIU ITIOBTOPATO- Kasi TEXHOJIOIUusA BOCCTAHOBJICHHA MHOIAA UCIOJIB3YCT
IIKUXCA OCTAaTKOB INIMKOJIMEBBIX U MOJIOYHBIX KHCJIOT, U HalpapJICHHYIO OOCTaBKYy OMOJIOTHYECKH AKTHUBHBIX
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BEIIIECTB B TIOBPEXICHHBII OpraH WM TKaHb, C MOCIIe-
JyIoLIel ayTOKJIETOYHOM aaresueii, nponudepanueid u
(YHKIIMOHMPOBAaHUEM B MecTe mopaxeHus. Mckycer-
BEHHbIE MATPUKCHI [IPEACTABIIAIOT COOOH HOCUTEIH AT
CyOCTpaT-3aBUCUMBIX KIIETOK, CIYXAaT aJbTePHATHBOM
NPUPOTHOMY BHEKJIETOUHOMY MaTPUKCY U PETryIHPYIOT
pasBuTHe TKaHu. Kak pe3ynbrar — perenepanus mpouc-
XOIUT 3a CUET MPOopacTaHus HOBOOOPA30BaHHON TKaHU
yepe3 MaTpUKCHBIN Marepualn [7, §].

[t TOoro 4To0BI pOLIECC BOCCTAHOBIICHHS MTPOILIEI
YCIICIIHO, & PEe3yJbTaT COOTBETCTBOBAJ OXKHIAHHSM,
KpOMe IIPaBUIBHOIO I0A00pa Marepuaa Ajsi U3roToB-
JICHHSI MaTPHUKC TOJDKEH 00JIaaTh 0COOBIMU CBOMCTBA-
MU, TAKUMH KaK:

MeXaHW4YeCKas MPOYHOCTb M 3MACTHYHOCTH; TaKas
XapaKkTepUCTUKa HEOOX0auMa AJIsl IIPOBEACHUS XU-
PYPTUYECKUX NEHCTBUI 0e3 MOBpEXIeHHUS Kak ca-
MOTO MaTpUKca, TaK U TKaHU mainueHTa [9];
MOPHUCTOCT, T. €. 101 00beMa Mop B 001IEeM 00b-
eMe MaTpUKCa; MOPUCTOCTD OIIPEACISIET YCIeX Mpo-
TEeKaHWs KJIIETOYHOH aare3nu u nponudeparuu [10];
B3aMMOCBSI3aHHOCTh (COOOIIAEMOCTh) IOp, T. €.
MaTpHKC AOJDKEH 00NazaTb HEOOXOOUMOH crere-
HBIO MEPKOJISILIMN; 3TO HEOOXOUMO VISl YCIICIIHOTO
MEXKKJIETOYHOTO B3aMMOJEHCTBUS, KAUECTBEHHON H
PaBHOMEPHOI MUTpAIMU KJIETOK B 00beMe MaTpHK-
ca npu perenepauuu [11].

[TopuctocTh, a Takke pazMep HOpP 3aBUCAT KakK OT
Mmarepuana, U3 KOTOpPOro COCTOMT MAaTPUKC, TaK U OT
TEXHOJIOTUHU €ro M3roroBicHus. OIHUM U3 CIIOCOOOB
MPOM3BOJACTBA MAaTPUKCOB SIBJISIETCS METOJ| BBIIEIIA-
yuBaHusa [12]. On 3akmioyaeTcs B HCIOJIB30BAHUU
nmopooOpazoBareist (HalpuMep, KPUCTALIOB XJIOPHIA
HaTpusi), KOTOPBI pacTBopuM B Boze [13]. B manHOM
METO/Ie pa3Mepbl KPHUCTAJJIOB COJM ONPEAENSIIoT pas-
Mep Top, a KOJIMYECTBO TTOPo0oOpa3oBaTeliss — CTENeHb
MOPHUCTOCTH.

B namieii ctarbe ¢ MOMOILBIO METO/1a CKAaHUPYIOLIeH
30H10BoM HaHotomorpaduu (C3HT) wmbl cpaBHHIN
HAaHO- U MUKPOCTPYKTYPY HOPHUCTBIX MaTPUKCOB U3 pe-
KOMOMHAHTHOTO CITUIpOrHa ¥ (puOporHa Iesnka.

