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of Erythrocyte Membranes in Suspension

Onucanbl TUHAMUYECKUH METOX U YCTPOUCTBO, NPEJIONKEH AJITOPUTM pacdyera CPEeIHEro MOAylsi MeMOpaH PUTPOLMTOB,
HaXOASIIUXCS B CYCIIEH3UH M IPOTEKAIOLINX yepes3 IUIoCKuil kaHai. [IpencTaBiieHbl 3KCIIepUMEHTaIbHbIC JaHHbIE 3HAaUCHUH MOAYIISA
cIIBUra MeMOpaH 3pUTPOLIUTOB B 3aBUCUMOCTHU OT TEMIIEPaTyPhl U CPOKOB THIIOTEPMHUECKOI0 XpaHEHUS KPOBH.

Knroueesvie cnosa: Monynb cABUTra, KIETOUHAS CyCIICH3Us, MeMOpaHa SpUTPOLIUTA, INIOCKUHA KaHal.

OnucaHi AUHAMIYHUI METOJ i MPUCTPIi, @ TAKOXK 3aIIPOIIOHOBAHO AJITOPUTM PO3PaXyHKY CEpeHBOr0 MOIYIS 3CyBy MeMOpaH
CPUTPOLHTIB, SIKi 3HAXOAATHCA B CyCIIeH31T Ta MPOTIKAIOTh KPi3b IUI0CKHUii kaHan. HaBeqeHo ekcriepuMeHTaNbHi AaHi 3Ha4eHb MOTYJIS
3CyBY MeMOpaH epUTPOLIUTIB B 3aJISKHOCTI Bijl TEMIEPATypH i CTPOKIB TiOTepMiYHOr0 30epiraHHs KpoBi.

Kniouosi cnosa: monynb 3cyBy, KIITHUHHA CYCIICH3isl, MeMOpaHa epUTPOLIUTA, IUIOCKHIA KaHaJl.

A dynamic method and a device are described; an algorithm for calculation of the average shear modulus of membranes of suspended
erythrocytes flowing through a flat canal is suggested. Experimental data on erythrocyte membrane shear modulus depending on
temperature and terms of hypothermic storage of blood are presented.
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B HacTosmee Bpems peoaornueckue XxapakTepuc-
THUKH KPOBH (BSI3KOCTb, arperarys SpUTPOLUTOB, HX Jie-
(hopmanms 1 ap.) ABISIOTCS MPEAMETOM CHETHATbHBIX
WICCIIEIOBAaHUH, 3a71a4a KOTOPHIX — BEISICHEHHUE U TPaK-
TOBKAa OCOOCHHOCTEH (DU3UKO-XUMUUIECKUX CBOMCTB
KPOBH, ONPEAEIISIIONINX CTPYKTYPY KpOBOTOKA. OHUM
13 OCHOBHBIX PEOJIOTHYECKHUX CBOMCTB SBISETCS Je-
(hopMHPYEMOCTh KIIETOK, KOTOpasi ONPENEIIeTCs] MO-
OYJISIMU YTIPYTOCTH KJIETOUYHBIX MEMOpaH.

Cy1ecTByeT HECKOIBKO METOJ0B ONpPEACICHHUS
MOJYJIEH yIPYroCTH MEMOpaH 3pUTPOLIUTOB, O3BO-
JAAOMMUX MOJTYYUTh YUCICHHBIE UX 3HAYEHHS (M
MHOKECTBO METOJIOB, KOTOPHIE MOKA3BIBAIOT TOJBKO
Ka4eCTBEHHYIO KapTuHy ). Hanbomnee Tounble, Ha HAII
B3IVISi], CTATUYECKHE METOIBI: BTATUBAHUE KIETKU
WM €€ YaCTH B MUKPOKANWJUIAP, CKATHE KIETKH
MEXIY IBYMsI IDIOCKUMH MOBEPXHOCTAMHU H Ap. [2].
Jns 5THX METOMOB pa3BHTa TeopeTHueckas 06aza u
oTpaboTaHa METOJIMKA MOCTAHOBKU IKCIEPUMEHTA.
OpHaxo NaHHBIE METOB! YPE3BBIYANHO TPYILOEMKH,
TpeOyIOoT BBHICOKOW KBalu(UKAalUU NMEepcoHana H
MO3BOJISIIOT 00paboTaTs OrpaHUYEHHOE KOJIUYECTBO
KJIETOK B 00pas3Iie 3a peajibHbI IPOMEKYTOK BPEMEHH.
[ToaToMy KX TpyJHO BHEAPUTH B KIIMHUYECKYIO IIPaK-
THKY.

B sTom rutane Oosee mepcrneKTHBHBI TaK Ha3bIBae-
MBle TUHaMH4Yeckue mMetoasl. K HuUM oTHOCATCA
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Atpresent time the blood flow rheological characte-
ristics (viscosity, erythrocyte aggregation, their defor-
mability efc.) are a subject of special research, the
challenges of which are clarification and interpretation
of peculiarities of blood physical-chemical properties
determining blood flow structure. Cell deformability,
which is determined by cell membrane elasticity modu-
lus, is one of the main rheological properties.

There are few methods for determination of eryth-
rocyte membrane elasticity modulus, which allow obtai-
ning its numeric values (and a lot of methods, which
show a qualitative pattern only). The most precise ones,
to our mind, are statistical techniques: pulling-in of a
cell or its part into a capillary, compression of a cell
between two flat surfaces efc. [2]. A theoretical basis
has been elaborated for these methods, and principles
of experimental procedures have been worked through.
However the given methods are extremely labor-
consuming, require a highly-qualified staff and allow
processing a limited quantity of cells in a sample within
a real period of time. That is why they are difficult to
apply in clinical practice.

In this aspect so-called dynamical methods are
more promising. Methods of forcing cell suspensions
through capillaries or through close-meshed array
belong to them [3, 10, 11]. These methods allow
processing a very big quantity of cells per one expe-
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METOBI MPOJABINBAHUS CYCII€H3UH KJIETOK 4Yepe3
KaIMUISIPBI WJIH MEJTKOSTIEHCTYI0 permeTky [3, 10, 11].
OTH MeTOAbI TO3BOJISIOT 00paboTaTh B OTHOM JKCIIe-
PUMEHTE O4YEeHb OOJBIIOE KOJTUYECTBO KIETOK 3a OT-
HOCHTENILHO KOPOTKHH TPOMEXKYTOK BpeMeHU. OJHaKo
OHM MMEIOT pAJl CYLECTBEHHBIX HEAOCTaTKOB. Tak,
HECMOTpS Ha XOpOILIO pa3paboTaHHyIO Teopuio [3],
MIPOZIaBIIMBaHKE CYCIIEH3UH KJIETOK Yepe3 KPyIVIbIi Ka-
MU, THAMETP KOTOPOTO MEHBIIIE pa3Mepa KIETKH,
TPYIHO OCYIIECTBUTH IKCTIEPIMEHTAIBHO, TIOCKOJIBKY
M3-32 OYEHb MAJIOTO TIPOXOAHOTO CEUEHUS ITH KaIUII-
JIApBI OBICTPO 3aKYTOPHUBAIOTCS, YTO HE MO3BOJISET
HCCIIeIOBaTh OTHOCHUTEIHHO OOJbINNE 00BEMBI CyC-
neH3un. MenKos9encThie peneTKH 00Ia1aloT J0CTa-
TOYHO OOJIBIIMM MPOXOJHBIM CEUCHHUEM, COCTOSIIIIM
13 MHOXECTBa MEJIKMX KaHAJOB, O3TOMY B XOZE
9KCIEPUMEHTA OHO MOKET ITOCTENIEHHO YMEHBIIATHCA
13-3a 3aKyNOPKH OTAENBHBIX KaHAJIOB.

