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PAZPABOTKA U OIITUMU3AIIUA MUKPO®JIIOUJIHOI'O
YCTPOUCTBA JJIsI UCCJAEJTOBAHUS SPUTPOILIMTOB
JIABOPATOPHbBIX KUBOTHBIX

JlabopaTopHBIE KPBICH SBISIFOTCS MPEUMYIISCTBEHHON MOIENBIO Ui M3YYCHUS MHOTHX 3a00JIeBaHWi, OCOOCHHO
TaKUX COIMAJIbHO 3HAYMUMBIX, KaK CEPIACYHO-COCYTUCTEIC 3a00NeBaHus (MHCYIBT U TUIICPTOHUS), THA0CT, OHKOJIO-
rudeckue 3aboneBaHus. Co CTOPOHBI 3PUTPOILUTOB MMATOJOTHUSCKUE MPOIECCHl MPUBOIAT K HAPYIICHUSAM UX Je-
(hOpMHUPYEMOCTH, YTO BIICYET YXYIIICHHE Ta30TPAHCIOPTHON (PYHKIUM M HM3MCHCHHE MHUKPOPCOJIOTHH KPOBH.
B nocnennee gecstunetre s U3yUEHUs] MOBEACHUS SPUTPOLIMTOB B YCIOBUSX MHUKPOUUPKYJISILIUY in Vitro cTalu
TIPUMEHSATHCS MUKPODITIOUTHBIE YCTPONCTBA, KOTOPHIE TIO3BOJISIOT PETUCTPUPOBATH, COPTUPOBATH M M3y4YaTh 3710PO-
BbIC U MOBPEKACHHBIC SPUTPOLIUTHI YeIoBeKa. MUKPODIIONIHBINA aHAIN3 SPUTPOIIMTOR MMO3BOJISCT YBSI3aTh B CIU-
HYI0 KapTHHY MAaTOJIOTMYECKHE M3MCHEHHUS HA MOJICKYJIIPHOM M MEMOpPaHHOM ypOBHE ¢ Moaupukaiuei hopmbl
KJIETOK ¥ TIOBEJICHHEM B TIOTOKE KUAKOCTH. C €ro IOMOIIBI0 BO3MOXKHO HAMIPSIMYIO MOJEIUPOBATh IBIKCHUE IPHT-
POLIMTOB B MUKPOKAMLISAPAX B YCIOBUAX MHUKPOUMPKYJSIHMUA KPOBH W KOJIHYECTBEHHO aHAJIHM3MPOBATH BIMSHIC
JICKApPCTBEHHBIX MIPETapaToB HAa WX TPAHCIIOPT B YCIOBUSAX in vitro. B HacTosmiel paboTe MpoBEIECHO UCCIICTOBAHIE
BJIMSIHUS TOTIOJIOTHMHM U TEOMETPUUECKHUX Pa3MEPOB MUKPOKAHAIOB HAa BO3MOXKHOCTh KOJIMYECTBEHHOI'O ONPEICICHUS
CpelHel CKOPOCTH JIBMDKEHUS DPUTPOLIMTOB KPBIC M UEIOBEKA B MUKPOKAMUIUISAPAX JUIsl OLEHKHU CTENEHH BIIMSHUSA
OKHUCIIUTEIIFHOTO CTPECcCca Ha X TPAHCIIOPTHBIC M OMo(pu3nYecKkrue cBoicTBa. Ha OCHOBaHMU MOYYEHHBIX PE3yJIbTa-
TOB OBLI ONPEACICH ONTUMANIBbHBINA TU3aliH MUKPO(IIOHUIHOTO YCTPOMCTBA, coaeprkamniero 16 mapauieIbHbIX MHK-
pokaHanoB pazmepamu 2.2 X 8§ x 200 MKM, MO3BOJISIONINX ONMPEAEATh CKOPOCTh JBUKECHHS dPUTPOIUTOB Jlabopa-
TOPHBIX KPBIC B YCIOBHUAX MHUKPOIMPKYJISIINH U BBISBISITH MEIJICHHBIE, IOBPEXICHHBIC OKHCIUTEIBHBIM CTPECCOM
KIETKH. Pa3paboTaHHBII METOA MOIAETUPOBAHHS MUKPOIUPKYJISIINA KPOBH B MUKPO(IIIOUIHOM YCTPOHCTBE UMEET
IIMPOKHE TICPCIICKTHBEI MMPUMEHEHHS IS HCCIICOBAHUS BIUSHUSA OKHCIUTEIBHOTO CTpecca Ha dPUTPOIUTHI J1a0bo-
PATOPHBIX XUBOTHEIX U YEIIOBEKA, a TAKXKE U KOHTPOIS OMO(PU3UICCKUX U (PYHKITMOHAIBHBIX CBOHCTB SPUTPOIH-

TOB B JOKJIMHUYCCKUX U KIMHUYCCKUX UCCICAOBAHUAX JICKAPCTBCHHBIX MTPEIIapaToB.

K. cn.: MUKpO(ITIOUHOE YCTPOHUCTBO, OKUCIUTEIBHBINA CTPECC, SPUTPOLUTHI, MUKPOLIMPKYJIISAIHS KPOBH,

MHUKPOKaNWLIAP, TabopaTopHast Kpbica

BBEAEHUE

BonbIIMHCTBO JOKIMHUYECKHUX HCCIEN0BaHUM HO-
BBIX JIEKAPCTBEHHBIX MPENapaToB U METOJIOB JCUEHHS
MIPOBOJIUTCS HA )XKUBOTHBIX. J1JIs1 JTaOOpaTOPHBIX KPHIC
BO3MOJKHO MpPHMEHEHHE TeX XK€ JHarHOCTUYECKHUX
METOJIOB, KOTOPBIE MCIOJB3YIOTCS y JIOAEH, 4TO Jie-
JlaeT KpBICHMHBIE MOJENH 3a00JIeBaHUN HCKIIOUNTENb-
HO Tosie3HbIMU [1]. Micrionib30oBaHue KPBIC W MBIIICH
coctaBigeTr 87-96% oT 00IIero 4uciaa >KUBOTHBIX,
WCTOJB3yEeMbIX B JIOKIMHWYECKHUX HCCIIETOBAHMSIX
W OTBEYAeT OCHOBHBIM TpPeOOBaHHUSIM BHUBApHOTO CO-
JiepKaHusi — HEOOJbIINE pa3Mepsl, MpocToTa odpa-
IMIEHUS W CcojAep)KaHus, ObICTpOe pa3MHOXKEHHE, KO-
pOTKask MPOJOJKUTENBHOCTD JKU3HU U BO3MOYKHOCTB
HAOII0aTh HECKOIBKO IMOKOJICHHH 32 KOPOTKHH Iie-
puon BpemeHH [2, 3]. KprIchl ABISAIOTCS MpeaNOYTH-
TETBHOHN 10 CPaBHEHHIO C MBIIIAMH MOJEIBIO TeMO-
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TUHAMHYECKUX HAPYIIEHHHA, TAKUX KaK MHCYIBT, MH-
¢bapkT MHuOKapaa, uiemus-penepdy3us cocyaoB To-
JIOBHOTO Mo3ra wid kuiieuHuka [4]. Karerepuzauus,
reMOJIMHAMUYECKUEe H3MEpEeHHs, dXO-Kapauorpadus,
TUCTOJIOTHYECKHE HCCIIEOBaHUA ¥ OWOXUMHYECKHE
NPOLEAYPHl SBISIIOTCS OOBIYHBIMH HHCTPYMEHTaMH
MaTO(QU3MONOTHIECKINX HCCIEIOBAHUNA Cepala KpBIC.
benvie maboparopHsie KpbIChl (Ratus norvegicus) pas-
BOJATCSA B CTPOTO KOHTPOJHUPYEMBIX YCIOBHSIX B Te-
YeHHe MHOTHX JIeT 03 MUTPAIUi T€HOB U HCIIONIb3Y-
IOTCSI B OKCIIEPUMEHTax yxxe Oonee cta jer. Kpwichl
SBIISIOTCS BAXKHOW JKCIEPUMEHTAIBHOW MOZEIBIO
B OMOJIOTHUECKHX HCCICIOBAaHUIX B paMKax (yHIa-
MEHTAJFHOW HAyKH, pa3pabOTOK W OIpeNeleHus Ka-
YecTBa M3/INUi U MPHOOPOB, UCIIONB3YEMbIX B ME/IH-
[IMHE YeJIOBEeKa M BeTepUHAPUHU, CTOMATOJIOTHH U TOK-
CHUKOJIOTHYECKMX aHalli3aX, a TaKXkKe IPH OIEHKE
BPEIHOCTH  HEKOTOPBIX  XHMHYECKHX  BEIIECTB,
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NPUMEHSEMBIX B OBITY, MPOMBIIUIEHHOCTH, CEIILCKOM
XO3HCTBE M NP APYTHX OIIEHKaX 0e30macHOCTH (pe-
cypce https://www.physiology.org/career/policy-
advocacy/animal-research?SSO=Y).

I'eHoM KpbIC COBIAJNAET C TEHOMOM 4YellOBEKa
Ha 95%, U, cienoBaTeNbHO, KPBICH Oojiee MM MEHee
BOCITPHUMYHMBBI K 3200JI€BaHUSIM, CXOJHBIM C YEJIOBE-
YEeCKUMH, U pearupyroT Ha JICYeHHEe BO MHOTOM aHa-
JOTHYHBIM 00pa3oM [5]. B Hacrositee Bpemst cymiect-
BYIOT MHOTHE MOJeNH 3a00JieBaHMH YellOBEKa, BOC-
NpOM3BE/ICHHbIC Ha XMBOTHBIX. B TiepByI0 ouepenb
3TO TaKuWe COLMAJIbHO 3HAYMMble 3a00JIeBaHMs, Kak
nuaber, uiemus-penepdysusi, TOKCUKOJIOTHH, OHKO-
mornyeckue 3aboneBanms [6]. brmaromaps co3maHuio
MBIIIMHBIX MOJIeNIel JIeHKeMUH ObUIH CPOPMYIUPO-
BaHbl J[BA OCHOBHBIX NPUHIMIIA XHUMHUOTEPANIMH —
NPUHIMIT TUKIAYECKOTO JICYeHHs! IJIsl IpenoTBparie-
HUS PEUUIMBOB TIPH OJTHOBPEMEHHOM CHHIKEHUH TOK-
CHYHOCTH M NPHUHLUUI KOMOMHHPOBAaHHOM Tepamuw,
KOTJa MpenapaThl OKa3blBalOT CHHEPIHYECKOe AEUCT-
Bue [7]. Jo mocmeanero BpemeHHM aOCOJIOTHO He3a-
MEHUMBIMU OBUIM >KHUBOTHBIE MOJENH 3a00JIeBaHHM
MO3ra, MO3BOJISIONINE TECTHPOBATh HOBBIC JIEKapCTBa
Y MeToJibl Tepamnuu [8].

Oxcurenainus Tkaned u skcnopT CO; ABISAIOTCS
OCHOBHBIMM 33JladaMU CHCTEMbl KpPOBOOOpAIIECHUS,
rlie DPUTPOLUTAM OTBOAUTCS KIIOYEBAas pOJIb —
TPAHCIIOPTUPOBKA T'a30B U IMOJIEPKAHUE CHCTEMHOTO
KHCJIOTHO-IIEJIOYHOro paBHOBecHs. OHU UrpaloT LECH-
TPaJbHYIO POJIb B ONPEACICHUU PEOJOTHU KPOBH,
a Takke d(PQPEKTUBHOCTH TKAaHEBOW mepdy3uu
W ra3000MeHa, SBJISIOTCS BaXXHBIMH CHCTEMaMH MEX-
opranHoil cBsizu [9]. Takue XKU3HEYIpOXKAIOIIHUE CO-
CTOSTHUS, KaK WH(APKT, HHCYIBT, CHHAPOM CIaBIHBa-
HUSI, COTIPOBOXKIAIOTCS] HAPYIICHUEM PEOJIOTHH KPOBH
3a CYeT MOBBIMICHHS BSI3KOCTH ILIa3Mbl, BO3pPAaCTaHMs
arperamyy dpUTPOLIUTOB U HAPYIICHUS UX aedhopMu-
pyemoctu [10]. Ilpennonaraercst, 4To U3MEHEHUS Pu-
3MYEeCKUX CBOHCTB a0eppaHTHBIX JPUTPOLUTOB MpPU
3a00JIeBaHMSIX MOTYT IPOBOLMPOBATH COCYAMCTYIO
mucyHKmoo. B KpOBEHOCHBIX COCYAax 3PUTPOLUTHI
NPEUMYIIECTBEHHO MEPEMEINAIOTCS B 30HE ¢ HU3KUM
CABUIOM B IIGHTpE KaHajua, TOrZa KakK JIEWKOLMTBHI
U TPOMOOIMTHI JABWXKYTCS BONHM3M CTEHOK KaHala.
OpUTPOLUTHI C HApYILIEHUsIMU (abeppaHTHBIE SPUTPO-
IUTHI) HMCIBITHIBAIOT CHIBLHOE CMEIICHHE W JIOKaH-
3yIOTCS Y CTE€HOK COCYZOB (MapruHalM3alys) H3-3a
W3MEHEHUs pa3MepoB (aHW30UUTO3), GOPMBI (TTIOHKH-
JOUMTO3) W AePOPMHPYEMOCTH (XPYIKOCTB/3KECT-
KOCTB) KJIETOK MO CPAaBHEHHIO C HOPMAJIbHBIMH KIIET-
kamu [11]. Maprunansasie abeppantasie RBCs (Red
Blood Cells) renepupyioT Oonbline NOpexoAsIIne
GIIyKTyaluy HanpspKEHWH W3-3a BBICOKHX TPAJIMEHTOB
CKOPOCTH, BBI3BAHHBIX UX HMPUCTCHOYHBIM JIBH)KCHU-
em. [Ipu 3TOM SHIOTENHANBHBIE KIETKH COCYAOB HWC-
IBITHIBAIOT aHOMAJIBHO BBICOKHE (UIyKTyallMu Harpsi-
JKEHHs1, YTO paccMaTpHuBaeTCs Kak MpUYMHA BocIale-

HUS COCYZOB (BacKyiHThl) U TpoM0030B [12]. Takxe
YCHJICHHOE yAaleHue HeyHKIIMOHATbHBIX SPUTPOLIU-
TOB (CEKBeCTpaLsl B CEJIe3CHKE) NMPH HealeKBaTHOM
YPOBHE MX BOCIIOJIHEHUS, HAIIpUMED MPH MOJIaBICHUN
IPUTPOITI033a TIPH XUMHUOTEPAITIH, IPUBOANT K Pa3BH-
TUIO aHeMHuu. TakuM o0pa3oM, M3ydeHHE TOBEACHUS
SPUTPOIUTOB B MOTOKE MPH MOACTUPOBAHUH 3aboire-
BaHUi y J1a00paTOPHBIX KUBOTHBIX BXOJHUT B 00JacTh
HACYITHBIX MTPOOJIEM 37JpaBOOXPAHEHUS.