MATEPUAADBI U METOADI

UsrotoBAeHue AOPUCTbIX MATPUKCOB
n3 peKOM6MHGHTHOrO CNUAPOHHA

WckyccTBennstii red 1S1/9 BKIIFOUaeT NEBSITh XUMU-
YECKU CHHTE3UPOBaHHBIX MoHOMepoB 1fl [5]. MoHo-
Mep MCKYCCTBEHHOT'O T'€Ha ObUI IMOJIyYEH C MOMOIIBIO
XUMHKO-(EPMEHTATUBHOTO CHHTE3a, aMIUTH(HUIIIPO-
BaH B COCTaBe IUIa3MHIBI B KIETKax E. coli v KIOHU-
pOBaH B KJIETKaxX IPOXKeH Saccharomices cerevisiae.
W3 KJIeTOK ApOXKEH-NPOAYLEHTOB PEKOMOMHAHTHBIHI
0eJ10K ObLI BBIJENIEH, OYHIIEeH 10 98% YHCTOTBEI U HC-
MOJIb30BAaH i1 WM3rOTOBJIEHHUST MAaTPUKCOB, KOTOPHIE
MOJTyJaad METOAOM BhINMIeTaunBaHusa. HaBecka pe-

39

KOMOWHaHTHOTO crinponHa rS1/9 maccoit 15 Mr Obuia
pactBopena B 50 MKJI pacTBOpa, conepskariero 9IM xio-
puctslil tutnii B 90% mypasbsuHol kucnore, npu 40 °C
B TeueHne 30 muH. Jlanee pacTBop neHTpu(yTrupoBaIn
10 mua TIpm 11 300 g, 50 MKIT HATOCATOTHOH KUTKOCTH
cmemuBain co 110 Mr xymopuaa HaTpus ¢ pa3Mepamu
yactul conu ot 200 go 400 mxm. dopMupoBaIu AUCK,
JuameTp Kotoporo coctasisul 10 MM, a BeicoTa — 1 M,
JIMCK BBICYIITUBAJIHN TIPH KOMHATHOH Temrieparype (20—
25 °C), obpabatbiBain 96% 3TaHOIOM Ha MPOTSHKEHUU
2 4, 3aTeM Jera3upoBajl W IOJyYEHHBIE MaTPHKCHI
xpaHunu B 70% sTaHose.

U3roToBA€HME NMOPUCTbIX MATPUKCOB
U3 pereHepUpPOBAHHOrO LUEAKA

HarypasibHblil 1I€7K, TOJYYEHHbIH U3 KOKOHOB
B. mori, xunsiTunm B TedueHue oxHoro daca B 0,03 M
NaHCO,, mocne 3T0ro npoMbIBaIu JUCTHILIMPOBAH-
HOW BOJIOH C TeNbI0 M30aBieHus oT cepunnHa. Hasec-
Ka OTMBITOTO IIIeJIKa BecoM 15 MT ObIIa pacTBOpeHA B
50 MK pacTBOpa, comepsxkarero 10% XmopucToro Jim-
tus B 90% MypasbuHOil kucnore, npu 40 °C B TeueHne
30 muH. Jlanee pactBop neHTpudyrupoBaim 10 MuH
npu 11 300 g, 50 MKk HaOCaI0YHON KUJIKOCTU CMe-
muBay co 110 Mr xyiopuma HaTpus ¢ pa3MepamMu dac-
tul cond oT 200 mo 400 mxm. DopMHUpPOBATH AUCK,
JIuaMeTp Kotoporo coctaisin 10 MM, a BeicoTa — 1 MM,
BBICYIIMBAJIH JVCK MTPH KOMHATHOW Temreparype (20—
25 °C), obpabareBasi 96% >TaHOIOM Ha MPOTHKCHHUH
2 4, 3aTeM Jera3upoBaId U XpaHUIN MaTpuKchl B 70%
ATaHoOJIE.

CpaBHEHHE CKOPOCTU AAresuu
u npoAucbepaumm chubpobaacTtos 313
B MATPUKCAX

OTMBITBIE OT CHHPTA CTEPUIIBHBIE MAaTPUKCHI OBLIH
MOMEIIEHBl B 24-TyHOYHBIE CTEPUIIbHBIC IIIAHIIETHI.
Cycnensust MBIIIMHBIX GudpodracTtoB 3T3 B konmuec-
tBe 24 000 xnerok B 1,5 mut cpenst DMEM ¢ noGasie-
HueM 10% ¢eranpHON Oblubel CHIBOPOTKH OblIa HaHe-
CeHa Ha TIOBEPXHOCTh MaTPHUKCOB, ITOCIIE YeTO 00pasIIbI
WHKyOHnpoBanace mpu temiieparype 37 °C B yBIaKHEH-
Hoil armocepe ¢ 5% conepxannem CO, B TeueHue
yaca. [locre aare3un KIeTOK Ha MOBEPXHOCTH MaTPUK-
COB 00pa3pl OBUTH TIPOMBITHI C TEITBI0 N30aBICHUS OT
HEMPUKPETJICHHBIX KJIETOK. Jlanee MaTpukchl ¢ (hudpo-
OnmactamMu ObUIM MOMEIICHBI B OTCEKH CO CBEXEH cpe-
JIOW ¥ KyJIETHBHPOBAJIMCH Ha TIPOTSHKEHUU JIBYX HEJIEIb.
KynbrypanbHas cpena MeHsu1ach Kaxple ABa AHs. Sapa
KJIETOK OKpAIIWBAIUCh ¢ HCmoib3oBanmeM SYTOX®
Green (Invitrogen; Carlsbad, USA) u nofcYuThIBaIUCH
C MTOMOIIHI0 KOH(POKAIBHOTO JIa3€PHOTO CKAHUPYFOTIIETO
MHUKpOCKOTa. PacdeTsl MpoBOMMIINCEH C MCITOIB30BAHHU-
em niporpammsl 3D for LSM Version 1.4.2 (Carl Zeiss) u
Imaris 6.1.5 (Bitplane AG, Zurich, Switzerland).
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PereHepauus KOCTHOW TKOHM