Msl npeqiaraeM AMHAMHYECKHI METOX omperne-
JICHUS MOAYIISl CABUTa MEMOpaH 3PUTPOLMTOB, CycC-
MI€H3MUs KOTOPBIX MMPOAABINBAETCS Yepe3 III0CKHH I1e-
JIEBOM KaWIIISP IPU M3BECTHBIX MEeperaie JaBIeHUs
Y CKOPOCTH TeueHus B Kamwusipe. [IpoxogHoe ceve-
HUE KaHaJIa [oJTy4aeTcs OTHOCUTEIHHO OOIBIIUM IPH
OY€Hb MaJIO BBICOTE LIEH, [I03TOMY AaHHBIA METOH
o0BenHAET B ce0e MpenMyIecTBa METOA0B MPOJIaB-
JIMBAHUS Yepe3 KPYIIbIA KallWIJIsIp U MEJTKOSTUEUCThIe
pemetku. K TomMy ke 1o B3aMMOACHCTBHIO KJIETKH C
[TOBEPXHOCTBIO KaHala IpeiaracMblii METOA TIOJI0-
OeH METONy CKaTus KIETKH MEXAY ABYMsI IJIOCKOC-
TSIMH, YTO [O3BOJISIET UCIIOIB30BATh U3BECTHYIO (hOp-
Myny [2] ans pacueTa MOy CIBUTA IOCJIE HEKOTO-
potii ee MoaUpHUKAIHY.

ens paboThl — pa3paboTKa METOIa M1 yCTPOHCTBA
JUTSL OTIPEJICIICHUSI CPEHET0 MOJIYJISl CIBUTa MEMOpaH
SPUTPOLIUTOB, HAXOAAIINXCS B CYyCIIEH3UH, IIPH ITPOTE-
KaHWH CYCIIEH3MH KJIETOK Yepe3 IITOCKUIT KaHal.

MaTtepuarbl n meTOAbI

B skcnepuMeHTax MCHOJIB30BaIU SPUTPOLMTEI,
MOJTyYEHHBIE U3 BEHO3HOW KPOBHU 3J0POBBIX JIOHOPOB.
Hns ynaneHus IJa3Mbl, JIEHKOIIMTOB M APYTHX
(OpMEHHBIX 3JIEMEHTOB C MOMOIIBIO LEHTPUPYTH-
posanus nipu 3000 06/mMuH B Teuernue 10 MUH KpOBb
TPEXKPATHO OTMBIBAJIM B M30TOHHYECKOM (HU3HOIO-
rugeckoM pacteope (0,15 M NaCl + 5 uM docdar-
Horo Oydepa) ¢ pH 7,4. [ns monydeHust HeoOXo-
JUMOTO [TOKA3aTeNs TeMaTOKPUTa SPUTPOLIUTHI ITOCIIE
CHSATHS HaI0CaJ0YHOH KHUIKOCTH pa30aBIIsiId H30TO-
HUYECKUM (PU3HOJIOTHUSCKUM PacTBOPOM Ha ocdat-
HoM Oydepe. B sxcriepriMeHTax IPUMEHSUIN CyCIICH3UH
SPUTPOLUTOB C oKazaTesneM remaTokpura 10 + 1,5%.
HccnenoBanu SpuTpOLUTEI KPOBH, KOTOPast XPaHUIIACh
npu temneparype 4°C B Teuenue 3 1 9 CyTOK.

JUis M3rOTOBJICHUSI KAIWLISIPOB HCIONb3YIOTCS
CTaJIbHble UHBbEKLMOHHBIC UIJIbI C BHYTPEHHUM JHa-
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riment within a relatively brief period of time. Neverthe-
less they have a number of grave disadvantages. Thus,
for example, despite the well-elaborated theory [3]
forcing cell suspensions through a round capillary, the
diameter of which is less than the cell size, is difficult
to perform experimentally, since such capillaries are
clogged quickly because of the small open flow area,
which prevents studying relatively large volumes of
suspensions. Close-meshed arrays have the open flow
area that is big enough and consist of many minute
canals, that is why it can reduce gradually due to clog-
ging individual canals during the experiment.

We suggest a dynamical method for the determi-
nation of shear modulus of erythrocyte membranes,
which is based on forcing suspensions through a flat
slit capillary under a certain pressure differential and
flow velocity in the capillary. The open flow area proves
to be big enough when the slit height being very little,
so this method combines advantages of methods of
forcing through round capillaries and close-meshed
arrays. Besides, by cell-canal surface interactions the
method suggested is similar to methods of compression
of cells between two surfaces, which allows using the
known formula [2], after it had been modified, for
calculation of shear modulus.

The aim of the work is development of a method
and a device for the determination of the average shear
modulus of erythrocyte membranes in suspension
when the suspension is flowing through a flat canal.

Materials and methods

Erythrocytes isolated from healthy donors’ vein
blood were used in the experiments. To remove plasma,
leukocytes and other blood corpuscles blood was
washed out three times in isotonic physiological solution
(0.15 M NaCl + 5 uM phosphate buffer) with pH 7.4
by centrifuging at 3,000 rpm for 10 min. After the
supernatants had been collected, erythrocytes were
diluted with physiological solution on phosphate buffer
to get a desired hematocrit value. The erythrocyte
suspensions with hematocrit 10 £ 1.5% were used in
the experiments. Erythrocytes from blood stored at
4°C for 3 and 9 days were studied.

Steel injection needles with the inner diameter
0.5 mm and the wall thickness 0.1 mm were used to
manufacture capillaries. The needles are pinched
between two flat surfaces under a fixed force to get a
gap of the necessary size. In that way a flat slit canal
(a capillary), the main discriminating size of which (the
slit height) is less than the erythrocyte size, is shaped.