MuUKpOQIIONAHBIE TEXHOJIOTHH HPEAOCTABIISIOT
HOBBIC BO3MOXHOCTH JJisi OMousnveckoro HeHoTH-
MUPOBAHUSI OJAWHOYHBIX KJIETOK B YCJIOBHSX, UMUTH-
pyromux Mukpouupkyisuuio [13, 14]. VIx rnaBHoe
MPEUMYIIEeCTBO — OJM3KOE COOTBETCTBHE MHKPO-
¢aroupHabix  ycrpoiicte  (M®Y)  Ouonormueckum
CTpyKTypaMm (CBOWCTBO OHMOMHMETHKOB), XOPOIIUE
YCIIOBHS Ul MaHUIYJUSIIMK HOTOKaMH M COCTaBaMH
pacTBOpOB, UTO HE MOTYT 00ECIIEYUTh APYTHE METOIbI
uccienopanus [15-17]. Muxkpodarouasslii  aHamu3
SIBIIICTCSL YCIICIIHBIM METOJOM OLIEHKHM TIOBEAEHUS
SPUTPOIMTOB  TMPH  Pa3TUYHBIX  3a00JIEBaHUSIX,
a OIlCHKa HapyIIEHUI MUKPOPEOJIOTHH KPOBHU SIBJIAET-
Csl aKTyalbHOW 3ajladeil Il MHOTHX oOyacTted Me-
IULUHBl — XHUPYPrUH, XPOHHWYECKUX 3a00JeBaHUH,
MeAUIUHEL KatacTpod. st uccuenoBanus 3pUTPOLHU-
TOB 4eJOBEKa pa3paboTaHbl pa3lUYHbIE TOIOJIOTUH
M®YV, koropbie NO3BOJISIOT PETUCTPUPOBAThH KIFOUE-
BBl TIApaMETpPHl JPUTPOLUUTOB: (OPMy B TOTOKE
U BOCCTaHOBJIEHHE (OPMBI IOCJIE CABHUIra, CKOPOCTb
TpaH3WTa dYepe3 y3KWe MHUKPOKAHAJIBI, aAre3uio
K CTeHKaM MHKpokamepsl [18]. Mukpoduonansie
YCTpOMCTBa TO3BOJSIOT HAIPSIMYIO MOJIEIHPOBATH
MHUKPOLIMPKYJISILUIO KPOBH i# Vitro ¢ BBICOKOH CKOPO-
cThiO cOOpa crarucTuku [13, 19].

Oxuncmurensublil ctpecc (OC) cBsizaH ¢ pa3BUTHEM
u ycyryOienueM OOJBIIMHCTBA MAaTOJOTMYECKHX CO-
CTOSIHUH — CEpAEYHO-COCYINCThIE M HEBPOJIOTHYE-
ckhue 3a0o0NeBaHUs, OHKOJIOTHS, pPECHUpPATOPHBIC
W peBMaTouiHble 3a0oyieBaHus, Hedpojorus u T.1.
[20]. Kak mokazanu HamM OpPEpIIylIMe HCCIEAOBaA-
uus [14, 21, 221, oxkucaurensHelii crpecc, OC, nuamy-
LUPOBAHHBIA OPraHUYECKOU mpem-0yTUITHIPOKCH-
nepokcugoM (tBOOH), MoxeT cinyuTh ajeKBaTHON
MOJIEJTbI0 TTOPAXKEHUH IPUTPOIUTOB YEIIOBEKa — Ha-
pylLIaeTcsi KOHTPOJIb OOBEMHOW PETyJsIIMU KJIETOK,
MPOMCXOANT CHWKCHHWE AKTHBHOCTH BHYTPHUKIETOU-
HBIX 3cTepa3 (majgeHue oOIIel >KM3HECIIOCOOHOCTH),
MPOUCXOANT HAPYLICHHE JUMUAHON acCUMMETPUHU
U YCWICHHE aATe3UBHBIX CBOWCTB MEMOpaHbBI, OKHC-
JICHHBIA TEMOTJIOOMH BIIMSIET HA JKECTKOCTh MeMOpa-
HBI 3puTpounToB [14, 23]. B pe3ynprare HapyIIeHUs
LUTOJIOTHH CKA3bIBAIOTCSI HA CIIOCOOHOCTH 3PUTPOLIHU-
TOB YeJIoOBeKa MPOXOANTh MUKpoKaHaibl. Celyac Ha-
YUHAIOT MOSABISTHCA MCCIEJOBAHUS KIETOK KpPOBH
KUBOTHBIX,  BBIIIOJHEHHBIE  C HCIIONb30BAHUEM
MOV, — mneiirpodunoB [24], peonornd meIbHON
KpOBU B TeTie apTepusi — BeHa [25], oOpa3oBaHue
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TpoMOa IIENFHOW KpPOBU IOJI IOTOKOM Yy TEHHO-
MOJU(QHUIIMPOBAHHBIX MBIIIEH [26].

AHanmza oBeIeHUs! 3PUTPOIIUTOB KPBIC B MUKPO-
MMOTOKE HE BCTPEUCHO.

Llenpro HACTOSIIETO MCCIEIOBAHUS SBISUIACH pa3-
paboTKa M ONTHUMH3AIMS TOMOJOTHMH MHKPOKAHAJIOB
MOV nns KOJIMYECTBEHHOIO aHalv3a TpaHCIopTa
DPUTPOITUTOB JTAOOPATOPHBIX KPBIC B YCIOBUAX MHK-
POLMPKYJSILUU i Vitro TOA ACUCTBUEM OKHUCIUTEINb-
HOTO CTpecca.

MATEPHAJIBI U METO/bI HCCJIELJOBAHMUS

OO01me NMPUHIUIIBI

s Gosee TOYHOro MoxdoOpa pasMepoB MUKPOKaA-
HanoB M@V B HcclieIoBaHUU UCIIOJIB30BAJIA SPUTPO-
LIUTHI YeJIOBEKa M KpbIchbl. KpoBb yenoBeka momyyanu
U3 JIOKTEBOW BEHBI, COOp MPOBOJMIN B BaKyyMHBIC
npobupku  (S-Monovette®, Sarstadt, Niimbrecht,
Germany) ¢ rutpatom HaTpus 3.2% B KayecTBE aHTHU-
KoaryJsiuta. KpoBb KpbIC cTaOMIM3MpOBAIN Tenapu-
HoM. Ilepen cmaueit KpoBH Bce TOOPOBOJIBIIBI TOITH-
ChIBaM MH()OPMHUPOBAHHOE COTJIacHe, MPOTOKOJ HC-
CIIEIOBAaHUA C WCIOJH30BAHHEM KpPOBH HYelIOBEKa
Y KMBOTHBIX 0/100peH DTuueckuM komuterom MDDb
PAH u ocHoBaH Ha coOmroneHnu XeIbCUHCKON IEK-
napauuu.  OOpa3ubl  KpPOBH  KpPbIC — IOJYYEHBI
C TPUMEHEHHUEM AaHECTEe3WH, W IPEIIOCTABIICHBI CO-
TpynHukamu M1O®b PAH Ha npaBax mmioTHOro wuc-
crienoBanus. [IpoGomonroroBka BKIFOYaa 2-KpaTHYIO
OTMBIBKY OC3/IKa JPUTPOLMTOB OT OCTaTKOB JPYTHX
KJIETOK KpOBH B (hu3monormdeckoM Oydepe cremyromie-
ro cocrasa, MM: NaCl — 140; KCl1 — 5; HEPES — 10;
MgCl, — 2; D-glucose — 5, EGTA — 2, ocmomsiib-
HocTh Oydepa cocrarmsuia 300 mOcm/kr HyO (kpuo-
ckonnyeckud ocMomerp Osmomat 3000, Gonotec,
Germany), pH 7.4. OC unaynupoBaiu npu WHKyOa-
uu sputpormtoB ¢ tBOOH (Sigma-Aldrich, Mron-
xeH, ['epmanust) B KoHeUHOW KoHIEHTparuu 1.0 MM,
3 4 npu 37 °C Ha Tepmomuelikepe npu 420 00./mMuH
(Eppendorf, I'am0Oypr, I'epmanns). Bo Bcex skcnepu-
MEHTaX KOHLEHTPALMUsl SPUTPOLMTOB B MHKYOAIIMOH-
HOM c;/cnempm nmoanepkuBasiack Ha ypoBHe RBC
0.5-10" kmeTok/mi (Ki1./Mi1), 4TO (PUKCHPOBAIIO TTIOCTO-
SHHBI YpOBEHb yzAenbHOW KoHueHTparuun tBOOH
JUIst MOJTYYEeHUS KOPPEKTHBIX pe3yabTaToB
U TO3BOJSUIO CPAaBHUBATH PEAKLHUI0 SPUTPOLUTOB
Ha OC y wyemoBeka W Kpbic. Bce wmanHumynsnuu
C KJIETKaMH 4eJIOBEKa U KPbIC MPOBOIMWIN B OMHAKO-
BBIX YCIIOBHSIX.

Pernchaunﬂ OKHCIUTEJBHOIO CTpecca

Paszsutne OC oneHnBamy mo 00pa30BaHUIO OKHC-
2+
JICHHBIX ¢opm remornobmna Hb (mepexom HbFe
+
B HbFe™"). Peructpanuro cnexTpoB MOTIONICHHS JIH-
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3aToB 00pasnoB MHKyOnpoBaHHBIX ¢ tBOOH sputpo-
IUTOB TpoBoaMIM Ha crekrpodoromerpe SPECS
SSP-715-M (OO0 "CneKkTpoCKOTMYECKHE CUCTEMBI",
Mocksa, Poccust) B aumanazone 300—700 um. Comep-
kaHue (opM remorioOHWHa, TIIE OKCHUTEMOITIOOWH
(HbFe™), merremornobun (HbFe’") m remuxpom
(Hcr) paccuuThiBaiy MO ONTHYECKOW TUIOTHOCTH Xa-
pakTepHbIX nHKoB Ipu 560, 577, 630 u 700 M. Pac-
yeT conepxkanus popm Hb mpoBoaunm ¢ ucmons3oBa-
HUEM MWUIHMOJISIPHBIX KOA(PQHUINEHTOB KCTUHKIIHN
1 BeIpaxkanu B % ot Bcex (opwm [27]. Hapymenust mu-
MUIHOW acUMMETPUU MeMOpaH 3PUTPOLMTOB OLICHU-
BaJIM 10 BBIXOJly Ha HApy>KHYIO CTOPOHY MeMOpaHBI
docharuauncepuna (OC) mpu NMpPOBEICHUU TECTa C aH-
HekcuaoM V-FITC (Biolegend, The Netherlands).
Brixon @C sBnsieTcs 9acThiO 3allpOrpaMMHUPOBAHHOM
KJIETOYHOM cMepTH (amomnrto3a). s perucTpanuu ak-
TUBHOCTH BHYTPUKJICTOUHBIX 3CTEpa3 HCIOIb30BAIH
tecT ¢ KanmbiienHom AM (Molecular Probes, Eugene,
USA). Iloacuer aHHEKCHH-IIOJIOXHUTEIBHBIX KIIETOK
W MHTEHCHUBHOCTH (PIIyOpECICHIMH B JPYTrUX TecTax
MPOU3BOJMIN METOAOM MPOTOYHOW UTOMETPUH (IH-
toduoopumerp CytoFlex, Beckman Coulter, USA;
HKIT M9®b) no panee HUCMOIB30BaHHBIM IMPOTOKO-
nam [21] B mporpammuoMm obecrnieuenun CytoFlex.
[MapameTpbl KpOBH, BKIIIOYasi KOJIMYECTBO 3PUTPOIH-
toB (RBC), 06bem spurporuroB (MCV) u mmpuny
pactpenencHusi (RDW), koHTpomupoBaid ¢ MOMO-
b0 TE€MAaTOJIOTUYECKOro aHanuzaropa Medonic-M20
(Boule Medical AB, Llsenus).

HN3rorosiaenne MOY

M®V ObUIH U3rOTOBJIEHBI U3 MOJIUINMETUICUIOK-
cana (ITIMC, PDMS) merogom "msarkoi" murorpa-
¢uM c UCTIONB30BaHUEM KPEMHUEBOU MacTep-(QOpPMBL,
W3TOTOBJIEHHOW MeToJOM (QoTonuTorpaduu M Iuias-
MOXMUMHUYECKOTO TPaBJICHUS WIH METOIOM (POTOIUTO-
rpa¢puu  dortopesucra SU-8 2005 Ha KpeMHHEBOMH
mwiactuae [28, 29]. I'myOnHa MHKpOKaHAIOB Ha BCEX
Mmacrtep-¢popmax coctapisuia 8§ MxM. Jns moxbopa on-
TUMaJlbHOM TeOMETpHH KaHAIOB Ha Mactep-(opme
BapbUpOBAIM IIUPUHY U JUIMHY PETUCTPUPYIOMINX
KaHanoB. VX pa3mepsl ObUIM U3MEpPEHBI C MTOMOIIBIO
CKaHUPYIOLIET0 3JEKTPOHHOIO MHUKpockona Supra 25
(Carl Zeiss, I'epmannsi) 1 npodunomerpa BBICOKOTO
paspewenust XP-1 (Ambios Technology, Canta-Kpyc,
Kamudopuus, CLLIA). [lepen u3mepeHusiMu mactep-
¢dopma co crpykrypamu SU-8 Oblia OKpBITA XpPOMO-
BOU IIJICHKOM TOJIIMHON 5 HM METOIOM PacClbLICHUS
J1eKTpoHHBIM TyukoM. Permmku IIJIMC mnomyganu
MpU OTBEPXKICHUM JAETa3upOBAHHONW CMECH OCHOBBI
cwiMkoHOBOro anactomepa Sylgard 184 (Dow
Corning, Midland, CIIIA) u oTBepauTelns, CMeIIaH-
HpIx B mpomnopuuu 10 :1, KoTopele HanMBaIu
Ha TOMelleHHble B 4Yamku llerpu mactep-(opmsl
u BeiaepxkuBanu npu 65 °C 4 v B neun. Ha otnenen-
HBIX 0T Mactep-¢opmbl [IJIMC-perukax nenanu
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OTBEpPCTHSI OHOIICHIHBIM TPOOOIHUKOM JHaMETPOM
1 mm. [IAMC-permiukn U 00€3KUPECHHBIC MPEAMET-
HBIC CTEKJa 00pabaThiBAM KHCIOPOJHOW ILIa3MOM,
9YTO 00€CneurBajo0 MX KOBAIGHTHOE CLEIUIeHue. 3a-
Bepiiaiu usroropiienue MOV Ttepmuyeckoir oOpa-
6otkoii ipu 95 °C B Teuenue 1 4.

Perncrpanus JaHHBIX H HX MaTOOpadoTKa

[lepen HauamoMm SKCHEPUMEHTa MHUKPOYHMITBI 3a-
nonHsU O0ydepoM, 4TOOBl MPEAOTBPATUTH aJT€3HI0
sputporutoB K [IIMC u yOpath my3sIppKH BO3ayXa.
[ToAroTOBIICHHYIO CYCIICH3HIO DPUTPOIIUTOB YelIOBEKa
umu Kpbic (5107 KIeTok/ 1) BBOIMIN HPH HOCTOSH-
HOM THJPOCTATUYECKOM JaBJICHWUHU, YTO MO3BOJISIO
NOJICPKUBATh OJMHAKOBYIO CKOPOCTH IOCTYIUICHHS
KJIETOK BO BCE MHKpPOKAaHaNbl, JaXKe €clH 4YacTb
u3 HUX Obula 3akynopeHa. s BBEAEHHs KIIETOK
B YCTpOICTBa McIob30Bauch TpyOku Tubing. JlaH-
HBlE Ui aHaJu3a  TPAHCIOpTa  JAPUTPOLUTOB
B MHKpPOKaHaNax MOJy4add IyTeM 3alicHh BHIEO
€0 ckopocThio 790—810 KaapoB/c ¢ TOMOIIBIO KaMEPhI
XIMEA MCO023MG-SY (XIMEA Corp., JleiikByn,
Kamudopuus, CIIIA) Ha cBETOJUOAHOM MHKPOCKOIIE
Leica DM4000B (Leica Microsystems GmbH, Bem-
nap, ['epmannsi) ¢ oobektuBoMm N PLAN L 20/0.40
(Leica Microsystems, Bemap, 'epmanus). s 3a-
nucu BeiOMpanu obmacts uHTepeca (ROI), comepxka-
HIyI0 OJIMH MHUKpOKaHal. Eciu 9um cocTosut U3 MHO-
JkecTBa KaHasoB (32 wim 16), To a1 Kaxaoro odpasia
pETHCTPUPOBA HEe MeHee 4—7 pa3NMYHBIX KaHAJIOB
Ha OJHOM MHKpouurne. J[ng moiydeHus: crarucTude-
CKM KOPPEKTHBIX pe3yJbTaTOB O0IIee KOJIUYECTBO
NPOAHANM3UPOBAHHBIX KJIETOK B KaXIOM OKCIEpH-
MeHTe coctaBuito 6onee 1000 mr.