Kpricer Wistar Becom 190-220 T ObutH pa3aeieHbl
Ha TpU IPYHIIBI 110 7 KPbIC B KaXJIOH: JIBE TPYIIILI B
3aBUCHUMOCTH OT THIIA WMIUIAHTUPYEMBIX MaTPHKCOB
W KOHTpOJIbHAsl Tpymnmna. AHECTe3UpOBaHHE MPOBO-
IniIochk ¢ moMmorbio mHBekmmuH Zoletil 100/Xylovet
(CEVA Santé Animale, Libourne, France) (0,025 mr /
0,005 mr / 100 r). Ha moBepxHoCTH Oenpa ObLI caeliaH
Hazpe3 10 MM 10 HaIKOCTHHIIBI M B KOCTH IIPOCBEpJIe-
HO oTBepcTHe B 2 MM. Jlasiee B OTBEpPCTHE BCTABIISIICS
MaTPUKC COOTBETCTBYIONIETO pa3Mepa, paHy 3allriBajIy
U 3aKpbIBAIIM MOBS3KON. B KOHTPOJIBHOU IpymIe noc-
Jie IOBPEKACHUSI KOCTH MaTPUKChl HE UMILIAHTUPOBA-
nuch. JKMBOTHBIE M3 KaKIOH TPYIIBI MOABEPralnuCh
PEHTIeHOBCKOH MHKpoToMorpaduu Ha 1-if u 4-it Hen.
nocyie omnepanmu, 3aTeM ObUIM yMepIBIIeHbI. PeHTre-
HOBCKHE MCCIIE0BAaHMS OBbUIH MPOBEICHBI C HCIONB30-
BaHUEM KOMITBIOTEpHOTO ToMOrpada (Somotom AR.HP
«Siemensy», Germany). st ompeneneHusT Auama3oHa
CKaHUPOBAHMS OBLIM HCIOIb30BAHBI TOMOTPAMMa H
BU3yaJIbHbIE 1aHHBbIe. OCEBbIE CPE3Bl CHATHI CO CIIEAY-
rommu napametrpamu: 110 kB, 50 MA, mryOuna moss
CKaHHpoBaHUSA — 3 MM, mar — 1-2 mM. [lomyueHHbie
n300pakeHus1 ObUIM HUCIOJB30BaHbI ISl OICHKHU 3a-
JKUBJIEHUS B CPAaBHEHHMH CO 370POBBIM KOPKOBBIM CJIO-
eM OeIpeHHOH KOCTH CoriacHo miKajie XayHcduina.
Wnpexc perenepanuu ObUT pacCUUTaH KaK OTHOLICHUE
IJIOTHOCTH PEreHEPUPOBAHHON KOCTHON TKaHU B PaHE
K IUIOTHOCTH HOPMaJIbHOM KOCTHOM TKaHU (B €MHHULIAX
XayHucounna) x 100.

CKaHUpYloLWLas 30HAOBAS HAHOTOMOrpadous

TpexmepHas CTpyKTypa MaTpUKCOB HCCIIEZ0BANIACh
C NOMOILIBIO CKAHMPYIOIIEH 30HAOBOM HAHOTOMOIpa-
¢uu, ¢ UCTIONB30BaHNEM KOMOMHHPOBAHHON CHCTEMBI
Ntegra Tomo (3AO «<HTMIT», Mocksa), coBmeIato-
el aTOMHO-CHJIOBON MUKPOCKOIN M YIBTPaMHUKPOTOM
Leica EM UC6NT (Leica Microsystems GmbH, Aust-

ria) B ofHOM ycTpoiicTtse [14, 15]. OOpa3iisl MaTpUKCOB
ObUIM 3aJIMTHI B SIOKCHIHYIO cMoity. J{JIst Kaxaoro u3
MaTpUKCOB OblUIa BBINOJHEHA CEpUs IOCIIEAO0BATEIIb-
HBIX CPE30B YJIBTPAMHUKPOTOMOM C HCIOJIb30BaHUEM
CHECIUAIM3UPOBAHHOIO ~ aJIMa3HOro Hoka Diatome
UltraAFM 45 ¢ mocnenyiommM H3MEpeHHEeM TOIOo-
rpaduu MOBEPXHOCTH OJIOKA HAa aTOMHO-CUJIOBOM MHUK-
pockorie (ACM) mociie Kaxmoro cpesa. M3mepeHwus
BBITIOJIHAJINCH B TIOJTYKOHTAKTHOM PEXHUME C HCTIONB30-
BaHUEM 30HJ0B — KpEMHHEBBIX KaHTHIIeBepoB NSG10
¢ pe3oHaHcHO# yacToToit 240 kI’ 1 paarycoM KpUBU3-
HBI OCcTpHs 30H1a He 6oree 10 aM. M300pakeHus ObLTH
BBIPABHEHBI JIPYT OTHOCHUTENBHO ApPYyra B IJIOCKOCTH
CKaHMPOBAaHMS, 1 KOHEUHBIE TPEXMEPHBIE CTPYKTYDBI
BU3YyaJIM3UPOBaHbl ¥ MPOAHATU3UPOBAHBI C MTOMOLIBIO
MakeTa IporpaMMHOro obecredenus ImagePro AMS
6.0 (MediaCybernetics Inc., USA) c ommmeit Tpexmep-
HOTO peKoHCTpyupoBaHus. [l Gornee KOMIUIEKCHOM
XapaKkTepHU3alul TPEXMEPHOH CTPYKTYPBI HCIIOJIB30Ba-
JIMCh BU3yalIn3alysl U CTAaTUCTUYECKUN aHaiIu3 o0beMa
MOp ¥ B3aMOCBSI3aHHBIX KJIACTEPOB CUCTEMbI HAHOTIOP.