Capillaries with the slit height » within the range of
2.2-3.2 mm, width, w, 0.8—-0.9 mm and length, L, 2mm
were applied in the experiments. The slit height above-
mentioned had been chosen in such a way as to
guarantee membrane deformation of an erythrocyte
passing between the capillary walls, since at high shear
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metpom 0,5 MM 1 TommmHON cTeHkH 0,1 MM, KOTOpBIE
MEPEKUMAIOTCS MEXKAY ABYMS MIIOCKHMH MOBEPX-
HOCTSIMH [IPY HOPMUPOBAHHOM YCHJIMH IS IOJTy YEHHS
3a30pa (1wenu) HeoOXoaUMOoro pa3Mepa. Takum myTem
MOJTy4aeTcs MJIOCKUI MIENeBO KaHami (Kamuuisp),
OCHOBHOH XapaKTepHUCTHUYECKUN pa3Mep KOTOpPOTO
(BBICOTA 1IENM) OyAET MEHBIIE pa3Mepa SPUTPOLIUTA.
Cxema kaHana mpencrasieHa Ha puc. 1. Crmoco6
M3MEepEeHHs pa3MepoB KallWJUIIPOB OMHCcaH B [4].

B skcniepriMeHTax MPUMEHSUTH KaHJUISPHI C BbI-
coToii menu b B uHTEpBate 2,2—3,2 MKM, IIUPUHON W
0,8-0,9 MM u mmHON L = 2 MM. YKa3aHHas BbICOTa
mieny OblIa BRIOpaHa TakuM 00pa3oM, 9TOObI TapaH-
THPOBATH ehopMaIrro MEMOpPaHBI YPUTPOIIUTA, TIPO-
XOISILEro MeXIy CTeHKaMM KalWUIApa, MOCKOJIbKY
IIPH BBICOKUX CKOPOCTSIX CIIBUTA SPUTPOLIHT B IIOTOKE
nMeeT (HopMy BBITSHYTOTO JJUTUIICOM/A BpAIICHHUA,
MaJas OCh KOTOpOro paBHa 3,65 MKM (7151 3pUTPOLIATA
CPE/IHETO paszMmepa: IIOWalb MOBEPXHOCTH S =
129,95 mxm?, 06beM V= 97,91 mxm® [9]), u mpu yka-
3aHHOM BBICOTE IIEJIN KJIETKA 00s3aTeNIbHO OyIeT Jie-
(hopmupoBaThCS.

WccnenoBanus npoBowIN Ha yCTPOHUCTBE, pa3pa-
6otaHHOM B MHCTHTYTE MpoOiIeM KPHOOWIOTHH H
kpuomeauiuael HAH Ykpaunsl coBmectHo ¢ HITD
“Kpuoxon” (r. XapskoB). Cxema yCTpOHCTBa IpHBe-
JIeHa Ha puc. 2.

VYerpoiictBo paboraer cienyoomum odpazoMm. B
MOJIOCTH 4 SYEHKHN | MOMENAoT CyCIeH3UI0 KIETOK
[IpH BKJIIOUEHHOH 3apaHee CHCTEME TepMOCTa0MIn3a-
uuu 10, mocie yero ycTaHaBIMBarOT Kanmuiuisp 2. 3a-
TEM BKJIIOYAIOT 3JIEKTPOJBUTATENb 9, KOTOPHIN nepe-
MeIaeT MOopIIeHb §, MmoaaBas pabouylo JKHIKOCTh
(BOMHBIN pacTBOP ITHIIOBOTO CIIMPTA, TIO3BOJISTFOIITHI
pabotaTsb npu Temnepatypax Hmwxe 0°C) U3 HUIMHIpa
7 B TOJNOCTbH, PACHOJIOKEHHYIO HMKE THOKOH MeMO-
pansI 3 o Tpy6omnpoBoay 5. Pabodas ;kuakocTh mpo-
rubaeT MeMOpaHy 3, IMEIONIYIO CIIEIHATBHYI0 (popMy,
B MOJIOCTBh 4, BBITAIKUBAS U3 HEE KIETOUHYIO CYCIIEH-
3uto0 yepes kanmuap 2. [1pu atom B paboueit xuakoc-
TH OyZeT MOBBINIATHCA NIABJICHHE N0 TeX IOp, MOKa
MeMOpaHa 3 He MPOTHETCS M CYCIIEH3Hs HE TIOTEUET
yepes Kanmuisip 2 ¢ TOCTOSHHOM CKopocThio. M3Mepss
C IOMOIIIBIO JaTYMKa 6 naBieHue B pabodei )KuaKoc-
TH (C y4eTOM 3apaHee OMpeAeIeHHOTO JaBICHUS,
HE00X0IUMOT0 JIJIs Iporrda MeMOpaHkI 3 pu JaHHOH
TeMIIepaType), MOXKHO PacCuUnTaTh HaNpsHKEHHE CABU-
ra. 3Hast CKOpPOCTb ABMKEHUS OPILIHSA &, MJIOMIAAb €r0
MOMEPEYHOTO CEYECHHUS W IJIOMIAAb MOMEePEeTHOTO
CEUYEeHHUs KallWjIsipa, JIETKO OMPEAeNUTh CKOPOCTh
C/IBHTa MIPU TeUEHUU cycrnieH3uu. O0beM siueiku s
o6uoobnexra — 0,1 cm?. OOt 06beM paboueii KuI-
koctu — 30 cM®. Bonee mompoOHOE OIKMCAaHHME YCT-
poiicTBa u ero paboThl IpHUBEACHO B pabote [6].
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Puc. 1. Cxema 110CKOr0 1I€JIEBOro KaHaJa.
Fig. 1. The scheme of a flat slit canal.

rates the erythrocyte in flow has a shape of the oblong
ellipsoid of revolution, the minor axis of which is
3.65 um (for the erythrocyte of the average size: the
surface area S,=129.95 pum’, the volume V,=97.91
pum? [9]), so under the indicated value of the slit height
a cell is bound to become deformed.

The experiments were carried out on the device,
which had been designed by Institute for Problems of
Cryobiology and Cryomedicine of National Academy
of Sciences of Ukraine in association with SPC “Cryo-
kon” (Kharkov). The scheme of the device is presented
in Fig. 2.