Jlnst pacdera CKOPOCTH JBWIKCHHS SPHTPOIMTOB
B MHKpOKaHajaX, UMUTHPYIOLIMX MHKPOKAIHUILIAPHI
KPOBEHOCHOW CHCTEMBI, HCIOJIB30BAJICS OPUTHUHAIb-
HBI QJITOPUTM, pa3pabOTaHHBIA B MPOrpaMMHOM Ia-
KeTe MATLAB (The MathWorks:
https://zenodo.org/records/6639046).

Jnst BbIAETIEHHMsT HAa W300paKECHHSIX JBMKYLIHXCS
KJIETOK Wcrnoib3oBanack (yHkmmsa foregroundDetector,
KOTOpasi 1peoOpa3oBbIBasia M300paKeHHE B OMHAPHYIO
Macky, rae 0 — mukcens pona, a 1 — mHUKCens ABHKY-
merocst oobekra. Ilocne aToro Mapkepsl GUKCHPOBATN
MOMEHT BPEMEHH BXOJa W BBIXOJa KIJIETKH M3 KaHalla
peructpaiuu. Pa3paboTaHHBIN anropuTM HMEET He-
CKOJIbKO YPOBHEH CaMOIPOBEPOK I YCTpaHCHHS He-
KOPPEKTHO OIPEJICNICHHBIX ITPOXOJIOB KIIETOK.

[Tony4yennast TakuM crocoOOM CpeaHsisi CKOPOCTb
JBIDKEHHS KJIETOK B MHUKpPOKAaHaIax HOPMHPOBAIACH
Ha CKOPOCTh TEUEHHS >KHIKOCTH, KOTOpas Oblia om-
pellesieHa TIO JIBWXKEHUIO KIETOK B Oojiee IIMPOKHX
MOJBOJSIIMX KaHaax:

rae V' — HOpMHUPOBaHHOE 3HAUYEHUE CKOPOCTU KIICTKH;
V, — CKOpOCTh KJIETKH B y3KOM KaHaje (B TIHKCe-

TsIX/Kazp); <VM> — CpemHsis CKOPOCTh KJIETOK B IIH-

pOKOM KaHaie (B MUKCENSIX/Kaap), paBHAs CKOPOCTH
MOTOKa B IIUPOKOM KaHaie; .S, — IUIOIa b CeUYEeHUs
Y3KOTO KaHaja; S, — IUIOMIagb CEYEHHUS MIMPOKOTO
KaHasa.

CraTucTHyeckuil aHanmM3 TPOBOMWIA C  WC-
MOJIb30BaHUEM IIporpaMMHoro obecneuenus Excel
2016 (Microsoft Corporation), OriginPro 2021b (Ori-
ginLab Corporation) u GraphPad Prism 8 (SanDiego,
California, USA). /lanHble BbIpaxkeHsl kak M £ SD
(uepe3 cpemHee W CTaHAAPTHOE OTKIOHEHHE); aHAJH3
HOPMAaJIbHOCTU pacrpeesieHus BBIIOJHAICS 1o Sha-
piro — Wilk tecTy; paznuuunst Mexay TpymnmaMu orle-
HUBAJIUCH C MOMOIIbI0 t-Tecta CThIOAEGHTA C JIBYMS
3HavYeHUsIMH. [Ipy cpaBHEHHH JaHHBIX MEXKIY MHUKDO-
YUIIAMHM PAa3HOTO Pa3Mepa HMCIIOIb30BAJICS HETapHbIN
t-tect. Jlns cpaBHEHHsS JaHHBIX 110 BO3JEHCTBHUIO
tBOOH ucnonb3oBancst napHblid TecT. 3HAUUMBIE pa3-
JUYUS PETHCTPUPOBAINCH NPU HEONPEACICHHOCTH
p < 0.05. KonmnuecTBO OMOJIOTHYECKAX OOpa3moB 7,
IPOAHAIIM3UPOBAHHBIX B KaxkaoM ture MOV, npuse-
JeHo B Ta0u. 1.

PE3YJIbTATBI 1 OBCYXJEHUE

Mogesb BO31elCTBUS HA IPUTPOLHUTHI

[pu pazpabotke MDY nmiist OLEHKH SPUTPOIUTOB
KIIIOYEBBIM IapaMeTpOM SBJISIETCS. O0BEM KIIETKH
(mean cells volume, MCV) u 10, Kak 3TOT 00beM MO-
KET H3MEHSTBCA IIPU Pa3NUYHbIX BO3ACHCTBUSAX.
Kpome Toro, moBesneHue SpuTpoOLMTOB B TIOTOKE 3aa-
€TCsl OTHOCHTEIBHOM KECTKOCTHIO 3PHTPOIMTOB, KO-
TOpasi 3aBHCUT OT BHYTPHKJIETOUHOTO COJICPIKaHHS
reMorsio0nHa M CBOWCTB MeMOpaHBbI (B3aNMOCHCTBUS
JUnuAHoOro Oucnos W nurockenera). Lupkynupyro-
U [OyJdl SpUTPOLUTOB — 3TO HEOJHOPOJHAs
[0 CBOMM OMO(QH3MYECKMM IapaMeTpaM MOMYJISIus
(BO3pacT, U3HOLICHHOCTH); MOKAa3aTellb MIMPHHBI pac-
TpeJiesieHns: SpuTpounToB o oowvemy (red blood cells
distribution width, RDW) moka3piBaeT creneHb Ha-
pymeHuii Bcer momymsiuu kietok. OC Opin BeIOpaH
KaK COCTOSIHHE, OKa3bIBAalOIEe CUIIBHOE MOeHCTBHE
Ha [UTOJIOTUYECKUE ITOKA3ATEIH IPUTPOLIUTOB.

[poucxomsmue npu OC u3MeHeHHsT 00beMa Kire-
TOK U KECTKOCTH MeMOpaH MOTYT W3MEHSTh OHopu-
3MYECKHE TIOKA3aTeNId DPUTPOLIUTOB MPU TPAH3UTE Ue-
pe3 MUKpoKaHaisl [14].

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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Taoa. 1. KonmndecTBo 00pasiioB 7, MpOaHATU3UPOBAHHBIX B KKI0M Tuiie MDY

Tomomorus Pa3zmepsl, MKkM Yenosek KpbIch
Moy
Kontpoisp tBOOH, 1 MM Kontpons  [tBOOH, 1 MM

Maccus "cunycs cene- | (1.5-2) x (0.7- | n=3 n=3 n=3 n=73
3eHKH" 1.2) x (10-15)
32 napajinenbHbIX 3.0 x 8 x 330 n=3_8 n=3_8 n=4 n=3
MUKpOKaHaJIa

a.22x8x50 |an=2 an=2 an=2 an=2
16 mapanienbHbBIX
KaHaJOB, IpsAMO# BBOJ | 6.2.2x8x 100 | 0. n=2 0.n=2 0.n=2 0.n=2

B.2.2x8x200 | B.n=2 B.n=2 B.n=2 B.n=2
16 napannenbHbIX a.1.5x8%x200 |a.n=2 an=2 an=2 an=2
KaHaJoB,

B.3.0x8x200 |B.n=3 B.n=3 B.n=2 B.n=2
16 napannenbHbIX a.22x8x50 |a.n=2 an=2 an=2 an=2
KaHaJIOB,
pacIpeieNIeHHbIi BBOJL 0.22x8x100 | 6.n=2 6.n=2 6.n=2 6.n=2

B.2.2x8x200 |B.n=8 B.n=3§ B.n=7 B.n=7
16 mapannenbHbIX (2.5-5.0) x n=>2 n=>2 n=1 n=1
kaHayoB ¢ epemerHoit | (4.0-8.0) x 200
rTyOMHOMN

Hnst tectupoBanust MOV B nuamna3oHe BO3MOX-
HBIX OTKJIOHEHHUH 10 pa3Mepy U >KeCTKOCTH MeMOpaH
SPUTPOLUTOB ObliIa BEIOpaHA MOJENIb OKHCIUTEIBHOTO
cTpecca W MPOBENEHBI MOJATOTOBUTENBHBIE AKCIEPHU-
MEHTBl Ui OIEHKH TpaHC(hOpMaIMi 3PUTPOINTOB
KpbICc U Jtojeil. CpaBHUTENBHBIA aHAJIN3 HAKOIUICHUS
OKHCIIEHHBIX (OpPM TeMOrIoOMHa TpH WHKyOaluu
RBC 0.5x10° wn/mn, 3 u, mpu 37 °C (puc. 1, a)
u HaOyxaHus spuTpounToB (puc. 1, 0), mokasan, 4To
Yy KpbIC U3MEHEHUS IPOUCXOIAT 3HAYUTEIILHO MHTEH-
CHUBHEE, YeM y 4YejoBeka. HakorjeHne OKHCIEHHBIX
(opM TeMorIoOnHa SIBIAETCS CBUACTEIHCTBOM H3Me-
HEHHMS KECTKOCTH MEMOpaH 3pUTPOLUTOB, YTO OBLIO
MOKa3aHO MPSIMBIM METOJIOM aTOMHO-CHIJIOBOH MUKPO-
ckonnu [14]. B 310 ke Bpems HapylieHHe 00BeMHOMN
PETyNALny 3a CUET CHIKEHHs OOIIel >KH3HECIoco0-
HOCTH 3PUTPOLUTOB (pHC. 1, I, TECT C KalbLIEUHOM)
MPUBOAWIIO K ycuiieHuIo remonuza (puc. 1, B). [Tomy-
YeHHBIE JaHHBIE TTOKA3bIBAIOT, YTO YCIOBUS HHKyOa-
1y 3puTporuToB Kpeic ¢ tBOOH 1 MM crenyer pac-
CMaTpUBaTh Kak JKECTKOE BO3/ICHCTBHUE, BHI3BIBAIOIIEE
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rudenb 3PUTPOLMUTOB KaK M0 allONTOTHYECKOMY (IKC-
TepHanu3aius GocdaruauicepuHa, TeCT ¢ aHHEKCH-
HOM, puc. 1, 1), TaK U HEKPOTHYECKOMY IyTH (reMo-
i3, puc. 1, B). YcuieHHOe 00pa3oBaHUE MUKpOYAC-
THIl BO3MOXHO B 000WX BapHaHTaX THOEIH 3PUTPO-
OUTOB (HaHHble TpeAcTaBieHsl B [lpunoxenun
Ha puc. I1) [21].

MCV u4enoBeka [0 H® TOCIE€ HWHKYyOaluu
¢ tBOOH 1 MM cocrasisin 87.5 £ 1.1 ¢ nporus
106.4 £ 8.1 ¢a (c meompenenennocteo p < 0.001);
y kpbicbl — 48.1 £ 1.2 ¢n mpotuB 61.4 = 3.9 ¢,
p <0.001. Xorsa ycrmoBusi BO3IACHCTBUS OBUIH OJHMHA-
KOBBIMHM,  cTapToBas  BenmuuHa MCV  kpsic
1 deroBeka otaudaercs B 1.81 pasa, 9To 0O4eBHAHBIM
00pa3oM MOIJIO CKa3bIBaThCS Ha YJENbHOH KOHLCH-
TpalUK OKUCIHUTENS B pacdyeTe Ha 00beM KIIETKH.

[Ipu pazpaborke MDY ObUIM ydTEeHBI pa3Mepbl
SPUTPOILUTOB B HOPMaJbHOM cOCTOsSHUH (puc. 1, e)
n npenenbabie MCV npu HaOyXaHUM TpH WHAYKIAU
OC (puc. 1, 0).
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Kpbickl Yenosek 6 Mcv B Femonus
100% - = .
M 150 [ Kpsicer 15-
p 0,001 3 p <0.001
" 80% - e W- Yenosex ° -
= — 2 .
£ 60% - § 2104
3 @ Her K] =
2 a0% 2 z ole
o hy =
8 EMetib 3 E ol ih
20% - 0 OxyHb E s =
= [&]
0% 0 ;
0.0 1.0 0.0 1.0 00 10 00 1.0 Kpbickl YenoBek
tBOOH, mM tBOOH, mM
K Calcein-AM A AnnexinV-FITC £
=
ER R p<0.01 50— p £0.0001
£
g 60+ ® E‘. [ Kpbicw
£ e
S b b E 304 B Yenosex
£ 1 0 :
a *l - 2 20
2@ - ] £
S 20- = %
e o 2 10
5 2
=0 T 0-
Hpuich! Selionex JUSE RS AL S IpHUTPOLMTEI KpbIC IpUTPOLMUTEI YeNoBeKa
tBOOH, mM

Puc. 1. [{uto-mMopdonornueckre N3MEHEHUS SPUTPOIUTOB YeIoBeKa (n = 9) u Kphic (n = 7) mox AeCTBHEM
OKHUCJHUTENBHOTO cTpecca, nHaynupoanHoro tBOOH 1 MM, 3 4.

BospeilicTBue BBI3bIBacT: a — HaKOIUIEHHE HE(QYHKIHOHAJIBHBIX ()OpM reMoriiobnHa (MeTreMoriio0HHa,
MetHb, u remuxpoma, Her); 6 — nabyxanue sputpountoB (MCV); B — 3HaYUTENBHOE YCUIICHUE TEMOJIH3a;
I — CHIDKCHHE aKTUBHOCTUM BHYTPHUKIJIETOYHBIX 3cTepa3 (TecT Ha jku3HecrnocoOHocTh ¢ Calcein-AM);

I — BEIXOX (ochaTHIMICEpUHA Ha BHEIIHIOW CTOPOHY MeMOpaHs! (TecT ¢ Annexin V-FITC);
€ — OTHOCHUTEIIbHBIC Pa3Mephl SPUTPOLIUTOB KPBICHI M YEJIOBEKa MOYKHO NPEICTaBUTh 10 MUKpodoTorpaduy,

mkana 20 MKM.

Mertonsl: a, 6 — CHEKTPOPOTOMETPHS; B — IreMaTOIOTHUSCKUN aHANIN3; T, 1 — MPOTOYHAs IUTOMETPHSL.
P — BEPOSITHOCTB OMIMOOYHOCTH CPAaBHUTEIBHOTO YTBEPKICHUS (HEONPEeIeHHOCTD) 110 t-TecTy CThIoieHTa

Pazpaborka M®VY Bkirouana ABa HamlpaBJICHHS
JIn3aiiHa — CO3/1aHHE TOIOJIOTMH, UMUTUPYIOLIEH CH-
HYyC CEIE€3€HKM U CO3JaHH€ TOIOJIOTMHM, HUMHU-
THPYIOLIEH KalWIISIPHYIO CETh.