CraTtuctuyeckas ob6paboTka ACHHbIX

CraTucTHYecKuil aHalIu3 pe3ysbTaToB IMPOBOIMIN
METOJOM JAUCIEPCUOHHOIO aHAJIN3a, YPOBEHb CTaTUC-
TUYECKON 3HAYMMOCTH p NpuHUMaH paBHbM 0,05.

PE3YABTATbI U OBCYXAEHMUE

[To naHHBIM BIEKTPOHHON MUKPOCKOITMH MATPUKCHI
u3 GubpouHa mienKa U PEKOMOMHAHTHOIO CITHIPOMHA
MMEIY BUAMMBIC OTINYUS B (POpME TIOP U UX TOJNIIHHE.
CreHKH NOp B Marpukcax u3 GuOponHa uMenu Oonee
OJTHOPOJIHYIO CTPYKTYpPY C YelIyH4yaTod IIepOXOBATOU
MOBEPXHOCTHIO, B TO BPEMSI KaK MaTPHUKCHI U3 CITUJIPO-
uHa oOJajiayin 0oJjiee PhIXJION KOHCTpYKIUeH ¢ nepdo-
PHUPOBaHHOHN MOBEPXHOCTHIO (pHC. 1).

MBI cpaBHWIIN CKOPOCTb aAre3uu M mpoiudepanun
(hubpobmactoB 3T3 Ha 000MX BHIAX MATPUKCOB. DKCIIE-

Puc. 1. Cxanupyromas 3;1eKTpOoHHasI MUKPOCKOIHS TOPHCTHIX MAaTPHKCOB U3 (GHOPOMHA IIeNKa (a) 1 peKOMOMHAHTHOTO CIIH/I-

powuHa (0)
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PUMEHTBI [TOKa3aJIi, YTO MOJHAs ajire3us puopo0iacTor
Ha MaTpUKCHI HaOMoaIach 4epes 2—3 4 MHKYOaHH, a X
MOpP(}OIOrHsl COOTBETCTBOBAJIA JAHHOMY THUILY KJIETOK.
Ha 3aBepmrarommem srare KyJIbTHBHPOBAHHS B TEUCHHE
HECKOJIbKHX JTHEeW (hOPMHUPOBAIICS MOHOCIOM KIIETOK Ha
CTEHKaX MaKpOIOp MaTPUKCOB, IIPU 3TOM MPOUCXOANIIO
BpaCTaHUE HEKOTOPBIX KJIETOK B CTEHKHU 1Op. CKOpOCTh
aare3un U nponrdeparuy KJIeToK Oblra IPUMEPHO OfIU-
HaKoBa JyIss 000UX BUIOB MaTpUKCOB (Tadi. 1).

[Ipu ananu3e pereHepanuy KOCTHOW TKaHU MO JaH-
HBIM PEHTTEHOBCKOM MHUKpoTOMOrpaduu ObLIO MOKa-
3aHO, YTO IPOLECC KOCTHOHM pereHepanuy B paHe, 3a-
MTOJTHCHHON CIUAPOMHOBBIM MAaTPUKCOM, ObUT Oosee
OBICTPBIM 11O CPaBHEHHIO ¢ PUOPOMHOBBIM (Ta0M. 2).

Ha ocHoBe 3TuX JaHHBIX OBLIO CHEJNAHO HPEAro-
JIOKEeHHe, 9TO 0ojiee BBICOKAas OMOIOrMYecKash aKTHB-
HOCTb MAaTPHKCOB M3 PEKOMOWHAHTHOTO CIMIPOWHA
MOXET OBITh CBSi3aHa C WX HAHOMOPUCTOM CTPYKTY-
poH, KoTopasi GopMHUpPYETCs B IIPOILIECCe N3TOTOBICHHUS
rS1/9-marpukca. C nomomrsto Merogukn C3HT namn
OBIIM MCCIICIOBAHBI U BU3YaIN3UPOBAHbBI TPEXMEPHBIC
HAHOCTPYKTYPBI, TOTOJIOTHSI, & TAKKE XapaKTCPHUCTUKU
CHUCTEMBl MaKpO- M HAHOIIOp ABYX BHUIOB MaTPHKCOB:
OuonerpagupyemMbIX KOHCTPYKIMH U3 (pubponHa menka
1 U3 PEKOMOMHAHTHOTO criuApouHa (rS1/9-MaTpuKkcoB).