The device functions in the following way. After
starting the thermostabilization system 10 the cell
suspension is placed in cavity 4 of chamber 1 and the
capillary 2 is installed. Then electric motor 9 is brought
into operation and moves piston 8, which load the
power fluid (water solution of ethanol, which allows

Puc. 2. Cxema ycTpoiicTBa 1151 UCCIIEAOBAHMUS MOIYJISI CIBUTA
MeMOpaH IPUTPOIHTOB: | — srueiika it OnooObeKTa; 2 —
Kamsip; 3 — rubkast MmemOpaHa; 4 — uccienyemas cyc-
neH3us (0no00BEKT); 5 — TpyOONpPOBOI; 6 — aTUKK JaBjic-
HUSL; 7 — IMIMHAD ¢ padouei JKUIKOCThIO; 8 — ITOpIIeHb; 9 —
aneKTpoaBUrarens; 10— cuctema TepMocTaOHIN3aIiH.
Fig. 2. The scheme of the device for studying shear modulus
of erythrocyte membranes: 1 — chamber for the bioobject;
2 — capillary; 3 — flexible membrane; 4 — the suspension
studied (bioobject); 5 — pipe connection; 6 — pressure gau-
ge; 7— cylinder with power fluid; 8 — piston; 9 — electric mo-
tor; 10 — thermostabilization system.
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Pe3yAbTaThl M 00CYyXXA€HHe

Hampsixenue capura 7 B y3KOM IJIOCKOM KaHale
€CTh OTHOIIICHHE CUJIBI F, IefCTBYOIIIEH Ha OOKOBYIO
MOBEPXHOCTh KaHajla, OTHECEHHOM K YIBOEHHOM 110~
maam S, 9TOM MOBEPXHOCTH [8],

T=F/2S). (1)

Ecnu u3BecTHBl nepenaj aaBiaeHus AP BAOIb
KaHaJa, 10 KOTOPOMY IPOTEKAET CyCIIEH3US, U pa3Mme-
PpBI KaHana, To cuiia F onpeensercs U3 COOTHOILICHUS:

F=APS,

e S, = w/b — miommab IpOXOIHOTO CEYEHHS KaHaa.
[Tnomane oHOM CTOPOHBI OOKOBOW TOBEPXHOCTH
KaHaja:
S, =wL
[loxcraBnss atu cooTHomeHUs B ypaBHeHue (1),
TT0JTy9aeM BBIPAYKEHHUE JIJIS OTIPEACIICHUS HATIPSHKECHUS
CIBUTA IIPU TCUCHUH CyCIICH3UH B TUIOCKOM KaHAJIE:

APb
CONETA @

JT0 ypaBHEHHUE COBNAIACT C YPaBHEHHUEM, ITPUBE-
JIEHHBIM B [8].

UTo0B!I y4ecTh HaNpsKEHUE CABUra, CO3JaBacMOe
TEUCHHEM TOJIHKO COOCTBEHHO KJIETOK, HEOOXOIUMO
BBIUCCTh HAIIPSXKCHUE CABUTA TGH, co3aaBacMocC 1pu
TCYCHUHN BHCKJICTOYHOU CPEIbI:

Ty =T, T, G

Hampsokenue cnsura, co3iaBaeMoe MpU TEYCHUH
BHEKJIETOYHOT'O PACTBOPA, MOXHO OTPE/EIUTh, 3HAS
BA3KOCTh BHEKJIETOYHOIO pacTBopa (L, ) IPH IaHHOK
TEMIIepPaType U CKOPOCTh CABHTA P TEUESHUH CyCIICH-
3UH.

B pabote [8] nmpuBeaeHO ypaBHEHUE TSI OTIpEIe-
JICHUsI BSI3KOCTH CYCIICH3HMH, NPOTEKAIOIICH depes
eNIeBo Kamuuisp (TUTOCKUM KaHa):

_ APwb’
ll‘tcyc 1 2 QL ’ (4)

rae Q — 0ObEeMHBIN pacXo[l CyCIICH3HH.

Ucxonsa u3 Toro, 4to M, = Tm/)/cyc U C YYETOM
ypaBHEHUs (2), JETKO ONPENETUTh CKOPOCTh CABHUra
CYCIIEH3UU B KaHaJe:

60
y c = 2 5
o = )

ITockombKy BHEKJIETOUHAS Cpela NOJKHA JBH-
raThCs CO CPEIHEN CKOPOCThIO, paBHOM Cpe/lHEN CKO-
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functioning at temperatures below 0°C) from cylinder
7 through pipe connection 5 into the cavity located be-
low flexible membrane 3. The power fluid inflects
membrane 3, which is of special shape, into cavity 4
pushing the cell suspension through capillary 2 from it.
During this process the pressure in the power fluid
will increase until membrane 3 is inflected and the cell
suspension flows through capillary 2 with a constant
velocity. Shear stress can be calculated by measuring
pressure in the power fluid with the help of gauge 6
(taking into account the pressure value determined in
advance, which is necessary for inflexion of membrane
3 at a certain temperature). Knowing the movement
speed of piston 8§, its cross section area and cross
section area of the capillary one can determine shear
rate easily when the suspension flows. The chamber
volume for the bioobject is 0.1 cm3. The total volume
of the power fluid is 30 cm?. The more detailed de-
scription of this device and its functioning is specified
in the work [6].

Results and discussion

Shear stress 7 in a narrow flat canal is the ratio of
the force F affecting the canal side surface to the
duplicated area S, of this surface [8],

T=F/2S.). (1)

If the pressure differential AP along the canal,
through which the suspension flows, and its dimensions
are known, the force F'is calculated from the relation:

F = APS,

where S = w/b is the open flow area of the canal.
The area of one side of the canal side surface:
S, = wL
Inserting these relations in equation (1) we get the
formula for the determination of shear stress under
the suspension flow in the flat canal:
APb
T .= 2
sus 2L ( )

This equation coincides with the equation given in
[8].

To take into account the shear stress originating
from the cell flow one should subtract shear stress 7,
originating from the extracellular medium flow: “

Tcell - Tsus - Tex : (3)

The shear stress originating from the extracellular
solution flow can be calculated if extracellular solution
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POCTHU TCUCHUSA BCel CYCIICH3UH, HAIIPAKCHUC CABUT'A
IpU TCUCHUUN BHEKJICTOUHOM CpeablL

T@H = ‘LL 6H J/cvc'

[MockonbKy ToNIIMHA MEMOPaHBI SPUTPOIINTA PAB-
Ha (3-5)x10°m u cocrasisier Mensine 10% paanyca
kpuBu3HHI KieTkn, MBernc U. u Ckeitnak P. [2] peko-
MEHYIOT pacCMaTpUBaTh YCJIOBHSI PABHOBECHS CHII
[IpY TIOMOIIX YPAaBHEHUH TEOPHUU TOHKUX 000JI0UEK,
T. €. CUJIBL, IPUIIOKEHHBIE K 3PUTPOLUTY, yPaBHOBELIH-
BAaIOTCA CUJAMH, JEHCTBYIOIMMHU B IJIOCKOCTH
0007I0YKH, 2 UMEHHO HaTsDKeHusMU. M3rubaromme
MOMEHTHI JJAl0T BKJIaJ BTOPOTO MOPSAAKA MAJIOCTU H
B JAaHHOM Cllyyae MOTYT HE paccMaTpuBarbcs. B Toit
xKe paboTe MpUBOIUTCS GopMysa AJs pacueTa CHIIBI
F, HeoOXoamMoi# AJisl CTUTIONIUBAHUS KIETKH MEXIY
IBYyMsl TUIOCKMMH TOBEPXHOCTSIMU HMPU H3BECTHOM
MOJyJle YIPYroCTH KieTouHo meMmOpanbl F~f(T),
rme T — u3oTpomHOE HATSHKeHHE MeMOpaHbl. Takum
00pa3oM, B Ka4eCTBE MOAYIIS YIIPYTOCTH PacCMaTpu-
BaeTCsl MOYJIb H30TPOITHOTO HATSHKEHUSI MEMOpaHBI,
a MOAYyJeM CIOBUTa MpeHeOperalT u3-3a ero Maylou
BEJINYMHBI.