B Tabin. 2 npexacraBiieHbl XapaKTepUCTUKU pa3pa-
6oTanHbIX MDY,

HNMuTanus CHHYCOB CeJIe3eHKHU
B MUKPOGQUIIOUTHOM YCTPOICTBE

Cenesenka sBIseTCS KpymHeHmuM nuMdaTu-
YeCKHUM OpraHOM, 3allUINAeT OpPraHu3M OT MaTOreH-
HBIX MHUKPOOPTaHHW3MOB, ITOTAJAIONINX B KPOBOTOK,
a TaKKe CIY>XUT (GUIBTPOM, KOTOPHIH MOKET yAAJATh
OPUTPOLUTHl U3 KPOBOOOpAIEHUS BCJIEACTBHE HX

(PU3UOIOTUYECKOTO0 CTapeHHs WM NaTOJOTHYECKHX
n3menennit [30]. Pe3ymbraTel KOMITBIOTEPHOTO MO-
JIEIMPOBaHUs TIOKA3bIBAIOT, YTO CEJIE3€HKa BHIOUpPAET
SPUTPOIUTH I TPOJOIDKEHUS KpPOBOOOpAIIeHus
Ha OCHOBE X I€OMETPHUH, YTO OOECIICUUBACT KPUTH-
YecKre TPaHUIlbl, CBA3BIBAIOIINE UIOIIAb TOBEPXHO-
CTH U 00BEM 370POBBIX SPUTPOLUTOB, 32 MpeAeIaMu
KOTOPBIX OJPUTPOLIMTHI HE COOTBETCTBYIOT '"TECTy
Ha (U3NYECKYIO MPUTOAHOCTE" M HE MPOXOIAT depe3
menu cunycoB cenesenku [31]. [Ipu momomm Takoro
"(hutHEC-TecTa" opraHu3M HM30aBISIETCA OT IPUTPOILH-
TOB C HapylmeHusMd. s MMHTaUMH CHHYCOB Ce-
Jie3eHKu (cM. puc. 2, a) B MDY Obut pazpaboTan au-
3aifH MUKPOKaHAJIOB, IPECTaBIeHHBIN Ha pHC. 2, 0.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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Ta6u. 2. Tononorus u pazmepHas xapakrepuctiaka MOY

Tomnonorus Pa3mep, Mmxm Hocrouncrsa Henocratku
1 | Maccus (1.5-2) x (0.7- | Umutauus Ouono- | HeBo3aMOXHOCT  TOJI-
"CHHYCBHI CE€TE3CHKH" 1.2) x (10-15) TUYECKOM CTPYKTY- | cueTa CKOPOCTHU [IBH-
pBl cHHyca cefne- | )KeHUS KIJIETOK, py4HOM
3€HKHU MOJICYET OKKITIO3UI
2 | 32 mapayenbHbIX 3 x8x330 MmuoxecTBo MHK- | HepaBHOMEpPHBII TTOTOK
MHUKpOKaHaja pOKaHaJIOB HMMHTH- | KIETOK (pexypcun),
pyeT KanWwUIIPHYIO | py4HOM MOJCYEeT CKO-
CETh POCTH M OKKJIFO3UI
3 16 mapannenpHbIX Ka- | a.2 x 8 x 50, Nmutnpyer kamui- | a. Kopotkuii kaHan,
HaJIOB, IPSIMOI1 BBOJ 0.2 x 8 x 100, JISIPHYIO CETbh. OIMOKY PETUCTPAITUI
B. 2 X 8§ X 200 Bricokast mpomyck- | ABMKeHHS. *
Hasl CIIOCOOHOCTb. 0. Henocrarouno
YnobHast  perucT- | JUIMHHBIA KaHa, OIINO-
parmsi. KH PETUCTpAIIH JIBU-
Pacuer nuHeiHOM | XKeHuUs.*
CKOpPOCTH B. 13-3a npsiMoro Bxona
MOJKET OBITh HEPaBHO-
MepHas oJlaya B MUK-
pOKaHabl
4 | 16 mapamnensHbIX Ka- | a. 1.5 x 8 X 50, PaBHOMEpHBIN 1O- —
HaJIOB, pacnpeneneH- | 6.2.2 x 8 x 100, | TOk cycleH3uu.
HbIH BBOJI B. 3 x 8 x 200 Bricokas mpomyck-
Hasl CIIOCOOHOCTb.
Pacuer nuHelHON
CKOpPOCTH
5 16 mapannensHbIX Ka- | 2.5 x 8 X 100 Nmvuranms  cyxe- | [Ipoucxogur OKKIIIO3Us
HAJIOB C TIEPEMEHHON | CO CTyNEeHBbKOH HUSI KaHaa KJIETOK H3-3a Iepenana
TyOMHOM 4 MKM TITyOWHBI B KaHaJe

[Ipumeganne: * — mpu UCTIONB30BaHUHM BEICOKOCKOPOCTHEIX Kamep (mpuMepHo, ot 1000 fps) ayBcTBHTEND-
HOCTb MUKPOKaHAJIOB K HAPYHICHUAM ABUKCHHUA MOXKET OBIThH BBIIIIE.

Huzaita mannoro MOV npenycmaTtprBan HeOOIb-
mroe yriayOJeHue mepe] BXOIOM B MHKpOKaHa (Ka-
Mepa mepes] BXOJIOM B CHHYC), IIMpHWHA MUKpPOKaHaja
cocTtaBisa 1.5-2 mMkM; BbIcOoTa 2.7-3.2 MKM, JUIMHA
10-15 mxM. OTH mapameTpbl ObUIM BBIOpPaHBI HCXOJS
W3 3HAUCHUS] BEpXHEW TIpaHMIIbl BBICOTHI IIENIH CeJe-
3€HOYHOTO CHHYCa U3 KCIIEPUMEHTOB 110 OTPE/IEIECHHIO

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

YIABTPACTPYKTYPHBIX XapaKTEPUCTUK C MOMOIIbIO
MPOCBEYMBAIONIETO (TPAHCMHCCHOHHOTO) 3JIEKTPOH-
HOro MuKpockona [32]. @akTuueckas dopma mienei
B CEJIE36HKE HE ABIIETCS NMPSIMOYTOJIBHOM, a IMpesn-
CTaBIsieT cOOOW BBITSHYTBIH 3JUTUIIC, OJJHAKO M3TOTO-
BUTh OTBEPCTUS TAKOTO CEYEHHS METOIOM MSTKOH
nutorpaduu  HEBO3MOXHO, a MeTogoM 3D-neuatn
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Annular fibre

Puc. 2. [IpunnunuansHas cxeMa CHHYCa Cele3eHKH (a) U n300pakeHUs] MUKpoKaHaIoB MY, HMUTHPYIOLIHX

CUHYCBI celie3eHKH (0, B).

Pamka Ha cxeme (a) BBIIEISET IIeTh CHHYCA, JAaHHBIH Y9acTOK Ha MUKpoywnrie (06) 0003HaYeH MTPUXOBBIM MPSIMO-
YTOJIBHUKOM, TIEPEN BXOJOM B IIEIb BHIITOTHEH IEMEHT KaBepHbl. HOpMasbHbIE S)pUTPOIMTH CKAIUTMBAIIICE T1e-
pen MUKpOKaHalIaMH, HO MOTJIH MX MPOXOJUTH (B). DpuTponnTsl, oopadoranusie tBOOH 1.0 MM, 1 4, ctanoBu-
JIMCh JKECTKUMH, MX CKOIIJICHHE BBI3BIBAJIO OKKJIFO3HIO KaHaJoB. CXxeMa CHHYyca CelIe3eHKH J1aHa 1o [34]

MOKHO COOJIOCTH (OPMY, HO HEBO3MOXKHO JTOOUTHCS
TaKUX pa3MepoB.

D¢ dexTrBHAS KECTKOCTH IHIOTEIHANBHBIX KIIETOK,
BBICTHJTAIONIUX IIeJh, ipuMepHO B 100 pa3 Beime, dyem
y sputpouutoB [33], xxectkocth [IIMC Taxke Bbile
s)kectkocTr Kietok (100 kIla + 3 MIla, B 3aBucuMocTH
oT crioco0a TPUTOTOBJICHHST), YTO OTIACTH COOTBETCTBO-
BaJIO YCJIOBUSIM MOJIENIU CHHYCa CeJIe3eHKH. Pe3yapTarel
TECTUPOBAHUS TIOKAa3aJll, YTO 37I0POBBIE 3PHUTPOIMTHI
KpBIC MOTYT TPOXOJIUTH TakHe Y3KHE MHKPOKaHAIbI,
HO TOJIBKO TI0 OJTHOM KJIETKE 3a pa3s.

Jiis  TecTHpOBaHHA CIIOCOOHOCTH 3PUTPOIMTOB
MIPOXOJUTh MUKpokaHaisl MDY, umutHpyromue cu-
HYCHl Celle3eHKH, ObLIa BBIOpaHAa MOJENb OKHCIIH-
TeNnbHOTro crpecca. Panee mbl mokaszanu, uto RBC,
MOJIBEPTHYThIE JIEUCTBUIO OPraHUYECKOW MEepPEeKUCH
mpem-Oytwiruapokcunepokcuna (tBOOH) B ompe-
JISJIEHHBIX KOHIEHTpAIUIX, ceprusyroTcss u Habyxa-
10T [21]. UHAyUMpOBaHHOE OKUCIUTEIBHBIM CTPECCOM
MOBBIIIEHHE 00BEMa SPUTPOLIUTOB MOXKET 3aTPYTHSThH
WX MPOXOJ N0 MHUKpOKaHanaMm. TecTupoBaHHE MOBe-
JEHUS TIOTOKA SPUTPOLIUTOB TIOKA3aJ10, YTO 00paboTKa
Jake HU3KAMH KOHIICHTPAIMSAMH THIPONEPEKHCH
tBOOH 0.3-0.5 MM, 3 4, BBI3bIBaCT MPaKTUUECKU
MOJTHYIO OCTaHOBKY TPaH3UTa W 3aKyHOPHBaHUE MHUK-
poKaHanoB. B 3TOM MOIy4eHHBIE JaHHBIE COTJIACYIOT-
Csl C JaHHBIMH JINTEPATYpPhl O CEKBECTPALUU 3PUTPO-
UTOB ¢ HapymieHueM nedopmupyemoctu. [lnoxo me-
(dopMHpyeMble U aHOMaJIbHBIE 3PUTPOLUTEl HE MOTYT
MPOTHUCHYTHCS B Y3KHE MEXIHIOTEIHAIBHBIE TN
U BEPHYTHCA B LUPKYJIMI0. OHU OCTaroTCsl B MpPO-
CTPaHCTBE IYJNBIBI U YTHWIM3HPYIOTCS ITOCPEACTBOM
¢arounToza MakpodaraMu WIM IEHIPUTHBIMHU KIIET-
kamu [31].

[lonmy4yeHnHsle pe3ynbTaThl MOKA3bIBAaIOT, 4TO OJa-
rojgaps ONHM3KOMY COOTBETCTBHIO pPa3pabOTaHHOTO
MOV 6uonorn4eckoi CTpyKType CHHYCOB CEJIe3eHKH
TaKOH MUKPOYHIT MOXKET UCIIOIb30BATHCS JUISI OLIEHKU
JEWCTBHSI HA SPUTPOLUTHI KCEHOOMOTHKOB (JICKapCTB,
TOKCHHOB). JlONOJHUTENBHO (DYHKIMOHATBHOCTH Ta-
KHX YHUIOB MOKET OBITH MOBBIIIEHA, HAIIPUMED, BHE-
CeHHEM B NPOTOUYHBIH Oydep makpodaros. Cocpeno-
TOYCHHBIC B 00JaCTH KaBepHEI Makpodaru OyayT ara-
KOBaTb 3PUTPOLUTHI C HApPYLIEHUSIMH, BBIOpACHIBAIO-
IIUMU CUTHAIBI "CHEIIb MEHA'", — dKCTepHAIU3AITUS
(dbocharuauiceprHa Ha BHENIHIOK CTOPOHY MeMOpa-
HBI 1 00pa3oBaHHe HOBBIX CAalTOB y3HABaHHMS 32 CUET
Tparchopmanuu Oenka monocs! 3 (AE1).

Opnako y nanHo# tononoruu MOV Obuy 3HauYU-
TEJIbHBIE HEJJOCTATKH — MHKPOYHIT MOXKHO OBLIO HC-
M0JIb30BaTh TOJNBKO JUI KaueCTBEHHOM OLIEHKU CIIO-
COOHOCTH JIPHUTPOIUTOB MPOXOAUTH HYepe3 MHUKpPOKa-
HaJIbl U BEPOSATHOCTH MX OKKIO3uH. Jlaxe pyqHOH
MOJICUET JBMKEHUS KIETOK ObUI 3aTpyAHEH, T.K. B Ka-
Mepe mepe]l BXOIOM MOTIJIM CKaIlJIMBAThCSI HECKOJIBKO
SPUTPOLUUTOB. B cBA3M ¢ 3TUM OBLIO CHIENaHO 3aKII0-
YeHHe O TOM, YTO, HECMOTpPS Ha OJM3KOE COOTBETCT-
BUE OMOJIOrMYECKOMY NPOTOTHUITY, AaHHAS TOIMOJIOTHS
M®V sBnsercss MajJoONpUroJHON sl KOJIUYECTBEH-
HOW OLIEHKH JBM)KEHHS 3PUTPOLIUTOB B MUKPOKAIMJI-
nspax.

Nmutanus KanuuispHoii ceTu
B MUKPOGQIIOMIHOM YCTpoiicTBe
€ MacCHBOM MMKPOKAHAJI0B

OcHOBHOI1 ra3000MeH MEXy KPacHBIMHU KIIETKaMH
KPOBH W TKaHSIMH OpPTaHW3Ma MPOUCXOAWT TPH JIBH-
KEHUH SPUTPOLMUTOB IO MUKPOKANUIIISIPaM, Pa3Mepbl
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Puc. 3. MuxpodarongHblii 4nun ¢ mapaiebHbIM PAcIIOIOKEHHUEM 32 MUKPOKAaHAJIOB.
a — oOmuil BUJ (parMeHTa MHUKPOYHIIA, BHH3Y 30Ha perucTpanuu ABWKeHHs sputporutoB (3.0 x 8.0 X 330 mkm).
0 — rHUCTOrpaMMBbl pacrpe/eeHUs] CpeJHel CKOPOCTH JIBM)KEHHS MO MHKpPOKaHajlaM SPUTPOLMTOB YeJOBEKa M KpEHIC,

B HOPME U TIOCJIC BO3JICHCTBHS OPraHUYeCKOM nepekucu mpem-oytuna (tBOOH).
W300pakeHrss MUKPOYHIIA MOJTY4YEHBI C TIOMOIIBIO onTHyeckoro mukpockona Leica DM4000 BLED ¢ o0bexTHBamu 5x

(cBepxy) u 20X (30Ha pETUCTPAITUH)

KOTOPBIX COMOCTaBUMBI WJIM MEHBILE Pa3MEPOB Kile-
ToK. [l 3TOrO OHM JOJHKHBI 00JafaTh CIIOCO0-
HOCTBIO 1e()OPMHUPOBATHCS, COXPAHSTH 3JIACTUYHOCTD
MeMOpaHbl U nuTockeneTa. [lox geicTBHEM OKHCIH-
TEJIFHOT'O CTpecca MPOHMCXOAMUT yBeIUYeHHe o0bema
KJIETOK, MX cepuszanusi U yBEeIUUYEHHE >KECTKOCTH
MeMOpaHbl M LUTOCKENETa, YTO MOXKET MPUBOJUTH
K CHIKEHHIO CIIOCOOHOCTH 3SPHUTPOLMTOB Iepeme-
maThCsd MO MUKPOKANWIUIIpaM KpPOBEHOCHOW CHCTe-
Mbl. [Inst uccnenoBanus BiausiHus OC Ha 3pUTPOLIUTHI
ObuIM pazpaboTanbl ABe Tomosioruu MOV, mnoiy4dus-
mye Ha3zBaHue "KamwuisipHas ceTts'. Ha puc. 3, a,
npenctasieH ¢pparmenr MOV, umeromero 32 mapain-
JIENBHBIX KaHana pazmepaMu 3.0 x 8.0 x 330 mkM, ne-
pen KaXIbIM W3 KOTOPHIX ObUIa BBITOJIHEHA HEOOIb-
11ast yJIaBIUBAIOIIAs KaMepa JUIsl HallpaBJIEHUs KIETOK
B KaHaJ.