Ha puc. 2, a, npuBeneno o63opaoe ACM-nzobpaxe-
are (21,0 x 30,0 MKM?) TOBEPXHOCTH OJIOKA 3aJIUTOTO
B DTIOKCHIIHYIO CMOJIY MaTrpukca Ha ocHOBE (puOpomHa
HIejKa 1mociie cpe3a yAbTPaMUKPOTOMOM. AHau3 To-
JYYEHHBIX JIByXMEPHBIX M300paKCeHUI MOBEPXHOCTEN
CpPE30B CTEHOK MAKpOIOp, MOIY4YEHHBIX C UCIIOIb30Ba-
HHEM CKaHHMPYIOLIETO 30HI0BOTO MHKPOCKOIIA, MOKa-
3aJ, 4TO pa3Mepbl HAHOMOpP B CTEHKaX MakKpomop co-
ctaiAoT oT 30 1o 200 HM, CO CpelHUM TUaMETPOM B
50 BM. [110THOCTB (KOTMYECTBO HA €AMHUILY TUTOIIIAIIH )

Tabmuna 1

Anresus (1-i nenn) u nposudepanus (3—14-it 1un)
¢pudpodaacTon 3T3 na marpukcax u3 pudponHa
LIeJIKA U PEKOMOMHAHTHOIO CIMAPOMHA

Bpems Matpukc u3 Gpuo- 1\64an VIKC H3 PEKOM-
WHAHTHOTO CITHI-
KYJIETUBUPO- | POHMHA, KOJINYECTBO OMHA. KOIHUCCTEO
BaHMS, THU KJIETOK B 1 mMm? p > 3
KJIETOK B 1 MM
1 18+2 19+2
3 48 +3 53+5
14 4105 + 320 3800 + 304

HpuMeanue. Vka3zaHbl 3HaYEHUS CTaHAApPTHOT'O OTKJIOHC-
HUA )14 5 HE3aBUCHUMBIX I/I3MepeHI/II71.

Tabmumna 2

AHanu3 pereaepanvun KOCTHOM TKaHM
Mo JTaHHbIM peHTFeHOBCKOﬁ MHKpOTOMOl"pa(l)l/IH

Wnpexc perenepa- | Muaekc perenepa-
Marepuan nuu, 1-s1 He. nuu, 4-s1 HeL.
1ocJjie onepaunuu 1ocJie onepauuu
Kontpons 27,2+0,3 31,2+0,7
Dubpounn 27,9 £0,5 37,3+£0,6
PexomOunanT- 28,6 £0,7 46,2+ 0,4
HBIN CIIUAPOUH

Ipumeuanue. YxazaHbl 3Ha4€HHs] CTAHIAPTHOTO OTKIIOHE-
HUS JUTSL 5 He3aBUCUMBIX U3MEPCHUI.

HAHOTIOP U CTeTIeHb 00beMHON HAHOTIOPUCTOCTH B TPEX-
MEpHBIX CTPYKTypax u3 (puOporHa mieska CoCTaBIsSIOT
2,4 MM~ 1 0,5% coorBercTBeHHO. CTeneHh 0OBEMHOM
HAHOIIOPHCTOCTH ONpeesslack TPH MOMOIIN IPO-
rpamMMHoro nakera Image Analysis Nova 1.0.26.1443
(BAO «<HTM/T», MockBa) Kak cpeiHee OTHOLICHHUE
CYMMapHO#1 miomaan Hanonop Ha ACM-u300paxeHu-
X K 00IIeH IIIoImay cpe3a y9acTka MaTpruKca.

2 ¥

Puc. 2. Anannu3 HaHOCTPYKTYpBI MaTpukcoB u3 pudpomnna menka: a — ACM-n300paxeHue Tonorpaduu MoBEpXHOCTH OI0Ka
MarpuKca Ha OCHOBe (puOpouHa mocie cpesa yapTpaMUKPOTOMOM, pazmep ckana 21,0 X 30,0 Mxm?%, inana3oH BapHaIlUK Bbl-
cothl 35 HM; O — TpexMepHasi PEKOHCTPYKIIHSI CTPYKTYPbI CTEHKH MaKpOIopbl Marpukca Ha ocHoBe (ubpouHa (12 cpe3os,