Mgl ipeanonaraem, 4To y SpUTPOLUTOB, IPOXOIs-
LIMX Yepes3 IIeNeBOi Kanuusip, MeMOpaHa HaTsSHyTa,
HO €Il€ HE MOABEPKEHA U30TPOIHOMY PaCTSIKEHUIO.
OTO0 NOATBEPKAAETCA TEM, UTO B CIBUTOBOM IIOTOKE
[IOPOTOBOE 3HAYCHUE HANPSHKEHHs CABHUTa (IIPU BO3-
NEHCTBUH OT HECKOJBKHUX CEKYyHJ 10 MHHYT) HaXo-
nutcs B muanazone 100-500 I1a [16]. B mammx skcrre-
pUMEHTax HanpspkeHne capura He npesbimano 20 [1a,
T. €. MeMOpaHa KJIETKH HE MOXXET OBITb pacTSIHYTA.
[Tostomy B hopmyre A pacueTa CHIIBI IIPH CKATHH
KJIETKH MEXKY ABYMS MJIOCKUMH MOBEPXHOCTAMH [2]
H30TPOIHOE HATSDKEHHE MOKHO 3aMEHHTH Ha HaTS-
JKEHHE CIBUTa, T. €.

27R,R’T,
e ©
0 i

B nanHOoM ciayuyae hopma CIUTIOIIEHHOW KICTKH
paccmarpuBaeTcs B Buie nucka. [Ipu atom R — pa-
JMYC KIETKU 0 3KBATOPY; R, — pajinyc MATHA KOH-
TaKTa KJIETKH C IOBEPXHOCTHIO; T — HATSDKEHHUE C/IBH-
ra MeMOpaHbI KIETKH.

OnHako, €ciiu 3aMeTHTh, YTO 27R | sBIAETCH
[EPUMETPOM P, CIUTIOLICHHO! KIICTKH [0 9KBATOPY, a

R’
R, - R’

PaBHO3HAYHO OTHOIICHUIO HJIOHIa)Ieﬁ

S -S>
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viscosity (i, ) at the given temperature and shear rate
under the suspension flow are known.

The equation for the determination of viscosity of
the suspension flowing through the slit capillary (flat
canal) is formulated in [8]:

3
AP (4)
120L
where Q is volume flow rate.
From the fact that u =7 /y, and in view of the
equation (2) shear rate of the suspension in the canal
can be calculated easily:

60 | 5)

whb?

’}/s‘ux -

Since the extracellular medium is supposed to move
with the average velocity equal to the flow average
velocity of the whole suspension, shear stress under
the extracellular medium flow is

Tex = ‘LL ex ysus'

Since erythrocyte membrane thickness is (3—5)x
10~ m, which is much less that 10% from the radius
of curvature of a cell, Evans and Skalack [2] recom-
mend to consider the forces’ equilibrium conditions
using the equations of the theory of thin shells, which
specificy that the forces applied on the erythrocyte
are counterbalanced by the forces exercing in the shell
plane, viz. tensions. Bending forces make a contribution
of second order of vanishing, so they can be neglected
in this case. The authors gave also the formula for
calculating the force, F, necessary for compressing a
cell between two flat surfaces with the known cell
membrane elasticity modulus: F~f{T), where T is
isotropic tension of membrane. Thus, modulus of mem-
brane isotropic tension is considered as elasticity modu-
lus, and shear modulus is neglected because of its minor
value

We assume that in erythrocytes passing through
the slit capillary the membranes are strained, but not
undergone isotropic extension. This is confirmed by
that fact that in shear flow the threshold level of shear
stress (under impact lasting from several seconds to
minutes) is within the range of 100-500 Pa [16]. In
our experiments the shear stress did not exceed 20 Pa,
i. e. the cell membrane could not be extended. That is
why in the formula for calculating a force during com-
pressing a cell between two flat surfaces [2] isotropic
tension can be replaced by shear tension, i. e.

_2mRR'T,
e (6)
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riae S — IUIoIa b KOHTaKTa KIETKH CO CTEHKOM, S, —
IUIOMIA/b KIETKH IO 3KBATOPY, TO MOXKHO PAaCIpoCTpa-
HUTD 3TOT PE3yNbTar Ha JII00y10 GOpMy KIETKH, 3aKa-
TOW MEXIy OBYMsI MOBEPXHOCTAMH. Micxoas u3 3Toro
ypaBHeHHE (6) MOXeET OBITh IPEACTABICHO B BUJE:

— Pe TS S KC

= , 7
" SL’ - SK(T ( )

e Fm‘ — CHJIa B3aMMOJIENCTBHUS KIETKU CO CTEHKOM.
Cruty B3aMOJICHCTBUS KIIETKH CO CTEHKON MOYKHO
ONPENEIUTh U3 COOTHOIICHUS:

F =27 S (8)

Kc K Kc

Hatsoxenue capura onpeaensieTcs: ypaBHEHHEM [2]:

\/12 A

rae M — Momynb cBUTa MeM6paHI)I 3PUTPOLNTA; A, U
A, — OTHOCHTETIBHBIE YITHHEHH MEMOPaHBI B 9KBaTO-
pHATHHON U MEPUINOHAIBHON MIIOCKOCTAX COOTBET-
CTBEHHO.

g onpeneneHus ynInHEHN MeMOpaHbl HE00X0-
MO 3HaTh ()OPMY SPUTPOLMTA B TOTOKE. M3BecTHO,
YTO MpPH ABWKEHUH B MUKPOKAMWUIIPHON cucTeMe
SPUTPOLUTHI IPUHUMAIOT MAPAIIIOTO00Pa3HYIO HOpPMY
[14]. Mo>xHO npeanoiI0XuTh, Kak U B padoTte [1], uto
Ha TOAXOAE K LIEIH IPUTPOLUTH UMEIOT HOpMy
(puc. 3), xoTopas UMHTUPYET HOpMY HapalIoTa.