HJanHoe MOV mnoka3ano JOCTaTOYHYK YyBCTBH-
TETBHOCTh K HAPYIICHHUSIM ITUTOJIOTHYECKUX TTapamMeT-
POB 3pHUTPOLUTOB. BBIABIEHO CHM)XXEHHE CKOpPOCTH
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mpoxoja 3putpouuToB nocie aeicteus tBOOH 1MM
y genoBeka (p < 0.027), Ho He y kpbic (p < 0.054).
XapakTepucTHKa paclpeeieHUs] SPUTPOLUTOB MO CKO-
pocTsim moka3ana Ha puc. 3, 0. [lomydyennsie pe3yib-
TaThl NHOKa3ajk, 4yro gaHHoe M®Y oOimamaer cie-
IyIONUMHU  HegocTaTkamu: | HEpaBHOMEpHAS
MoJlaya CyCIIEH3WH 3PUTPOIMTOB K KaHAJaM PEerucT-
panuu (BO3HUKHOBEHUE 30H C PEKYPCHUBHBIM JBIKE-
HUEM CYCIIEH3HH); 2 — HEBO3MOXXHOCTh ITPOTPAMMHOM
00paboTku BHAEo(DAIoB, HEOOXOAUM PYUYHOU MOJCYET
OOJNBILIOr0 MaccHBa KaJpoB. B nmanpHeWmmx skcrepu-
MEHTaX 3TOT BapuanT MDY He ucnonp30BajICs.

Nmurtanus KanuuIspHoO# ceTH
B MHKPOQJIIONITHOM YCTPOiiCTBe
¢ MapajuieJIbHbIMH MUKPOKAHAJIAMH
¢ BbIPaBHUBAKOIIEH KaMepoi

Ilocne anammM3a  pe3ysbTaTOB  JKCIEPUMEHTOB
B MDY ¢ 32 mapamiebHBIME MUKPOKaHATAMHA JITHHOMN
330 MKM OBLIO MPEIIOKEHO K KAKIOMY MHUKPOKAHAIY,
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Puc. 4. O6umii Bun MOV c pacrpeneneHHONH CHUCTEMOW ITOJa4HM CYCIIEH3WH KIIETOK, BBIPaBHUBAIOIICH

KaMepoii u 16 mapaymreTbHBIMA MUKPOKaHAIAMHU.

Ha n300pakennn cBepxy (a) mpuBeneHa moynoBrHa kaHanoB MDY canzy (6) — KaHan perncTpanuu JBHKe-
HUS 3PUTPOLUTOB ¢ pazMepamu 2.2 x 8 X 200 MxMm, rae 1 — mporpaMMHBIA MapKep ONpEAEIeHUsT BPEMEHH
BX0/1a KJIETKH B MHUKPOKaHaJl, 2 — MPOrpaMMHBIA MapKep OINpeAeIeHHs] BpEMEHN BBIXOJa KIETKH U3 MUKpO-
KaHajia; CBETJIasl JIMHUSI — TPACKTOPHS BIKCHHUS KIETKH B IIMPOKOM KaHaie JUIsl pacdyeTa CKOPOCTH TeUEHHs

KUAKOCTH B KaHanax M®Y. M300paxeHust mogydeHsl
5x (a) 1 20x (6)

UMUTHPYIOIIEMY KalWUISP KPOBEHOCHOH CHCTEMBI,
cAeaTh OTAEIBbHBIN MOIBOIAINNI KaHal. DTO I03BO-
Ut OoJlee PaBHOMEPHO MOABOJUTH KIETKHA K KaXK[0-
My MUKPOKAHaJy U TeM CaMbIM O0CCIICYUTh BO3MOXK-
HOCTh KOMIIBIOTEPHON OOpaOOTKH IOIy4aeMBbIX BH-
neodaiiioB ¢ ABMKEHHEM KieTok. [lepBoHauanbHO
nmanHas tonojiorus M®Y Owuia pazpaboraHa ayis wc-
CIICIOBaHUS  JBMJKCHUS  JPUTPOIIMTOB  YEIIOBEKA
B MHUKpOKamwuisipax (cM. puc. 4) m BKIIOYana IBE
MOIM(UKAMK BBOJIA CYCIICH3UM KIIETOK: C IMPSIMBIM
U pacmhpeeICHHBIM BBOJIOM, a TaKKe TPU BapHaHTa
JUTMH perucTpupyrolero kanana (cMm. tabmn. 2). I[lpen-
BapUTEIPHOE TECTUPOBAHUE MTOKA3AJI0, YTO pacIpeie-
JICHHBI BBOJ CYCIIEH3WH KJIETOK OOEeCreunBaeT X
paBHOMEPHBIN TOJBOA KO BCeM 16 M3MEPHUTEIbHBIM
MUKpOKaHajaM. J[JTmHa W3MEpUTENbHBIX KaHAIOB OBI-
na BeiOpana 200 MKM, T.K. B TAKMX KaHAJIaX BO3MOXHO

C MMOMOIIBIO ONTUYECKOI'0 MUKPOCKOTIIA C 00BEKTUBAMU

HAJCKHO OMpPENesTh CPEAHIOI0 CKOPOCTh KIIETOK
C TIOMONIBIO BHICOKAaMEPHI C HYaCTOTOH CHEMKH
no 1000 kagp/c. Takxke KaHAIBI TAaKOW JAJTUHBI HE CO3-
Jal0T CIMIIKOM OOJBIIOTO THAPABIUYECKOTO COMPO-
THUBJICHUS, YTO MO3BOJIIET UCIOJb30BATh I'MAPOCTATH-
YECKOE [IaBlIGHWE I OpraHU3allud JBUKCHUS
xuaxocte B MOVY. Ilepen u3MepuTenbHbBIM MUKPO-
KaHaJoM ObUT J00aBJICH BBIPABHUBAIOIIUNA MHKPOKa-
Hajg I CHWDKCHHS pa3dpoca CKOPOCTH IBUKCHUS
spurporuToB [36]. Takum oOpa3oM, Bce AanbHEHIINE
AKCIIEPUMEHTHI ISl OMPENCTICHUSI ONTUMAIBLHOM IITH-
PUHBI MHUKPOKAHAJIOB JUJIsl MCCIEIOBAaHUSA JIBUKEHUSA
SpUTPOUUTOB Kpbic noj aerictBuemM OC OblIM MpoBe-
nedsl B MOV ¢ Takoil TOIMOJIOTHEH.

AHanu3 BUIEO ABUKCHUS IPUTPOLUTOB B MHUKPO-
kaHaiax 1.5 x 8 x 200 MKM mOKasaJl, 4To Ipy JaHHOK
UIMPUHE BO3MOXHBI OKKIIIO3UU J12a3KE€ HOPMAaJTbHBIMU

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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Puc. 5. M300paxeHne OKKIIIO3UM MUKpPOKaHana ¢ pazmepamu 1.5 x 8 X 200 MKM 3pUTPOIMTAMHU KPBIC, BRI3BAHHOC

HECOOTBCTCTBUEM IIHUPHUHBI MUKPOKaHaIa pasMepaM KJIETOK.

N300paskeHue MOIyYEHO ¢ MOMOINBI0 onTHdeckoro mMukpockomna Leica DM4000 BLED ¢ o6bektrBoM 20X, mOKa3aH

OJVH U3 16 perucTpUpyIOIIX MUKPOKAaHAIOB

spurporutamu  kpeic. Uuaykuus OC o0paboTkoit
kiretok tBOOH 1 MM, 3 4, mpuBoniIa K MOBLIICHAIO
0o0beMa 3PUTPOLIUTOB, YTO BBI3BIBAJIO MHOXECTBEH-
HBIE OKKITIO3MH M JENa0 KaHaIBI IJI0X0 MPOXOTUMBI-
MU A7l 3pUTPOUUTOB Kpbic. [lo pesynpTatam ObuI
cieNiaH BBIBOJI O TOM, YTO TaKHe pa3Mephl MHUKpPOKa-
HAJIOB HE TMOIXOJAT IS KOJIMYECTBEHHOH perucrpa-
MU HapyIIEHUH MHUKpPOPEOJIOTHH, a BO3MOXKEH TOJIb-
KO Ka4eCTBEHHBIH aHalN3 CIIOCOOHOCTH 3PUTPOIMTOB
KpBIC TIPOXOJUTHh YEpe3 MHUKPOKAMUIUIAPBl TaKOTO
pa3Mepa W BEpOSTHOCTH BO3HUKHOBEHHUS OKKIIFO3WUN
(cMm. puc. 5).

AHanM3 MJaHHBIX 10 JBW)KCHUIO DSPUTPOIMTOB
B MHUKpOKaHayiax ¢ pazMepamu 3 x 8 x 200 MkM mo-
KasaJl, YTO B TAKMX MHUKpPOKaHajlaX BO3MOXHA PErucT-
panysi HapyleHHH MUKPOPEOIIOTHH SPUTPOIUTOB He-
JIOBEKa, HO OHM HUMEIOT Malyl0 YyBCTBUTEIHHOCTH
K HapyIICHUSM SPUTPOIHTOB KPBIC, T.K. OHH HUMEIOT
MeHbInue pasmepsl 1 00beM (MCV). B Ilpunoxenuun
Ha puc. II mokazansl rpaduku pacmpeneneHus cpe-
HEell CKOPOCTH IPUTPOIUTOB YeNIOBEKa U KPbIC, 00pa-
oorannbpix tBOOH 1 MM, 3 4, B MHKpOKaHamax
¢ pazmepamu 3 x 8 x 200 MKM.

AHanu3 IBWXEHHs SPUTPOIUTOB B MUKPOKaHAIAX
¢ mupuHOM 2.2 x § x 200 MKM mOKazaj, YyTO Takoi
MUKPOYHII JOCTATOYHO XOPOIIO PETHCTPHUPYET Hapy-
IIEHUST MUKPOPEOJIOTHH KaK 3PUTPOIMTOB YEIOBEKa,
Tak ¥ Kpbic. BbiOop pa3smMepoB MUKpOKaHAJIOB 00y-
CJIOBJICH TEM, YTOOBI HOPMAIIbHBIE DPUTPOIIUTHI MOTITH
cBOOOIHO TIPOXOJUTH Yepe3 HUX, a cepu3oBaHHbBIE
B pe3yJibTaTe PazINYHBIX MOBPEKICHUNA MMENTH CHH-
KEHHYIO CKOPOCTB 3a CUET TPEHHs O CTeHKH. Tak Kak
mpu OC, BenBanHoM tBOOH 1 MM, 3 4, nuamazon
3rauennit MCV denoseka coctasmn 101-112 ¢, B TO
BpeMs Kak s Kpeic 58.4—63.8 ¢u, oueBMAHO, YTO
SPUTPOIUTHI KPBIC JTaXke B HAOyXimieMm u chepru3oBaH-
HOM COCTOSIHMH OYyIyT UMETh 3HAYMTEIHFHO MEHBIIUH
00BEM, YE€M 3/I0pPOBBIE SPUTPOLUTHI YeloBeka. Mox-
HO TIPENIIOJIOKUTH, YTO CHIDKEHHE CKOPOCTH TPaH3WTa
SPUTPOIUTOB KPHIC B MHUKPOKaHAIaX OBLIO 00YCIIOB-
JIEHO HE TOJBKO BIHMSHHEM 00BheMa KIETOK, HO TaKKe
3MEHEeHnEM uXx xectkocth mox nercreueMmM OC.

HAVYYHOE [TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

N3BeCTHO, YTO >KECTKOCTh IPUTPOLUTOB BO3PACTaET
IPU CTPYKTYPHBIX N3MEHEHUSAX OEJIKOB LIUTOCKENETa,
npu cdepu3anny KJIETOK 33 CUET ITOTEPHU YacTH MEM-
OpaHbl, KjIacTepu3alMyd TPaHCMEMOpPaHHBIX OENKOB
[37, 38]. To ecTb 4UTO CHUYKEHUE CKOPOCTH TpPaH3UTa
SPUTPOLUTOB KPBIC B MHUKpOKaHajJaxX MOIJIO ObITH
00yCJIOBIEHO HE TOJBKO BIMSHHEM 00beMa KIETOK,
HO TaKXe H3MEHEHHEM Ae(hOpMHPYEMOCTH KIIETOK.
ITony4eHHble AaHHBIE IO ABMKCHHUIO B MUKPOKaHaJIaX
SPUTPOLUTOB KpPbIC HPEAINONAralT, YTO HCCIEN0Ba-
HHe nurosornueckoro orsera Ha OC KpBIC PE30HHO
NPONOJDKUTE OoJiee yriyOieHHO. DTO JacT BO3MOXK-
HOCTH COTOCTaBUTh MOP(OIOTHUYECKYIO U ITUTOJIOTH-
YecKyro TpaHchopManuu MeMOpaH u Onopu3nIecKre
MapaMeTphl SPUTPOLIMTOB KPBHIC M HYeIOBeKa M Ooiee
MOJTHO HCIIONB30BaTh MHKPOQIIIONIHOE TECTHPOBa-
HUeE.

Hccnenopanne MDY ¢ napajielbHbBIMA
KAHAJAMHU IlepeMeHHOI IJIyOHMHbI

Ha ypoBHe xanuyuisipHON ceTM KpOBEHOCHOM CHC-
TEMBI )KHBOTHBIX M YeJIOBEKa JHaMETP MHUKPOCOCYAOB
MOXET M3MEHAThCA. 11 MOoAeNupoBaHUsS YCIOBUH,
BO3ZHUKAIONINX TPH W3MEHEHWH AMaMeTpa MHKpPOKa-
MUUIPOB, & TAKKE CHMXKECHMSI THAPABINYECKOTO CO-
MPOTHUBIICHUS MTOABOIIIINX MUKPOKAHAJIOB OBLIO pasz-
paborano MOV ¢ mepenaaoM BEICOTHI MEKPOKAHAIOB
84 MM (cMm. puc. 6). M3-3a orpannyeHuii TEXHOIO-
TUM W3TOTOBJICHHUA KpPEMHHEBBIX MacTep-hopM s
"markoi" mmrorpapum MOV u3 [NIIMC usmeHUTH
rIyOMHYy KaHAJIOB BO3MOXHO TOJIBKO CTYIIEHYATO.
TectupoBanne mnonaydeHHelx M®YVY mnokaszano, 4rto
CTYTIEHYAThIH Tepernaj TTyOWH MUKPOKAaHAJIOB CIy-
YKUT MECTOM HAKOIUIEHUS! SpUTPOLIUTOB, CO3/1aBasl 3a-
TOPHl U OKKJIIO3UU. B CBsI3W C 3TUM B JalibHEUIIMX
JKCIIEpUMEHTaX 3TOT BapuaHT MDY He ucnosbp30BalI-
csl 1 OBIT cieNiaH BBIBOJ O TOM, YTO JUISI MOJEIINPOBa-
HUSl KalWUILIPOB C MEPEeMEHHBIM TOIEPEYHBIM Ccede-
HUEM TpebyeTcst MPUMEHEHNE APYTUX TEXHOIOTUH U3-
rotoBieHuss MDY, nanpumep, BrICOKOpa3pemiaronen
3D nedarn.
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Puc. 6. Nz00paxenne MOV ¢ kaHalaMH CO CTYNEHYAThIM H3MEHEHUEM BBICOTHI.