45,5 x 32,8 x 1,8 Mrm?)
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Jis  monmy4yeHHsT TPEXMEPHOH  PEKOHCTPYKIMH
CTPYKTYpBl MaTpHKca B oObeMe Oblia clienaHa Cepust
u3 12 ACM-u3o0paxkeHnii Tonorpaduu OBEPXHOCTH
CTEHKH MAaKpOIIOPBI I10CJIE TIOCIIE0BATENbHBIX CPE30B
YABTPAMUKPOTOMOM TONIIMHON B 150 HM. M300paxe-
HHUE OBLIO MOJYYEHO MyTeM COBMELICHHUS BCEX MOJY-
yeHHbIX ACM-n300pakeHui Cepuu M BHU3yaJH3allu
B 3a/IaHHOM OObeMe, YIUTHIBas (PU3UUCCKHUE pa3sMephI
BOKCEJIOB, 3aJlaBaeMbIX TOJIIMHON Cpe30B M paspe-
nreHueM ucxomHbix ACM-m3o0pakennii. KoneuHast
TpeXMEepHasi CTPYKTypa ObUIa HpeacTaBlieHa W IPO-
aHaAJU3UPOBaHA C IOMOLIbIO IPOTrPAMMHOIO IIaKeTa
3DConstructor Image Pro AMS 6.0 (MediaCybernetics
Inc, USA). Busyanuzanus mosy4yeHHOW TPEXMEPHOM
PEKOHCTPYKIMK NpuBeAeHa Ha puc. 2, 0. Craructu-
YECKHH aHaJIN3 TPEXMEPHBIX JaHHbIX IOKAa3al, 4TO OT-
JIeNTbHBIE HAHOTIOPBI MPAKTUYECKN HE B3aUMOCBSI3aHbBI
JPYT C APYTOM.

AHQJIOTHYHBIM 00pa3oM ObUIM HCCIEIOBaHBl H
rS1/9-marpukcel. AHANMHU3 ABYXMEPHBIX M300paskeHUi
MTOBEPXHOCTEH CPe30B CTEHOK Makpormop B rS1/9-mar-
pHUKCax TOKa3al, 4TO pa3Mepbl HAHOMOp B CTEHKaX
Makporop coctapistoT ot 30 go 180 HM, co cpenHUM
auaMeTpoM 50 HM, 9TO CXOIHO C pa3MepamMH HaHOIIOp
B (QubpomHOBBIX Marpukcax. OmXHAKO TUIOTHOCTH Ha-
HOIIOP W CTeNeHb MOPHCTOCTH B TPEXMEPHBIX CTPYK-
Typax U3 pekoMOWHaHTHOTO cniuapouHa rS1/9 ropaszno
BBIIIIE U cOCTaBisieT 46 MkM 2 1 24% COOTBETCTBEHHO.
Ha puc. 3, a, npuseneno ACM-uzobpaxenue (1,8 %
1,8 MKM?) TOBEpXHOCTH OJIOKa 3QJIUTOTO B STIOKCUIHYIO
CMOJIy MaTpUKCa Ha OCHOBE PEKOMOMHAHTHOTO CIIHJI-
pOMHa I0CIIe CPpe3a YIBTPaMUKPOTOMOM.

OnHuM 13 HanOoJee BaKHBIX MTapaMETPOB MaTPUK-
ca SIBJISAETCS] B3aUMOCBSI3aHHOCTH HaHomop. CornacHo

TEOPHH MEPKOJISIIAN, €CITH 3HaYeHUEe 00bEMHOM MopHc-
TOCTH BBIIIE CTAHAAPTHOTO 00BEMa TOpora MepKoJIs-
LUUU 17151 TPEXMEPHBIX CUCTEM, cocTaBisitouiero 16%,
TO CYIIECTBEHHAS YacTh TOP COENUHSAETCS B MEPKOIIS-
[IUOHHBIE KJIACTEPhI, KOTOPBIC MOT'YT OBITH OOJIBIIIE Pa3-
MEpOB eIMHUYHBIX TIop [16]. Takum oOpazom, ucxomst
U3 TOro, uto s rS1/9-MarpuKcoB creneHb 00beMHOM
HAHOIIOPUCTOCTH cocTaBiseT 24%, MBI MOJKEM CIIENaTh
BBIBOJI O BHICOKOM YPOBHE B3aMMOCBSI3aHHOCTH TIOp B
HUX, B OTJIMYKE OT MOP B MaTPHUKCAX U3 PUOpOUHA IIel-
ka. JIByxmepueile ACM-u300paskeHHsI NOKAa3bIBAIOT,
YTO 3aMeTHAasi YaCTh HAHOTIOP CBA3aHA JPYT C JAPYTOM
HaHOKaHajamMu. TeM He MEeHee, yUUTHIBas, YTO BBIIIC-
YKa3aHHBIA MOPOT MEPKOJSIUU A TPEXMEPHBIX CHUC-
TEM HAMHOTO MEHbINIE, YeM Ui JAByXMEpHBIX (44%),
TOJIBKO TPEXMEPHBIM aHajIu3 HAHOIOPUCTON CTPYKTY-
PBI MOXKET JaTh aJICKBAaTHYIO OIICHKY CTETIeHU B3aNMO-
CBSI3aHHOCTH | MEPKOJSIIUU HaHomop [17].