[Tpu o6beme sputporuta V= 97,91 Mxm® u mwto-
1311 ToBepXHOCTU S, = 129,95 MKM* pajuyc KIeTKH
R,=3,216 mxm [1].

[Toce BxoxxaeHMs B IETh KJIETKAa MEHIET GopMy.
®opma, KOTOPYIO MPUHUMAET KJIETKa B IIEIEBOM
KaHaJIe 101 BO3ACWCTBUEM BHEUTHHUX CHJI M YIIPYTOCTH
MeMOpaHBbI, Takke He u3BecTHA. OTHAKO, TTOCKOIBbKY
MOAYJb YIPYTOCTH MEMOpaHBI SIBIISICTCS. HEU3BECTHOM
HCKOMOU BETMYMHOM, POpMON KIETKH MpHUAETCA
3anarbes. Mcxons u3 Toro, 4To IpH BBICOKUX CKOPOC-
TSIX CABUTA SPUTPOLIUTHI B IOTOKE IPUHUMAIOT POPMY
aIMIICON A BpaleHus [15], a B HaImX sKciepuMeH-
TaxX CKOPOCTH CIBHTra MMEIOT mopsgok 10°-10° ¢
To OpUTa mpuHSATA (hOpMa KIETKH B BHJE DIIIUICA
(puc. 4).

Jns onpenenenus noxyoceu a v ¢ 3JUIdrca msaTHa
KOHTAaKTa KJIETKUA C TIOBEPXHOCTHIO KaHaia (puc. 4)
HEOOXONMO PEIINTh CUCTEMY YPaBHEHHH, OTIPEIEIsI-
FOIIUX TUTOMIAb 1 00BEM TaKOH KIETKH:

S, =2mc+ 2P +h(P,—P)
2 (10)
h* b?

npo6ne|v|b|
proﬁwonorvm
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In this case the shape of a flattened cell is consi-
dered as a disc. Herewith R is cell equator radius; R,
is radius of the cell-surface contact spot; 7' is shear
tension of cell membrane.

However if one notes that 27R  is the equator peri-
meter of a flattened cell, and

R}
R} - R’

is equivalent to the area relation
S

cw

b
S(f - S(’W

where S~ — cell-wall contact area; S, — cell equator
area, this result can be extrapolated for cells of any
shape, compressed between two surfaces. On this
basis the equation (6) can be transformed into:

PTS

_ e s cw 7
o S e S cw ( )

where F — cell-wall interaction force.
The cell-wall interaction force can be calculated
from the relation:

F, =218, (8)

cw cell
The shear tension is determined by the equation [2]:

-4, 9

T =
’ 2),2),2

where M is shear modulus of erythrocyte memb-rane;
A, and A, are relative elongation of membrane in the
equatorial and meridional planes, correspondingly.

It is necessary to know the shape of erythrocyte in
flow to determine membrane elongations. It is known
that while moving in a microcapillary system erythro-
cytes take a parachute-like shape [14]. One can assu-
me as well as in the work [ 1] that erythrocytes approa-
ching the slit are of the shape that imitates a parachute.

When the erythrocyte volume ¥ is 97.91 pm* and
the surface area S is 129.95 pm?, the cell radius R, is
3216 um[1].

After a cell has entered the slit, its shape changes.
The shape, which the cell takes in the slit canal under
the influence of outer forces and membrane elasticity,
is unknown. However, as the membrane elasticity mo-
dulus is an unknown desired quantity, the cell shape
has to be specified. From the fact that at high shear
rates erythrocytes in flow take a shape of the ellipsoid
of revolution [15], and in our experiments shear rates
are within the range of 10*-10°sec™, an ellipsoid-like
shape of the cell was accepted (Fig. 4).

To define the semiaxes a and c of the ellipsoid of
the cell-canal surface contact spot one need to solve
the combined equations determining the area and
volume of this cell:
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[
Puc.3. ®opma KIETKH Ha MOAXOJIE K LLIEIH.
Fig. 3. The shape of a cell approaching the slit.

rje P_— nepuMeTp MATHA KOHTAKTa:

P =4a+(2p—-4)c (a>c),

MEPUMETP KIIETKH 110 IKBATOPY:
P =4(a + b/2) + (2p — 4)(c+b2).

Pemas cucremy ypaBHenuit (10), monydaem
ypaBHEHHE AJsi OOJBIION MOJIYOCH 3JUIMIICA MSATHA
KOHTAaKTa a:

12V, —=3bS, +b°(P, - P,)
a=
6mhc ’

Majas 1moJiyoCh ¢ onpeacA€TCsa U3 YpaBHCHUSA:

1 5+S0—zb(Pe—PK) :3ac+§bPK
| b 6 8

KOTOPO€ PELIaeTCsl YUCIEHHO.
Torna oTHOCHTENbHOE YNJIWHEHUE B DKBATO-
PHATBHOM MIOCKOCTH:

2nR,°

1
a TIOCKOJIBKY PacTsDKEHHE CABUTOM IPOMCXOAMT 0e3
W3MEHEHUS IUIOIIAad TOBEPXHOCTH [2], TO OTHO-
CHUTEJBHOE YIUTMHEHHNE B MEPHINOHAIBHOM IIIOCKOCTH
A, HaXOIUTCS U3 yPABHEHHS:
AL =1
[Inomanp KOHTAKTa KIETKU CO CTCHKOU
S = mac,
Kc
a MJIoMaAb KJIETKH B 9KBAaTOPHUAIILHON TNIOCKOCTH

S, = n(a + bR)(c + b2).

[Moncrapmsist B ypaBHeHwue (8) popmyny (3) u ipu-
paBHUBAs €r0 K ypaBHEHHIO (7), TIOJIy4aeM COOTHO-
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S, = 27Tac+n-—bPC +b(P, - P.)

5 e :

7h? b? (10)
VO :mbc+?Pc +Z(Pe —PC),

where a and ¢ are major and minor semiaxes of the
ellipsoid of the cell-canal surface contact spot; P -
perimeter of the contact spot:

P =4a+(2p-4)c (a>o),
and the equator perimeter of the cell is:
P, =4(a + b2) + (2p — 4)(c+b/2).
Having solved the combined equations (10) we get

the equation for the major semiaxis a of the contact
spot ellipsoid:

=127, —3bS, +b°(P,—P,)
61hc

b

and the minor semiaxis is determined from the equation:

L L S, — zb(Pg —P,)|=3ac+ ébPC
wlb 6 g
which is solved numerically.