Ha rpanuiie u3mMeHeHus IITyOHH MPOUCXOAUT 3aTOP M OKKIIIO3UHM APUTPOLIMTOB, MPEMSATCTBYIOMINI UX NaJIbHEHIIEMY JBH-
JKEHUIO B M3MEPUTEIbHBIH MUKpoKaHall. CTpeNnKoil yKa3aHO CKOIJICHHE SPUTPOLMTOB Ha IEpenajie BHICOT MHUKpOKaHAaa.
N300paskeHns MOTyYeHBI ¢ TOMOIIBIO ONITHYECKOTo MUKpockomna Leica3 ¢ oopexTuBoM 20X

3AK/IIOYEHUE

DPUTPOLHTHI, SBIAACH CAMBIMH MHOTOYHNCIIEHHBI-
MU KJIETKaMH OpPraHW3Ma, BBIIOJHSIOT CBOIO OCHOB-
HYI0 (QYHKIOMIO Ta3000MeHa W ra3omnepeHoca, JBHTa-
ACh 10 MMKPOKAIIWIISIpAaM KPOBEHOCHOH CHCTEMBI,
pa3Mepbl KOTOPBIX CONOCTaBUMBI WIIM MEHBILIE pa3Me-
poB KIeToK. OCHOBHBIE (PaKTOPHI, KOTOPBIC OIpejIe-
JSIOT AeOPMUPYEMOCTD SPUTPOLIUTOB, TO3BOJISIST UM
MPOXOANTH 4Yepe3 TaKWe MENKHEe KalWuIIpsl U J0C-
TaBJIATh KHUCIOPOJ K HEpUPEPHUECKUM COCYAaM, Op-
raHaM M TKaHsIM, — 3TO BBICOKOE COOTHOIIEHHE I10-
BEPXHOCTH MeMOpaHbl K o00veMy (Mopdomorus),
BHYTPEHHSISI BA3KOCTh KJIETKU U BSI3KOYNPYTHE CBOM-
ctBa MeMmOpansl [38—42]. Vcmomb3oBaHuME MHUKPO-
(IIIOWAHBIX TEXHOJIOTHH MO3BOJIAET HAPSMYIO MOJE-
JUPOBATh ABMKEHUE SPUTPOIUTOB B MHUKPOKAITHILIS-
pax B YCJIOBUSAX MUKPOLMPKYJISLUU KPOBU U KOJINYE-
CTBEHHO aHAJIM3UPOBATh BIHUSIHHE JIEKAPCTBEHHBIX
MpenapaToB Ha HETO B yCIOBUSX in vitro [43]. B cBs3u
C TEM, YTO Yy YelOBeKa M >KMBOTHBIX MOJIENEH, HC-
MOJTB3YEMBIX B JOKIMHUYECKUX HCCIIEAOBAaHUSAX, pa3-
HBIE pa3Mepbl U 00BEM SPUTPOLHUTOB, TOMOJIOTHIO
Y KOHKpETHBIE pa3Mepsl MUKpokaHaioB MDY Ttpebyer-
Cs1 ONITUMU3UPOBATH 0] KOHKPETHBII opranusM [44].

[IpoBenennsle uccaenoBaHus MOKa3ald, YTO T'eo-
METpUsl U pa3Mepbl MUKpOKaHaioB MOV noikHbI
BBIOMPATHCS C YUETOM XapaKTEPUCTHK HE TOIBKO 3/10-
POBBIX, HO W MOBPEXICHHBIX KJIETOK I obecrede-
HUSI BO3MOKHOCTH PETHUCTpPAaLMM M3MEHEHHs Onodu-
3WYECKUX TMapaMeTPOB APUTPOIUTOB TOJ JAECHCTBUEM
OKHCIIMTENBHOTO cTpecca. Hambonee KpuTHUECKHM
pa3MepoM MHKpOKaHalla, BIUSIONINM Ha YYyBCTBH-
TEJIBHOCTh U3MEPEHMS CKOPOCTH IBIKEHHS 3PHUTPO-
LIUTOB B HEM, SIBJIsSIETCS ero mupuHa. CKpUHUHT J1eBS-
TH Pa3IMYHBIX BapHaHTOB Tomonoruii MOV mno3so-
JIAJT OTIPENIENINUTh, YTO MUKPOQIIIOWIHBIA KaHaj ¢ pas-
Mepamu 2.2 X 8 x 200 MKM SIBJISIETCSI ONITHMAJTEHBIM
JUTS I3MEPEHUs] U3MEHEeHUH Onodusndeckux xapakre-
PUCTHK DSpUTPOIMTOB KaK YENOBEKa, TaK U KPBIC,
BBI3BAHHBIX OKHCIIUTEIBHBIM CTPECCOM, HHIYLUPO-
BaHHBIM MHKYyOallMeil KJIeTOK B Te4eHue 3 4 ¢ mpem-
OyTHIIepoKcHI0M B KoHIleHTparuu 1 MM. YBenude-
HUE IMUPUHBl KaHaJa C ONTUMAaIbHON 2.2 MKM
JI0 3 MKM TIPHBOJINIIO K TOMY, 9TO0 MDY CTaHOBHIIUCH

MOJTHOCTBIO HEYYBCTBUTENBHBIMH K H3MEHEHUSIM
OMO(U3NIECKUX CBOHCTB JPUTPOIUTOB Jaboparop-
HBIX KpBIC, @ TaK)K€ CTaHOBWJIMCH MEHEE YYyBCTBH-
TEJIHHBIMU K W3MEHEHHUSM CBOWCTB SPHUTPOLMTOB de-
noBeka. HampoTus, yMmeHblIeHHE ONTHUMAJIbHOW IIH-
pUHBI MHUKPOKAHAJIOB TPUBOAWIO K TOSBICHHUIO X
MHOXXECTBEHHBIX OKKIIIO3UH 3I0POBBIMU KIIETKaMHU
KpPOBH KaK 4YelOBeKa, TaK U KPBIC, YTO JEal0 HEBO3-
MOHBIM MCHOJb30BaHKE Takux M@V st konuuect-
BEHHBIX HMCCIeI0BaHUN. J{IMHA M3MEpUTEIbHBIX MUK-
POKaHAJIOB TaKKe SIBISETCS BaXKHBIM ITapaMeTpPOM,
T.K. IPebsBIsieT TpeOOBaHUS K BUAEOKaMepe, Ha KO-
TOPYIO OCYIIECTBIISIETCS] PETUCTPAIUS IBHKCHHS KIle-
ToK. IIpy HMcronp30BaHUM KaMep C YacTOTOM ChEeMKH
no 1000 xampoB B CEeKyHAy AJMHA MHKPOKAaHAIOB
nomxHaa ObITh HEe MeHee 200 mxkM. Eciiut MOV conep-
XKHUT MacCHB MHKPOKaHAJIOB, TO Haubojiee XOpOIIo
mokasana cels pacmpeelieHHass CHUCTeMa IO0JBOJa
KJIETOK KpPOBHM K MU3MEPHUTEIbHBIM MHUKPOKaHaIaM, OC-
HOBaHHAasg Ha WX TIIOCIIEJOBATEIbHOM pa3IeeHuN
Ha 2 kaHana. Ee mcnosnp3oBaHMe MO3BOJMIMIIO OoJjiee
PaBHOMEPHO TO/aBaTh KJIETKH HAa BXOJ HU3MEPUTENb-
HBIX MHUKPOKAHAJIOB, KOHTPOJHMPOBATh HUX CKOPOCTh
Y KOJMYECTBO I 00ECTIeUeHHs] pErUCTPallii CKOpOo-
CTHU ABUKCHUS €IMHUYHBIX KIIETOK.

Takum oOpa3zom, B X0Ji¢ MPOBEIECHHOTO HCCIENO-
BaHUS ObIJIa OIpeneleHa ONTHMajlbHAs TOMOJOTHS
MHUKPOQUIIOUIHOTO yCTPOICTBA M pasMepbl H3MEpH-
TEJIBHBIX KAHAIOB JUIS in Vitro MOJAEIHPOBAHHS JBH-
KEHHSI SPUTPOIIUTOB JIAOOPATOPHBIX KPBIC U YEIIOBEKA
B MUKPOKaIMUIApaX KPOBEHOCHOMN CUCTEMBI B YCIIOBHAX
OKHUCIIUTENBHOTO cTpecca. OntumansHoe MOY conep-
*aio 16 MukpokaHanoB ¢ pazmepamu 2.2 X § X 200 MkM
C pacmpeneneHHONH CHCTEMOHN MOABOJA KIETOK K HHUM,
9T0 00eCHeyuBaIO0 M3MEPEHHE CKOPOCTH JBMIKCHHS
SPUTPOIUTOB C TOYHOCTHIO, TOCTATOYHOW JJISI BBISB-
JIeHWsI CyONOIyJISIUH TOBPEXKIEHHBIX MEIJICHHBIX
SPUTPOLUTOB KPBIC U uesoBeka in vitro. IlosBnenue
Takol CyOmMoNmyJslnu CBUIETEIBCTBYET O TOKCHYe-
CKOM JI€HCTBMM OKHMCIHUTENS U MPEBBIIIEHUN BO3MOX-
HOCTE€ BCTPOCHHOW aHTHOKCHUJAHTHOW CHCTEMBbI
[0 3alIUTe KJIETOK OT OKUCIUTEJIBHOTO CTpecca, 4To
MpUBOANT K moTepe mx (pynkumum [14]. Pazpaboran-
Hble MOV UMEIOT LIUPOKUE MEPCIIEKTUBBI UCIIOIB30-
BaHUS [JJIs JANbHEHIIEro WCCIEAOBAaHUS BIMSHUSA
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OKHCJIMTENIBHOTO CTpecca Ha 3PUTPOLUTHI YENOBEKa  POLMUTOB B JOKIMHUYECKUX M KIMHHYECKHX HCCIIEHO-
u HaGOpaTOpHBIX JKMBOTHBIX, a4 TAKXE JId KOHTPOJIA BaHUAX JICKAPCTBCHHBIX ITPCIIapaToB.
onouznyeckux M (QPyHKIMOHAIBHBIX CBOWCTB DPHUT-

NMPUJIOKEHUE
SpUTPOUNTBI KpbIChI U YenoBeka, SpUTPOLUTEI KPbIC U YenoBeka,
Yyun 3 MKm 4yun 2.2 MKM
[ ] xpoica
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Puc. II. Ananu3 OTHOCHTEIBHBIX CKOPOCTEH 00pa3oBaHMS MUKPOUYACTHUIl M YCHIEHHS T€TEPOreHHOCTH TOIYJIISIINN
110 00BbEMY IPUTPOLIUTOB MPH OKUCIUTEIBHOM CTPECCE, HHAYLINPOBAHHOM mpem-0y THIepoKkcuioM, 1 MM, 3 1.

a — B MHUKpoKaHanax 3 X 8 x 200 MKM HOMyJISILIMKA SPUTPOLIUTOB uesoBeka (n = 3) u kpbic (n = 2); 6 — B MHUKpO-
KaHanax 2.2 x 8 x 200 MKM 3pUTpOLMTOB uenoBeka (n = 9) u KpbIc (n = 8); IITpUXOBas paMKa — CyOIOIMYJISIUs
MEUICHHBIX KJICTOK, IOSBJICHHE 3PUTPOLIUTOB C HAPYIIEHHOH CIIOCOOHOCTHIO IPOXOIUTh Y3KHE MUKPOKAHAIIbI; B —
YCUJICHHE TIOTepU YacTH MeMOpaHbl B pe3ysibTaTe 00pa30BaHHUsA MUKPOYACTHUI] SPUTPOLUTOB; I' — YIIMPEHHE pac-
npeneneHus kietok mo oosemy (RDW). [lannsie mpencraBineHsl kak M £SD ¢ ykazanmem mo t-trecty CThiofieHTa
3HAa4YCHUH p (NS — pa3au4ust OTCYTCTBYIOT)

Paboma svinoanena npu gpunarncogoii noodepscxke PHD
8 pamkax Hayuno2o npoekma Ne 22-24-00998
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OF RED BLOOD CELLS OF LABORATORY ANIMALS
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Laboratory rats are the preferred model for studying many socially significant diseases, such as cardiovascu-
lar diseases (heart attack and hypertension), diabetes, and cancer. Pathological processes in red blood cells
(RBCs) lead to violations of their deformability, which entails a deterioration in the gas transport function and
a change in the micro-rheology of the blood. Recently, microfluidic devices have begun to be used to study the
behavior of human RBCs in microcirculation conditions in vitro, which makes it possible to record, sort and
study healthy and damaged cells. By microfluidic analysis, pathological changes at the molecular and membrane
levels were linked with modifications of cell shape and motion in fluid flow. In such devices, it is possible to di-
rectly simulate the transport of RBCs in microcapillaries under blood microcirculation conditions and quantita-
tively analyze how different drugs affect it. In this work, we investigated how the topology and geometrical di-
mensions of the channels of a microfluidic device affect the possibility of determining the average velocity of
rat and human RBCs. This allowed us to quantitatively estimate the influence of oxidative stress on RBC trans-
port and biophysical properties. The kesults obtained showed that the optimal design of a microfluidic device
contained 16 parallel microchannels with dimensions of 2.2 x 8 x 200 microns. In such microchannels, we accu-
rately determined the speed of the single RBC of laboratory rats and humans, which moved under the microcir-
culation conditions, and identified the number of slow cells damaged by induced oxidative stress. The proposed
method of simulation of blood microcirculation conditions in a microfluidic device has a broad range of applica-
tions and is aimed at studying the effects of oxidative stress on red blood cells in laboratory animals and hu-
mans, as well as monitoring the biophysical and functional properties of these cells in preclinical and clinical
trials.

Keywords: microfluidic device, oxidative stress, red blood cells, blood microcirculation, microcapillar, laboratory rat
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INTRODUCTION

Most preclinical studies of new drugs and therapies
are conducted on animals. For laboratory rats, it is
possible to use the same diagnostic methods that are
used in humans, which makes rat extremely useful
models of diseases [1]. The use of rats and mice ac-
counts for 87-96% of the total number of animals
used in preclinical studies and meets the basic re-
quirements of vivarium content — small size, ease of
handling and maintenance, fast reproduction, short life
expectancy, and the ability to observe several genera-
tions in a short period of time [2, 3]. Rats, compared
to mice, are the preferred model for hemodynamic
disorders, such as stroke, myocardial infarction,
cerebral or intestinal ischemia-reperfusion [4]. Cathe-
terization, hemodynamic measurements, echo cardio-
graphy, histological examinations, and biochemical
procedures are common tools in pathophysiological
studies of the rat heart. White laboratory rats (Ratus
norvegicus) have been bred under strictly controlled
conditions for many years without gene migration and
have been used in experiments for over a hundred
years. Rats are an important experimental model in
biological research within the framework of funda-
mental science, development, and determination of the
quality of products and devices used in human and ve-
terinary medicine, dentistry, and toxicological tests, as
well as in assessing the harmfulness of certain chemi-
cals changed in everyday life, industry, agriculture,
and other safety assessments (resource
https://www.physiology.org/career/policy-
advocacy/animal-research?SSO=Y).

Rat genome matches human genome 95%, and,
therefore, rats are more or less susceptible to diseases
similar to human ones, and respond to treatment in
much the same way [5]. Currently, many animal mod-
els of human disease exist. First of all, these are such
socially significant diseases as diabetes, ischemia-
reperfusion, toxicology, and cancer [6]. Thanks to the
creation of mouse models of leukemia, two basic
principles of chemotherapy were formulated — the
principle of cyclic treatment to prevent relapses while
reducing toxicity, and the principle of combination
therapy, when drugs have a synergistic effect [7]. Un-
til recently, animal models of brain diseases were ab-
solutely indispensable, allowing testing new drugs and
methods of therapy [8].