J1s peKOHCTPYKIIMY B aHAIIN3a TPEXMEPHOU CTPYK-
TypBI HAHOTIOP B 00beMe MaTprKca ObLTa cAeaHa cepust
n3 13 ACM-u3o0paxkeHnii Tonorpaduu MoBEepXHOCTH
CPE30B CTEHKH MaKpOIIOPHI C 001aCThI0 CKAHUPOBAHUS
15,0 x 15,0 mxM u paspemierueM 1024 x 1024 nukcens
MOCJIE TTOCIIEIOBATENEHBIX CPE30B YIBTPAMHKPOTOMOM
tommuHOU B 70 HM. KoHEeuHast TpexMepHas CTPyKTypa
OblIa TPOAHAIM3UPOBAHA C TIOMOIIBIO MTPOTPAMMHOTO
naketa 3DConstructor Image Pro AMS 6.0 (MediaCy-
bernetics Inc., USA).

CTaTUCTHIECKUN aHAIIN3 TPEXMEPHOH PEKOHCTPYK-
IIUH [TOP TIOKA3aJ1, 4TO OOIINH 00BEM MTOPUCTOCTH PaBEH
23,8% —3TO COOTBETCTBYET 3HAUEHUIO, OJTYUYEHHOMY B
pe3yibTaTe aHan3a OTACIBHBIX JIBYyXMEPHBIX H300pa-
xernid. O0paboTKa MOyYeHHBIX NaHHBIX ITO3BOJIMAIA
BHU3YaJIN3UPOBATh M OXapaKTepu30BaTh KIIACTEPHI CO-

Puc. 3. Ananm3 HaHOCTPYKTYpPBI MaTPUKCOB U3 PEKOMOMHAHTHOTO crinaponHa: a — ACM-u3o0paskenne Tonorpaduu mosepx-
HOCTH OJIOKa MaTpUKca Ha OCHOBE PEKOMOMHAHTHOTO criuiporHa rS1/9 mocine cpesa ynbTpaMHKpPOTOMOM, pa3Mep ckaHa 1,8 x
1,8 MkM?, quama3oH Bapuariy BbICOTH 20 HM; 6 — TpexMepHas PEKOHCTPYKIIUS KJIACTEPOB B3aMMOCBSI3aHHBIX HAHOIIOP B
CTEHKE MaKpOIOPhI MATPHUKCA Ha OCHOBE PEKOMOMHAHTHOTO criuzpounHa rS1/9 (7,54 x 3,28 x 1,0 mrm?)
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00MIAIONINXCST HAHOTIOP U OMPEACIUTh MX MapaMeTphl
MyTEM [TOCTPOCHHSI COOTBETCTBYIOIIUX U30MOBEPXHOC-
Tel B TPEXMEPHOM OObeMe. 3HAYUTeNbHAs 4acTh MOp
B3aMIMOCBSI3aHbI IPYT C IPYTOM M COEAMHAIOTCS B TIEp-
KOJISIIIMOHHBIE KJIACTEPHI pa3mMepaMu oT 1,5 10 6 MKM.
Ha puc. 3, 6, npeacraBieHO M300pakeHHE HECKOIIb-
KHX COCEJHUX KIACTEpOB HAHOIIOp B 00BEME CTEHKH
Makporopbl. OObeMHasT OIS COOOIIAIOIIMXCS TOp B
MIePKOJISIIIMOHHBIX KiIacTepax paBHa 35,3% OT Bcero
o0bema mop, uto coctariser §,4% oT obmiero oobema
MaTpHUKCa.

PasHnnia B HAaHOMOPHUCTOCTH MEXTy (UOPOUHOM
mienka u 1S1/9 MokeT ObITh CBsI3aHA ¢ MX Pa3IMYHOMN
MOJIEKYJIIPHOM OpraHu3auueil. benku uMeroT pa3inuy-
HYI0O aMUHOKHCJIOTHYIO MOCJIEI0BATEIbHOCTD (MOIH-A
OJTOKM ¥ YepeoBaHue THAPO(GOOHBIX U THAPODHIITEHBIX
y4actkoB B 1S1/9 u (GAGAGS), — B ¢pubpoune), a Tak-
JKe pasHylo MojeKyssipHyto Maccy (94,3 k/lay 1S1/9 u
370 x/a y Tsoxenoit nenu pudpouna). Takue paznuans
MOTYT OBITH IPHYNHON (OPMUPOBAHUS PA3HEBIX ITOP B
MarpuKcax BO Bpemsi 00paboTku staHonoM. Hanomo-
PHCTOCTh MaTPUKCOB U3 PEKOMOMHAHTHOTO CIIMIPOMHA
MOXeT OBITh crienipuuecKor uepToii 3Toro Oenka. Pas-
HUIA B CTETICHW HAHOITOPHUCTOCTH TAK)KE MOXKET OBIThH
CBSI3aHA C YaCTHYHBIM THAPOIN30M (HUOpOMHA B MPO-
[ecce pacTBOPEHHUs ero B MypaBbiHOM kucioTe ¢ LiCl
Y BIUSHUEM NPOIYKTOB THAPOJH3a HA (DOpMUPOBAHHUE
Marpukca. HekoTopele uccrnenoBaHMs ITOKA3BIBAIOT,
YTO MypaBbUHAsI KUCIIOTA MOXKET OKa3bIBaTh CYIIECT-
BEHHOEC BIIUSTHHE Ha MOJCKYISPHYIO Maccy (pubpouHa
nresnka [18], B To Bpemsi Kak 0eJI0K peKOMOMHAHTHOTO
criuaponHa rS1/9 ocraercss CTaOMIIBHBIM B KUCJIIOTHOM
cpene [19]. Omnako 3Ta rumore3a TpeOyeT maabHEH-
LIMX UCCIICIOBAHUM.