Then the relative elongation in the equator plane is:

P

- 27R, ’

and as extension by shear occurs without the surface
area changes [2], the relative elongation in the
meridional plane A, is found from the equation:

1

/11/12 =1.
The cell-wall contact area is

S = mac,
cw

2c+b 2c

2a+b

Puc. 4 ®opma KISTKH P ABUKCHUH B IIETIH.
Fig. 4. The shape of a cell moving in the slit.
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IICHUE TS ONPECIICHHs HATSHKEHHS CIBUTA MEMO-
PaHbI KJIETKH TPU TSUYCHUHU CYCTICH3UH KIJIETOK Yepes
TUTOCKYIO IIEITh:

e

(11)

[IpupasauBas ypasHenus (9) u (11), momyyaem
ypaBHEHHE IJISl OTIPEACIICHUS MOIYJS CIABUTA MEM-
OpaHBI HPUTPOIIHTA!

_ARKES. =S,
Ve o =12)

B skcriepuMeHTax UCTIONIB30BaNIN CYCIIEH3UH 3PUT-
POIIMTOB C Pa3HBIMHU IMOKa3aTEISIMH Te€MaTOKPHUTOB
(10 +1,5%). Onrako n3MEHEHHE TeMaTOKPUTAa IIPUBO-
IUT K U3MEHEHUIO HalpspKeHHs caBura. UtoOwl He
JOBOJUTH T€MATOKPHT /10 33JJAaHHOW BEJIMYMHBI U HE
IIPOBOAMTH €TI0 TOTIOJIHUTEIbHBIE H3MEPEHUS, MOKHO
BOCIIOJIB30BATHCS 3aBUCHMOCTBIO ISl TTPUBEIEHUS
MOJyJsl CABUTA K 3aJJaHHOU BETMYMHE TeMaTOKpUTA,
YTO aCT OUYEHb HE3HAYUTEIBHOE OTKIOHEHHE BEJH-
4YUHBI MOAyJs caBura. B pabore [5] mokaszaHo, 4To
HaIpsKEHUE CABUTA AJIA CYCIEH3HM C pa3Iu4HbIM
FeMaTOKPUTOM MOXHO MPUBECTH K HANPSIKEHUIO
c/BMra T, TP reMaTOKpuTe /{ ¢ HOMOIIBIO Cle-
JYIOIIEr0 COOTHOIIEHHUS:

T,.=1, (Hcyc/Hi)OAg%’
r1e T, — HANpPSOKEHWE CABMIa NMPH M3MEPEHHOM
nokasaresue rematokpura H.

MBI npuBOAMIN BCE M3MEPEHHS K IOKa3aTENro
rematokputa 10%.

Bbutn poBeieHBI SKCIEPUMEHTBI 110 ONPEAETIEHUI0
MOYJISl CIBUTa MEMOPaH SpUTPOLIUTOB, HAXOISIIUXCS
B CYCIIEH3UH, B 3aBUCHUMOCTH OT TEMIIEpaTypsl U
CPOKOB T'MTIOTEPMHYECKOTO XPaHEHHS KPOBH.

Ha puc. 5 npuBeneHsl pe3ynbTaThl 3KCIIEPUMEHTOB
10 OIIPEJENICHUIO MOYJISl CIBUI'a MEMOpaH IPUTPO-
LIUTOB KPOBU 37JOPOBBIX TOHOPOB B M30TOHUYECKOM
¢usmonormueckom pactBope (remarokput 10%) B
3aBUCHMOCTH OT TEMIEPATYPhI U CPOKOB TUITOTEPMH-
YECKOT'0 XpaHEHUs KPOBH.

U3 [2] u3BecTHO, uTo mipu 20°C BeTMYUHA MOAYIS
CIBUTa MEMOpaH SpUTPOLUTOB HAXOIUTCS B IIpeeax
(4-7)x10°° H/m. B Hammx sKcriepUMeHTax MpH TOH
e TeMIEepaType 1 nocie 3-X CyTOK XpaHEeHUs! KpOBU
MoJIyueHa CpelHsAs BEeJIWYMHA MOAYIS CABUTA
MeMOpaH 3PUTPOIMTOB, HAXOISAIINXCA B CYCIIEH3HH,
nopsiika 7,7x107¢ H/m.

Uro kacaercsi GopMbI KpUBBIX (pUC. 5), TO OHA
TOXKE€ BIIOJIHE YJIOBJIETBOPUTENIBHO COINIACYETCs C JIU-
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and the area of the cell in the equatorial plane is
S, = m(a+b/2)(c+b/2).

Inserting formula (3) in equation (8) and equating
the latter to equation (7) we get the relation for the
determination of the cell membrane shear tension under
the cell suspension flow through the flat slit:

]"Y — 2(SL’ B SCW )(T
“ P

e

sus - T&\' )

(11)

Equating equations (9) and (11) we get the equation
for the determination the erythrocyte membrane shear
modulus:

212
M:M(TWI\'_ ‘V)'
Ppe-xl

Erythrocyte suspensions with different hematocrit
values (10 £ 1.5%) were used in the experiments.
However the hematocrit changes lead to shear tension
changes. Instead of changing the hematocrit to a desired
value and its additional measurement one can use a
functional dependence for reduction of the shear
modulus to a desired hematocrit, which gives only an
insignificant fluctuation in shear modulus values. It was
shown in [5] that the shear tension for suspensions
with different hematocrit values can be reduced to the
shear tension 7 with the hematocrit H__using the
following relation: '

= T (H, HY
where 7, is shear tension at the measured hematocrit /.

We reduced all the measurements to the hematocrit
value of 10%.

The experiments on determining the erythrocyte
membrane shear modulus in suspensions depending
on blood hypothermic storage temperatures and terms
were carried out.

The results of the experiments on determining the
membrane shear modulus for erythrocytes from heal-
thy donors’ blood in isotonic physiological solution (he-
matocrit of 10%) depending on blood hypothermic
storage temperatures and terms are presented in Fig. 5.

It is known from [2] that at 20°C the erythrocyte
membrane shear modulus values are within the range
of (4-7)x10° N/m. In our experiments at the same
temperature after 3 day storage of blood the average
value of the suspended erythrocyte membrane shear
modulus was 7.7x10°N/m.