Tissue oxygenation and CO, export are the main
tasks of the circulatory system, where red blood cells
play a key role — transporting gases and maintaining
systemic acid-base balance. They play a central role in
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determining blood rheology, as well as the effective-
ness of tissue perfusion and gas exchange, and are im-
portant systems of inter-organ communication [9].
Life-threatening conditions such as heart attack,
stroke, compression syndrome are accompanied by
a violation of blood rheology due to an increase in
plasma viscosity, an increase in red blood cell aggre-
gation, and a violation of their deformability [10]. It is
assumed that changes in the physical properties of ab-
errant red blood cells during disease can provoke vas-
cular dysfunction. In blood vessels, red blood cells
preferentially move in a low-shear zone in the center
of the channel, whereas white blood cells and platelets
move near the walls of the canal. Erythrocytes with
abnormalities (aberrant erythrocytes) experience se-
vere displacement and are localized near vascular
walls (marginalization) due to changes in size (aniso-
cytosis), shape (poikilocytosis), and deformability
(fragility/stiffness) of cells compared to normal cells
[11]. Marginal aberrant RBCs (Red Blood Cells) gen-
erate large transient stress fluctuations due to high ve-
locity gradients caused by their wall motion. At the
same time, vascular endothelial cells experience ab-
normally high stress fluctuations, which are consi-
dered as the cause of vascular inflammation (vasculi-
tis) and thrombosis [12]. Also, enhanced removal of
non-functional erythrocytes (sequestration in the
spleen) with an inadequate level of their replenish-
ment, for example, when erythropoiesis is suppressed
during chemotherapy, leads to the development of
anemia. Thus, the study of the behavior of erythro-
cytes in a flow when modeling diseases in laboratory
animals is included in the area of pressing health
problems.

Microfluidic technologies provide new opportuni-
ties for biophysical phenotyping of single cells under
conditions that mimic microcirculation [13, 14]. Their
main advantage is the close correspondence of micro-
fluidic devices (MFDs) to biological structures
(a property of biomimetics), good conditions for ma-
nipulating the flows and compositions of solutions,
which cannot be ensured by other research methods
[15-17]. Microfluidic analysis is a successful method
for assessing the behavior of red blood cells in various
diseases, and the assessment of blood microrheology
disorders is an urgent task for many areas of medi-
cine — surgery, chronic diseases, disaster medicine.
For the study of human red blood cells, various MFD
topologies have been developed that allow recording
key parameters of red blood cells: shape in the stream
and shape recovery after shear, rate of transit through
narrow microchannels, adhesion to microchamber
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walls [18]. Microfluidic devices make it possible to
directly simulate blood microcirculation in vitro at
a high rate of statistical collection [13, 19].

Oxidative stress (OS) is associated with the devel-
opment and aggravation of most pathological condi-
tions — cardiovascular and neurological diseases, on-
cology, respiratory and rheumatoid diseases, nephrol-
ogy, etc. [20]. As shown by our previous studies [14,
21, 22], oxidative stress, OS induced by organic fert-
butylhydroperoxide (tBOOH), can serve as an ade-
quate model of human erythrocyte lesions — control
of cell volume regulation is impaired, activity of
intracellular esterases decreases (drop in overall via-
bility), lipid asymmetry is disrupted, and the adhesive
properties of the membrane are enhanced, oxidized
hemoglobin affects the stiffness of the erythrocyte
membrane [14, 23]. As a result, cytology disorders af-
fect the ability of human red blood cells to pass mi-
crochannels. Studies of animal blood cells performed
using MFDs — neutrophils [24], rheology of whole
blood in the artery—vein loop [25], formation of whole
blood thrombus under the flow in genetically mod-
ified mice [26] are now beginning to appear.

No analysis of the behavior of rat red blood cells in
microflow was found.

The objective of this study was to develop and op-
timize the MFD microchannel topology for quantita-
tive analysis of erythrocyte transport in laboratory rats
under in vitro microcirculation with oxidative stress.

STUDY MATERIALS AND METHODS

General principles

Human and rat red blood cells were used in the
study to better match the MFD microchannel sizes.
Human blood was obtained from the ulnar vein and
collected in vacuum tubes (S-Monovette®, Sarstadt,
Niimbrecht, Germany) with 3.2% sodium citrate as an
anti-coagulant. Rat blood was stabilized with heparin.
Prior to blood donation, all volunteers signed in-
formed consent; study protocol using human blood
and animals is approved by the Ethical Committee of
the IEPhB RAS and is based on compliance with the
Declaration of Helsinki. Rat blood samples were ob-
tained with anesthesia, and provided by employees of
the IEPhB RAS for a pilot study. Sample preparation
included 2-fold washing of erythrocyte sediment from
residues of other blood cells in physiological buffer of
the following composition, mM: NaCl — 140; KCI —
5; HEPES — 10; MgCl, — 2; D-glucose — 5,
EGTA — 2, buffer osmolality was 300 mOsm/kg H,O

(Osmomat 3000 cryoscopic osmometer, Gonotec,
Germany), pH 7.4. OS was induced by incubation of
erythrocytes with tBOOH (Sigma-Aldrich, Munich,
Germany) at a final concentration of 1.0 mM, 3 h and
37 °C on a thermal shaker at 420 rpm (Eppendorf,
Hamburg, Germany). In all experiments, the concen-
tration of erythrocytes in the incubation suspension
was maintained at the RBC level of 0.5 - 10° cells/mL,
which fixed a constant level of specific concentration
of tBOOH to obtain correct results and allowed com-
parison of erythrocyte responses to OS for humans
and rats. All manipulations with human and rat cells
were tested under the same conditions.

Recording oxidative stress

The development of OS was assessed by the for-
mation of oxidized forms of Hb hemoglobin (HbFe*
transition into HbFe’"). The absorption spectra of ly-
sates of samples of erythrocytes incubated with
tBOOH were recorded using a SPECS SSP-715-M
spectrophotometer (Spectroscopic  Systems LLC,
Moscow, Russia) in the range of 300-700 nm. The
content of hemoglobin forms, oxyhemoglobin
(HbFe™"), methemoglobin (HbFe’") and hemichrome
(Hcr) was calculated from the absorbance of characte-
ristic peaks at 560, 577, 630 and 700 nm. The content
of Hb forms was calculated using millimolar extinc-
tion coefficients and expressed as % of all forms [27].
Violations of lipid asymmetry of erythrocyte mem-
branes were assessed by the release of phosphatidylse-
rine (PS) to the outer side of the membrane during a
test with the annexin V-FITC test (Biolegend, The
Netherlands). PS yield is part of programmed cell
death (apoptosis). The calcein AM assay (Molecular
Probes, Eugene, USA) was used to record intracellular
esterase activity. Annexin-positive cell count and flu-
orescence intensity in other tests were measured by
flow cytometry (CytoFlex cytofluorimeter, Beckman
Coulter, USA; Shared research facility of IEPhB
RAS) using previously used protocols [21] in CytoF-
lex software. Blood parameters, including red blood
cell count (RBC), red blood cell volume (MCV) and
distribution width (RDW) were monitored using
a hematology Medonic-M20 analyzer (Boule Medical
AB, Sweden).

MFD manufacturing

MFDs were made of polydimethylsiloxane
(PDMS) by soft lithography using a silicon master
mold manufactured by photolithography and plasma
etching or photolithography of SU-8 2005 photoresist
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on a silicon wafer [28, 29]. The depth of the micro-
channels on all master molds was 8 um. To select the
optimal geometry of the channels, the width and
length of the recording channels were varied on the
master form. Their dimensions were measured using
a Supra 25 scanning electron microscope (Carl Zeiss,
Germany) and a high resolution XP-1 profilometer
(Ambios Technology, Santa Cruz, CA, USA). Before
measurements, the master form with SU-8 structures
was coated with a 5 nm thick chromium film by elec-
tron beam spraying. PDMS replicas were produced by
curing a degassed mixture of a base of silicone elas-
tomer Sylgard 184 (Dow Corning, Midland, USA)
and a hardener mixed in a ratio of 10: 1, which was
poured onto master forms placed in Petri dishes and
kept at 65 °C for 4 hours in the oven. Holes were
made on the PDMS replicas separated from the master
mold using a biopsy punch with a diameter of 1 mm.
PDMS replicas and degreased slides were treated with
oxygen plasma, which ensured their covalent adhe-
sion. The MFD was finished by heat treatment at
95 °C for 1 hour.

Data recording and mathematical processing

Before starting the experiment, microchips were
filled with buffer to prevent erythrocyte adhesion to
PDMS and to remove air bubbles. The prepared hu-
man or rat erythrocyte suspension (5 x 107 cells/mL)
was injected under constant hydrostatic pressure to
maintain the same rate of cell entry into all micro-
channels, even if a portion of them were plugged.
Tubing tubes were used to introduce cells into the de-
vices. Data for the analysis of erythrocyte transport in
microchannels were obtained by recording video at
a speed of 790-810 frames/s using a XIMEA
MC023MG-SY camera (XIMEA Corp., Lakewood,
California, USA) on a Leica DM4000B LED micro-
scope (Leica Microsystems GmbH, Wetzlar, Germa-
ny) with an N PLAN L 20/0.40 lens (Leica Microsys-
tems, Wetzlar, Germany). A region of interest (ROI)
containing one microchannel was selected for record-
ing. If the chip consisted of many channels (32 or 16),
then for each sample at least 4—7 different channels
were recorded on one microchip. To obtain statistical-
ly correct results, the total number of cells analyzed in
each experiment was more than 1000.

To calculate the speed of movement of red blood
cells in microchannels simulating microcapillaries of
the circulatory system, an original algorithm devel-
oped in the MATLAB software package was used
(The MathWorks: https://zenodo.org/records/6639046).
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To highlight moving cells in images, the fore-
groundDetector function was used, which converted
the image into a binary mask, where 0 is the back-
ground pixel and 1 is the moving object pixel. After
that, the markers recorded the time of entry and exit of
the cell from the registration channel. The developed
algorithm has several levels of self-tests to eliminate
incorrectly defined cell passages.

The average rate of cell movement in the micro-
channels thus obtained was normalized to the rate of
fluid flow, which was determined by cell movement
in wider supply channels:

AN
v,) s,
where V' — normalized value of cell velocity; V, —
cell velocity in a narrow channel (in pixels/frame); -
average cell velocity in a wide channel (in pix-
els/frame), equal to the flow velocity in a wide chan-
nel; S, — the cross-sectional area of the narrow chan-
nel; S,, — the cross-sectional area of the wide channel.

Statistical analysis was performed using Excel
2016 software (Microsoft Corporation), OriginPro
2021b (Origin Lab Corporation), and GraphPad
Prism 8 (SanDiego, California, USA). Data are ex-
pressed as M £+ SD (in terms of mean and standard
deviation); analysis of normality of distribution was
performed using the Shapiro-Wilk test; differences be-
tween groups were assessed using Student's t-test with
two values. An unpaired t test was used when compar-
ing data between microarrays of different sizes.
A paired test was used to compare tBOOH exposure
data. Significant differences were recorded at uncer-
tainty p < 0.05. The number of biological samples n
analyzed in each MFD type is shown in Tab. 1.

Tab. 1. Number n of samples analyzed with each
MFD type

RESULTS AND DISCUSSION

Model of effect on erythrocytes

When developing MFPs for assessing red blood
cells, a key parameter is the mean cell volume (MCV)
and how this volume can change under different influ-
ences. In addition, the behavior of erythrocytes in
a flow is set by their relative rigidity, which depends
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on the intracellular hemoglobin content and the prop-
erties of the membrane (the interaction of the lipid bi-
layer and the cytoskeleton). The circulating pool of
erythrocytes is a population that is heterogeneous in
its biophysical parameters (age, wear); the red blood
cell distribution width (RDW) indicator shows the de-
gree of disturbance of the entire cell population. OS
was selected as a condition that has a strong effect on
cytological indicators of erythrocytes.

Changes in cell volume and membrane stiffness
occurring during OS can change the biophysical pa-
rameters of erythrocytes during transit through micro-
channels [14].

To test MFDs in the range of possible deviations in
the size and rigidity of erythrocyte membranes, an
oxidative stress model was selected, and preparatory
experiments were carried out to assess the transforma-
tion of rat and human erythrocytes. Comparative anal-
ysis of the accumulation of oxidized forms of hemog-
lobin during RBC incubation at 0.5 x 109 cells/mL,
3 hours, at 37 °C (Fig. 1, a) and red blood cell swel-
ling (Fig. 1, 6), showed that changes in rats occur
much more intensively than in humans. The accumu-
lation of oxidized forms of hemoglobin is evidence of
a change in the stiffness of erythrocyte membranes,
which was shown by direct atomic force microscopy
[14]. Disruption of volume regulation due to a de-
crease in the overall viability of erythrocytes (Fig. 1,
r, calcein test) led to increased hemolysis (Fig. 1, B).
The findings indicate that incubation conditions of rat
erythrocytes with tBOOH 1 mM should be considered
as a severe effect causing the death of red blood cells
both by apoptotic (externalization of phosphatidylse-
rine, annexin test, Fig. 1, 1) and necrotic pathways
(hemolysis, Fig. 1, B). Enhanced microparticle forma-
tion is possible in both variants of red blood cell death
(data presented in Appendix Fig. IT) [21].

Fig. 1. Cytomorphological changes in human (n = 9)
and rat (n = 7) erythrocytes by tBOOH 1 mM induced
oxidative stress, 3h.

Exposure causes: a — accumulation of non-functional
forms of hemoglobin (methemoglobin, MetHb, and
hemichrome, Her); 6 — red blood cell swelling
(MCV); B — significant increase in hemolysis; T —
decreased activity of intracellular esterases (Calcein-
AM viability test); 1 — phosphatidylserine output on
the outer side of the membrane (Annexin V-FITC
test); e — relative sizes of rat and human red blood
cells can be represented by a microphotograph, scale
20 pm.

Methods: a, 6 — spectrophotometry; B — hematolog-
ical analysis; T, 1 — flow cytometry.

p — probability of error of comparative statement
(uncertainty) by Student's t-test

Pre- and post-incubation human MCV with
tBOOH 1 mM was 87.5 = 1.1 vs. 106.4 + 8.1 FI (with
uncertainty p < 0.001); for rats — 48.1 £ 1.2 vs.
61.4+3.9 Fl, p <0.001. Although the exposure condi-
tions were similar, the starting MCV value of rats and
humans differs by 1.81 times, which obviously could
affect the specific concentration of oxidant per cell
volume.

When developing the MFD, the size of erythrocytes
in a normal state (Fig. 1, ¢) and limit MCVs at swelling
during OS induction (Fig. 1, 6) were taken into account.

The development of the MFD included two design
directions — creating a topology that simulates the si-
nus of the spleen and creating a topology that simu-
lates the capillary network.

Tab. 2 presents the characteristics of the developed
MFDs.

Tab. 2. MFD topology and dimensional characteris-
tics

Simulated spleen sinuses in a microfluidic device

The spleen is the largest lymphatic organ, protects
the body from pathogens entering the bloodstream,
and also serves as a filter that can remove red blood
cells from the circulation due to their physiological
aging or pathological changes [30]. Computer simula-
tion results show that the spleen selects red blood cells
to continue blood circulation based on their geometry,
which provides critical boundaries linking surface
area and volume of healthy red blood cells beyond
which red blood cells do not meet "the test for physi-
cal fitness "and do not pass through the slits of the
spleen sinuses [31]. With the help of such a "fitness
test," the body gets rid of erythrocytes with disorders.
To simulate spleen sinuses (see Fig. 2, a), the MFD was
equipped with a microchannel design presented in
Fig. 2, 0.