Takum o00pa3zom, mpennonaraeTcsi, 4To HWMEHHO
BHYTPEHHSSI HAHOIIOPUCTAs CTPYKTypa MaTpHUKCa W3
PEKOMOMHAHTHOTO CITUIPOMHA OOBSICHSET €ro Croco0-
HOCTh (OPMHUPOBATH Oojee ONArONPHUATHYIO MHUKpPO-
Cpemy Ui pereHepalii TKaH!u B OpraHu3Me.

Cxanupyromas 30HA0Bass HaHOTOMOTpadus Tpel-
CTaBIISIETCSI OIHUM M3 HanboJiee MepCreKTHBHBIX METO-
JIOB ]ISl MCCICOBAHHS U BU3YaIM3allUH TPEXMEPHBIX
HAHOCTPYKTYP, & TAKXKE XapaKTEPUCTHUK COBOKYITHOCTH
MHUKPO- ¥ HAHOTIOP B OMOIETPapPyEeMbIX TPEXMEPHBIX
KOHCTpYKIHUsiX. CTerneHb MOPUCTOCTH, pa3Mep U B3a-
MMOCBSI3aHHOCTh TOp, OTHOIICHHE IUIOMaad UX TO-
BEPXHOCTH K 3aHUMAaEeMOMY MMHU 00bEMYy B MOZOOHBIX
Marepualiax MOTYT OKa3bIBaTh 3aMETHOE BIHSHUE Ha
3¢ GEeKTUBHOCTD UX MCIOIB30BAHUS JIJISI pereHepaTHB-
HO#t menununsI [20, 21].

3AKAIOYEHUE

Pesynprarel uccneqoBaHUN HAHOCTPYKTYPHI Mart-
PHUKCOB TI03BOJIMJIN CJIEJIaTh BBIBOJ O TOM, YTO Pas3jiny-
Hble OMOJIOTMYECKHE CBOWCTBA MATPUKCOB CBS3aHBI C
WX HaHOCTPYKTYPOH, a UIMEHHO C pa3Mepamu Top, UX
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c000IIaeMOCTBI0O U O0BEMOM IOPUCTOCTH B IEJIOM.
[IpencraBieHHass B HACTOSIIMX HCCICAOBAHHSIX TEX-
HOJIOTUSI HAHOTOMOTPa(hUH MO3BOJSIET TPOBOIUTH aHA-
T3l HAHOTIOPUCTBIX MATEPHUATIOB C pa3pelicHueM B
HECKOJIBKO JIECSTKOB HAHOMETPOB BO BCEX TPEX ILIOC-
KOCTSIX.

JInis 5 PEeKTUBHOCTH pereHepaliy MIOTHOCTh pac-
MPE/ICIICHUS U B3aUMOCBSI3aHHOCTD (TTEPKOJISIIINS) MUK-
pO- ¥ HAHOMOp B MaTpUKCax UMEIOT peniaroliee 3Ha-
yeHue. B3anMOCBSI3aHHOCTB CTPYKTYp MEXIy co0oii
SIBJSICTCSL HEOOXOAMMBIM YCIIOBUEM [T PABHOMEPHOTO
KJIETOYHOTO pacrpeneiieHns 1 3h(GeKTHBHOTO TIpopac-
TaHUWs TKAHU in Vivo, TaK KaK CIIOCOOCTBYET aKTUBHOMY
ra3o00MeHy, TOCTAaBKE MHUTATEIbHBIX BEIECTB, a TaK-
e TpaBHJIBHOMY MeTabonm3My. 3ydeHue pa3mepos,
TUIOTHOCTHU PacIpee]iCHUs] U B3aMMOCBSI3aHHOCTH Ha-
HOIIOp MOXKET IOMOYb B HM3TOTOBJICHMHW MATPUKCOB C
YIIy4IICHHBIMU OHOJIOTMYECKUMH CBOMCTBAMHU.

Mput 6nacooapum B.B. I'yzeesa u T.B. [pyscununy 3a
NOMOWb 8 NPOBEOCHUU PSAOA IKCNEPUMEHINOB.

llannas paboma 6vinonHeHa 6 pAMKAX NPOeKma
@LIIUP 2014-2020 Munobpnayxu Poccuu (Coznawe-
Hue No 14.604.21.0001, ynuxanvhsiii udeHmu@duxkamop
npoexma REMEFI160414X0001).
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