As for the curves shape (Fig. 5) it is consistent
with the literature data quite satisfactory. For example,
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TeparypHbeIMH JaHHBIMH. Tak, Williamson J.R. ¢ coaBT.
[15] u Ravov A.J. ¢ coaBrt. [12] oTmeuatoT, 4uTo IpH
MOBBIIICHUN TEMITEPATYPhI Ie(pOPMUPYEMOCTH MEMO-
PaH 3pUTPOLUTOB YBEINYUBACTCS, JOCTUTAsl MAKCHU-
Myma nipu 25°C, ociie 4ero HaYMHAeT YMEHbBIIAThCSL.
OTu naHHBIe TOATBEpPXAaloTca U B padore [13], roe
MOKa3aHo, YTO MHJEKC YIJIMHEHHS 3PUTPOIUTOB B
CABUTOBOM IIOTOKE (OJUH U3 MOKa3arejed MOZyns
CIOBHUTa KJIETOYHOW MeMOpaHbl) BO3pacTaeT MpH
MOBBILIIEHUH TeMItepatypbl oT 4 10 21,5°C u HemHOTO
yMeHbIIaeTcs npu ee yBenndeHnn ot 25 no 37°C. B
HalIMX 3KCIEPUMEHTaX 3Ha4YeHHE MOXYJS CABHUTa
MeMOpaH 3pUTPOLIMTOB yMEHbIIAIoch ¢ 9,76x10°¢ H/m
npu 10°C 10 7,5x10°¢ H/m ipu 25°C, a 3aTeM HEMHOTO
MOBBIIIATIOCH 10 7,92x10° H/M nipu 36°C (st sput-
POLIMTOB KPOBH, XpaHHUBILEHCS B TEYEHHE 3-X CYTOK).
st 5pUTPOLUTOB U3 KPOBH, KOTOpas XpaHWUJach B
TeueHue 9 CyTok, HaOJIONAETCs aHAJIOTUYHAsI KapTUHA
W3MEHEHUS BETMYUHBI MOAyis casura: mpu 10°C —
14,4x107° H/m, mpu 25°C —11,92x107° H/mMuipn 36°C —
12,83%10°¢ H/m.

Kpome Toro, uMeeT MecTo 3aMEeTHOE MOBBIIICHUE
3HAUYEHUI MOYJIe CIBUTa MEMOpaH SPUTPOIUTOB MPH
YBEJIMYEHUH CPOKOB THIIOTEPMHUYECKOTO XpPaHECHUS
KPOBH, UTO TAKXKe COOTBETCTBYET Pe3yJbTaTaMm, HOIy-
yenHbiM Card R.T. u ap. [7]. CiienoBatenbHo, ompe-
JIeJIEHUE 3TOTO TapamMeTpa MOXKET CIYKUTh OJHUM
U3 [OKa3aTesiel OLIEHKU KauyecTBa KOHCEPBUPOBAHHOI
KpOBH, IpeTHa3HaYEHHOH 17151 TpaHcy3HH.

TakuMm 06pa3zoM, MOXKHO YTBEPKAATh, YTO MPEIIO-
JKCHHBIE METOJI U yCTPOHCTBO, MOTYT OBITh HCIIOJIB30-
BaHbI 1JI ONpEAENICHUs] CPEAHET0 MOAYNs CABUTA
MeMOpaH BCeX 3PUTPOLMTOB, HAXOISIIUXCSA B CyC-
TICH3HH.

BbiBOADI

1. Ilomy4deHa cpenHsAs BEIMYMHA MOIYJS CIBHra
MeMOpaH 3pUTPOIIUTOB, CyCHEHITMPOBAHHBIX B N30TOHH-
YecKoM (pU3HOIOrnIecKoM pactBope, M =7,7x10° H/m
(remneparypa 20°C), uto oueHb OIM3KO K BEIHMYMHE
MOZYJISl CABUIa MEMOpaH HOPMaJIbHBIX 3PUTPOLIUTOB,
TIPUBENICHHBIX B IUTEpatype [2].

2. ®opMa KpUBOM 3aBUCUMOCTH CPEIHETO MOTYIIS
CIIBUTa MEMOpPaH 3PUTPOLIUTOB, HAXOMSILMXCS B CYCIICH-
31H, COOTBETCTBYET JaHHBIM JIUTEpaTypsl 12, 13, 15].

3. Benmnunnaa MOnmyIst caBUTa MEMOpPAaH IPUTPO-
LIMTOB BO3PACTaeT C YBEIMUYEHHUEM CPOKOB THIIOTEP-
MUYECKOTO XpaHEHHsI KPOBH, YTO TAK)XKE COOTBETCT-
ByeT U3BECTHBIM JUTEpaTypHbIM JaHHBIM [7].

4. IlpennaraeMblii HAMH METOJ TPOJABIMBAHUS
KJIETOYHOM CYCIIEH3WH Yepe3 UIOCKUNA KanvIIsp s
HU3MEPEHUs CPEeAHEro MOAYIs CIBUTa MEMOpaH 3pu-
TPOLUTOB, HAXOAALIUXCSA B CYCIIEH3UH, MOXKET OBITH
WCTIONTF30BAH JIJISl HAYYHBIX M METUITTHCKUX LIEJIeH.
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Puc. 5. 3aBucruMOCTb MOIYJISI CABUTA MEMOPAH SPUTPOLIUTOB
OT TeMIIEPaTypHl U CPOKOB XpaHeHus. | —3-e cyTok; 2—9
CYTOK.

Fig. 5. The dependence of the erythrocyte membrane shear
modulus on blood hypothermic storage temperatures and
terms. 1- 3 days; 2 — 9 days.

Williamson et al. [15] and Ravov et al. [12] note that
the erythrocyte membrane deformability enhances with
increase in temperature reaching the maximum level
at 25°C, afterwards it starts declining. These data are
also confirmed by [13], in which it was shown that the
index of erythrocyte elongation in shear flow (one of
the parameters of the cell membrane shear modulus)
enhanced when temperature increased from 4 to
21.5°C and declined slightly when temperature increa-
sed from 25 to 37°C. In our experiments the erythro-
cyte membrane shear modulus declined from 9.76x
10N/m at 10°C to 7.5x10°N/m at 25°C and then
enhanced slightly to 7.92x10° N/m at 36°C (for the
erythrocytes from blood stored for 3 days). For the
erythrocytes from blood stored for 9 days a similar
profile of the shear modulus changes was observed:
at 10°C — 14.4x10°N/m, at 25°C — 11.92x10°N/m
and at 36°C — 12.83)x10°N/m.

Besides there is a conspicuous rise in the erythro-
cyte membrane shear modulus with the prolongation
of blood hypothermic storage, which also corresponds
to the results obtained by Card et al. [7]. Consequently
the determination of this parameter can serve as an
index of quality evaluation of preserved blood desig-
nated for transfusion.

Thus we can assert that the method and device
suggested can be applied for the determination of the
average shear modulus of membranes of all the
erythrocytes in the suspension.
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Conclusions

1. The average value of the shear modulus of
membranes of the erythrocytes suspended in isotonic
physiological solution, M'="7.7x10°N/m (temperature
0f 20°C) is obtained, which is very close to the normal
erythrocyte membrane shear modulus indicated in [2].

2. The curve shape of the dependence of the
average shear modulus of the erythrocytes membranes
in suspension corresponds to the data in [12, 13, 15].

3. The erythrocyte membrane shear modulus
enhances with the prolongation of blood hypothermic
storage, which also corresponds to the results in [7].

We suggest the method of forcing cell suspensions
through flat capillaries for the determination of the
average shear modulus of the erythrocytes membranes
in suspension, which can be used for scientific and
medical purposes.
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