Fig. 2. Schematic diagram of spleen sinus (a) and
MFD microchannels simulating spleen sinuses (0, B).
The frame on the diagram (a) highlights the sinus
slit, this section on the microchip (0) is indicated by
a dashed rectangle, a cavity element is made in front
of the entrance to the slit. Normal red blood cells ac-
cumulated in front of the microchannels, but could
pass them (B). Erythrocytes treated with tBOOH
1.0 mM, 1 h, became rigid, their accumulation
caused channel occlusion. Diagram of spleen sinus is
given in [34]
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The design of this MFD provided a small depression
in front of the entrance to the microchannel (chamber in
front of the sinus entrance), the width of the microchan-
nel was 1.5-2 pum; height 2.7-3.2 pm, length 10-15 pum.
These parameters were selected according to the value of
the upper limit of the height of the splenic sinus slit
based on experiments for determining ultrastructural
characteristics using a transilluminating electron micro-
scope [32]. The actual shape of the slits in the spleen is
not rectangular, but is an elongated ellipse. It is impossi-
ble to make holes with such a cross section by soft litho-
graphy, and by 3D printing it is possible to keep the
shape, but it is impossible to achieve such dimensions.

The effective stiffness of the endothelial cells lining
the gap is about 100 times higher than that of erythro-
cytes [33], PDMS stiffness is also higher than cell stiff-
ness (100 kPa + 3 MPa, depending on the method of
preparation), which partly corresponds to the conditions
of the spleen sinus model. Test results showed that
healthy rat red blood cells can pass through such narrow
microchannels, but only one cell at a time.

To test the ability of red blood cells to pass MFD mi-
crochannels that mimic spleen sinuses, an oxidative
stress model was chosen. We have previously shown
that RBCs exposed to the organic peroxide tert-
butylhydroxyperoxide (tBOOH) in certain concentra-
tions, spherize and swell [21]. Oxidative stress-induced
increase in red blood cell volume can impede their pas-
sage through microchannels. Testing of erythrocyte flow
behavior showed that treatment with even low concen-
trations of tBOOH 0.3-0.5 mM hydroperoxide, 3 h,
causes almost complete stopping of transit and clogging
of microchannels. In this case, the data obtained are con-
sistent with the literature data on erythrocyte sequestra-
tion with deformability disorders. Poorly deformed and
abnormal red blood cells cannot squeeze into narrow in-
terendothelial slits and return to circulation. They remain
in pulp space and are utilized through phagocytosis by
macrophages or dendritic cells [31].

The results obtained show that, due to the close cor-
respondence of the developed MFD to the biological
structure of the splenic sinuses, such a microchip can be
used to assess the effect of xenobiotics (drugs, toxins) on
erythrocytes. Additionally, the functionality of such
chips can be enhanced, for example, by introducing ma-
crophages into the flow buffer. Macrophages concen-
trated in the cavern region will attack red blood cells
with disorders that emit "eat me" signals — externaliza-
tion of phosphatidylserine to the outer side of the mem-
brane and the formation of new recognition sites due to
the transformation of the band 3 protein (AE1).
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However, this MFD topology had significant draw-
backs — the microchip could only be used to qualitative-
ly assess the ability of red blood cells to pass through
microchannels and the likelihood of their occlusion.
Even manual counting of cell movement was difficult,
since several red blood cells could accumulate in the
chamber in front of the entrance. In this regard, it was
concluded that, despite the close correspondence to the
biological prototype, this MFD topology is of little use
for quantitative assessment of the movement of red
blood cells in microcapillaries.

Capillary network simulation in a microfluidic device
with microchannel array

The main gas exchange between red blood cells
and body tissues occurs when red blood cells move
along microcapillaries, the sizes of which are compa-
rable or smaller than the size of the cells. To do this,
they must be able to deform, maintain the elasticity of
the membrane and cytoskeleton. Under the influence
of oxidative stress, there is an increase in the volume
of cells, their sphericization, and an increase in the ri-
gidity of the membrane and cytoskeleton, which can
lead to decreased red blood cell capacity to navigate
the microcapillaries of the circulatory system. To
study the effect of OS on red blood cells, two MFD
topologies were developed, called the "capillary net-
work." Fig. 3, a, shows a fragment of an MFD with 32
parallel channels with dimensions of 3.0 x 8.0 x 330 pm,
before each of which a small catching chamber was
made to direct cells into the channel.

Fig. 3. Microfluidic chip with a parallel arrangement
of 32 microchannels.

a — general view of a fragment of the microchip, be-
low is the area for recording the movement of red
blood cells (3.0 x 8.0 x 330 pum).

6 — histograms of the distribution of the average
speed of movement along the microchannels of human
and rat erythrocytes, normally and after exposure to
organic t-butylperoxide (tBOOH).

Microchip images were taken using a Leica DM4000
BLED optical microscope with 5x (top) and 20x
lenses (recording area)

This MFD showed sufficient sensitivity to abnor-
malities in erythrocyte cytology parameters. A de-
crease in the rate of erythrocyte passage was detected
after exposure to tBOOH 1 mM in humans (p <
<0.027), but not in rats (p < 0.054). The distribution
of red blood cells by rate is shown in Fig. 3, 6. The re-
sults showed that this MFD has the following disad-
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vantages: 1 — uneven supply of erythrocyte suspen-
sion to recording channels (occurrence of zones with
recursive movement of suspension); 2 — impossibili-
ty of software processing of video files, manual count-
ing of a large array of frames is required. In further
experiments, this version of the MFD was not used.

Capillary network simulation in a microfluidic
device with parallel microchannels
and leveling chamber

After analysis of experimental results in an MFD
with 32 parallel 330 pm microchannels, it was pro-
posed to make a separate supply channel to each mi-
crochannel simulating a capillary of the circulatory
system. This makes it possible to more evenly bring
cells to each microchannel and thereby provide the
possibility of computer processing of the resulting
video files with cell movement. Initially, this MFD
topology was developed for human erythrocyte
movement studies in microcapillaries (see Fig. 4), and
included two modifications of cell suspension injec-
tion: direct and distributed input, as well as three va-
riants of recording channel lengths (see Tab. 2).

Fig. 4. General view of MFD with a distributed cell
suspension supply system, an alignment chamber and
16 parallel microchannels

The image above (a) shows half of the MFD chan-
nels; from below (0) — a channel for recording the
movement of erythrocytes with  dimensions
2.2 x 8 x 200 um, where 1 — a software marker for
determining the time of cell entry into the micro-
channel, 2 — a software marker for determining the
time of cell exit from the microchannel; bright line —
the trajectory of the cell in a wide channel to calcu-
late the fluid flow rate in the MFD channels.

Images taken with 5x (a) and 20x (0) optical micro-
scope

Preliminary testing showed that the distributed in-
jection of cell suspension ensures their uniform supply
to all 16 measuring microchannels. The length of the
measuring channels was chosen to be 200 pm, since in
such channels it is possible to reliably determine the
average cell speed using a video camera with a re-
cording frequency up to 1000 fps. Also, channels of
this length do not create too much hydraulic resis-
tance, which makes it possible to use hydrostatic pres-
sure to organize the movement of liquids in the MFD.
A leveling microchannel was added in front of the
measuring microchannel to reduce the scatter in the
speed of erythrocyte movement [36]. Thus, all further

experiments to determine the optimal width of micro-
channels for studying the movement of rat erythro-
cytes under the influence of OS were carried out in an
MFD with this topology.

Analysis of the video of the movement of red
blood cells in microchannels 1.5 x 8 x 200 pm
showed that at this width occlusions are possible even
by normal red blood cells of rats. Induction of OS by
treatment of 1 mM tBOOH cells, 3 h, led to an in-
crease in the volume of red blood cells, which caused
multiple occlusions and made the channels poorly
passable for rat red blood cells. Based on the results, it
was concluded that such sizes of microchannels are
not suitable for quantitative recording of microrheolo-
gy disorders, and only a qualitative analysis of the
ability of rat red blood cells to pass through microca-
pillaries of this size and the likelihood of occlusions is
possible (see Fig. 5).

Fig. 5. Image of 1.5 x 8 x 200 um microchannel oc-
clusion by rat erythrocytes caused by mismatch of
microchannel width to cell size.

Image taken with a Leica DM4000 BLED optical mi-
croscope with a 20x lens, one of 16 recording micro-
channels is shown

Red blood cell movement data analysis in micro-
channels with sizes of 3 x 8 x 200 microns showed
that in such microchannels it is possible to record vi-
olations of the microrheology of human erythrocytes,
but they have low sensitivity to disorders of rat red
blood cells because they are smaller in size and vo-
lume (MCV). In the Appendix, Fig. IT shows plots of
the mean speed distribution of human and rat red
blood cells treated with tBOOH 1 mM, 3 h, in micro-
channels with dimensions of 3 x 8 x 200 um.

Analysis of the movement of erythrocytes in mi-
crochannels with a width of 2.2 x 8 x 200 microns
showed that such a microchip quite well records viola-
tions of the microrheology of both human and rat
erythrocytes. The choice of sizes of microchannels is
due to the fact that normal red blood cells can freely
pass through them, and spherified ones, as a result of
various damages, have a reduced speed due to friction
against the walls.

Since under OS caused by tBOOH 1 mM, 3 h, the
range of human MCV values was 101-112 fL, while
for rats 58.4-63.8 fL, it is obvious that rat red blood
cells, even in a swollen and spherified state, will have
a significantly lower volume than healthy human red
blood cells. It can be assumed that the decrease in the

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2



PA3SPABOTKA M OHTUMMU3BALIUSI MUKPODIIOUJIHOIO YCTPOMCTBA

rate of transit of rat erythrocytes in microchannels was
due not only to the influence of cell volume, but also
to a change in their rigidity under the influence of OS.

It is known that erythrocyte stiffness increases dur-
ing structural changes in cytoskeletal proteins, cell
spherization due to the loss of part of the membrane,
and clustering of transmembrane proteins [37, 38].
That is, the decrease in the rate of transit of rat eryt-
hrocytes in the microchannels could be due not only
to the influence of cell volume, but also to a change in
cell deformability. The obtained data on the move-
ment of rat erythrocytes in microchannels suggest that
it is reasonable to continue the study of the cytological
response to OS in rats in more depth. This will make it
possible to compare the morphological and cytologi-
cal transformation of membranes and biophysical pa-
rameters of rat and human red blood cells and more
fully use microfluidic testing.

Study of MFD with parallel channels
of variable depth

At the level of the capillary network of the circula-
tory system of animals and humans, the diameter of
microvessels can change. To simulate the conditions
that arise when the diameter of the microcapillaries
changes, as well as to reduce the hydraulic resistance
of the supply microchannels, an MFD with a micro-
channel height difference of 84 um (see Fig. 6) was
developed.

Fig. 6. Image of MFD with channels with stepped
height change.

At the boundary of the depth change, congestion and
occlusion of red blood cells occurs, preventing their
further movement into the measuring microchannel.
The arrow indicates the accumulation of erythrocytes
at the height difference of the microchannel. Images
taken with Leica3 optical microscope with 20x lens

Due to the limitations of the technology for making
silicon master molds for soft lithography of MFDs
from PDMS, it is possible to change the depth of the
channels only step by step. Testing of the obtained
MFDs showed that the stepwise difference in the
depths of the microchannels serves as a place for the
accumulation of red blood cells, creating congestion
and occlusion. In this regard, in further experiments,
this version of the MFD was not used and it was con-
cluded that the use of other technologies for the manu-
facture of MFDs, for example, high-resolution
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3D printing, is required to simulate capillaries with
a variable cross section.

CONCLUSION

Red blood cells, being the most numerous cells in
the body, perform their main function of gas exchange
and gas transfer, moving along the microcapillaries of
the circulatory system, the sizes of which are compa-
rable or smaller than the size of the cells. The main
factors that determine the deformability of red blood
cells, allowing them to pass through such small capil-
laries and deliver oxygen to peripheral vessels, or-
gans, and tissues, are the high ratio of membrane sur-
face to volume (morphology), the intrinsic viscosity of
the cell, and the viscoelastic properties of the mem-
brane [38—42]. The use of microfluidic technologies
makes it possible to directly simulate the movement of
erythrocytes in microcapillaries under conditions of
blood microcirculation and quantitatively analyze the
effect of drugs on it in vitro [43]. Due to the fact that
humans and animal models used in preclinical studies
have different sizes and volumes of red blood cells,
the topology and specific sizes of MFD microchannels
need to be optimized for a specific organism. [44].

Studies have shown that the geometry and dimen-
sions of MFD microchannels should be selected tak-
ing into account the characteristics of not only
healthy, but also damaged cells to ensure the possibili-
ty of recording changes in the biophysical parameters
of red blood cells under the influence of oxidative
stress. The most critical size of a microchannel, affect-
ing the sensitivity of measuring the speed of movement
of red blood cells in it, is its width. Screening of nine dif-
ferent MFD topologies determined that a microfluidic
channel of 2.2 x 8 X 200 um was optimal for measuring
changes in the biophysical characteristics of both hu-
man and rat erythrocytes, caused by oxidative stress,
induced by incubation of the cells for 3 hours with
tert-butyl hydroperoxide at a concentration of 1 mM.
An increase in channel width from the optimal 2.2 pm
up to 3 pum led to the fact that MFPs became com-
pletely insensitive to changes in the biophysical prop-
erties of red blood cells in laboratory rats, and also
became less sensitive to changes in the properties of
human red blood cells. In contrast, decreasing the op-
timal width of microchannels resulted in their multiple
occlusions by healthy blood cells of both humans and
rats, making it impossible to use such MFDs for quan-
titative studies. The length of the measuring micro-
channels is also an important parameter, since it im-
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poses requirements on the video camera recording the
cell movement. When wusing cameras with
a shooting frequency of up to 1000 frames per second,
the length of the microchannels must be at least
200 microns. If the MFD contains an array of micro-
channels, then the distributed system for supplying
blood cells to measuring microchannels, based on
their sequential separation into 2 channels, has shown
itself most well. Its use made it possible to more even-
ly feed cells to the input of measuring microchannels,
control their speed and an amount for recording the
movement of the unit cells.

Thus, in the course of the study, the optimal topol-
ogy of the microfluidic device and the size of the
measuring channels for in vitro modeling of the
movement of red blood cells of laboratory rats and
humans in microcapillaries of the circulatory system

under conditions of oxidative stress were determined.
The optimal MFD contained 16 microchannels with
dimensions of 2.2 x 8§ x 200 um and a distributed cell
delivery system to them, which provided a measure-
ment of erythrocyte velocity with an accuracy suffi-
cient to detect a subpopulation of damaged rat and
human slow erythrocytes in vitro. The appearance of
such a subpopulation indicates the toxic effect of the
oxidizing agent and the excess of the capabilities of
the built-in antioxidant system to protect cells from
oxidative stress, which leads to the loss of their func-
tion [14]. Developed MFDs have broad prospects for
further study of the effect of oxidative stress on hu-
man and laboratory animal red blood cells, as well as
for monitoring the biophysical and functional proper-
ties of erythrocytes in preclinical and clinical studies
of drugs.

APPENDIX

volume (RDW).

Fig. II. Analysis of relative rates of microparticle formation, and population heterogeneity enhancement by eryt-
hrocyte volume under tert-butylperoxide-induced oxidative stress, 1 mM, 3 h.

a — microchannels 3 x 8 x 200 pm: a population of red blood cells of humans (z = 3) and rats (n = 2); 6 — in mi-
crochannels 2.2 x 8 x 200 um: erythrocytes of humans (n = 9) and rats (n = 8); dashed box — a subpopulation of
slow cells, the appearance of red blood cells with impaired ability to pass narrow microchannels; B — increased
loss of part of the membrane as a result of the formation of red blood cell microparticles; r — cell expansion by

Data are presented as M £ SD with p-values indicated by Student's t-test (ns — no differences)
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