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Iesb McciiefoBaHUA — BBISIBJIEHHE OMOMEXaHIYeCKUX 3aKOHOMEPHOCTeH IyDOoKo#H nedpopManyy MmeM-
OpaH HaTUBHBIX IPUTPOITUTOB IIPHU JIJIUTETHHOM (0 32 CYyTOK) XpaHEHUH 3PUTPOITUTAPHOI B3BECH.

MarepuaJjibl M1 MeTOABI. MeTooM pelleHnsl YKa3aHHOH MpoOJIeMbl SBJISIETCS aTOMHO-CHJIOBAsI CIIEK-
Tpockonus. iamepsiin hy;,, — LIyOHHY, 10 KOTOPOU MPOIECC MOTPy KEeHMsI 30H1a OTTMCHIBAETCSI B3ANMOIE -
CTBUEM C OINHOPOAHOU cpenoil. [losyyanu sMnupudeckue U TeOpeTU4ecKue 3aBUCUMOCTHU CUJIbI B3AUMO-
nevictBus F (hH) or TiyOuHBI Torpyskenust 3ouaa h (Hm) — F (h). CTpowJii TUCTOTPaMMBI TIJIOTHOCTH
OTHOCHTEJIbHBIX 4acTOT MoayJiA IOHra E.

Pesyasrarel. Monyis E mensncsa or 9,3+3,2 klla — nj1a 3 cyTok xpanenusd, 1o 22,7+8,7 klla — njsa 32
cytok. KoaddumuenTt acummerpun 1y1s1 3 cyTok coctaBu 0,52+0,04, a 1151 32 cyrok — 0,82+0,09. Bemmunna
hy, IpY 9TOM OCTaBaIACh IOCTOSHHOM.

3ak/rouenue. [1o Mepe XpaHEeHHsI 9PUTPOIUTAPHON B3BECH MEMOPAHBI 9PUTPOIUTOB 0 TTIyOMH 700 HM
MIPOrubIIICH OMHOPOIHO, HECMOTPS Ha TO, YTO MOoxysih FOHTa Bo3pacTan B 2.4 pasa.

Krtoueswle crosa: 3pumpoyumal; Hcecmrocs membparsl; 0ehopmayusi; XxpaneHue Kposu; amoMHO-CU-
J108asL CNEKMPOCKONUSL

Purpose of the study — to evaluate biomechanical regularities of deep deformation of native erythrocytes’
membranes during long-term (up to 32 days) storage of erythrocyte suspension.

Materials and methods. The method for addressing the said problem was atomic-force spectroscopy. The
measured value was hy, comprizing the depth to which the probe immersion process was described by inter-
action with a homogeneous medium. Empirical and theoretical dependence of the interaction force F (nN)
on the probe immersion depth / (nm) — F (h) were obtained. Bar charts of relative frequency density of Young’s
modulus E were built.

Results. Modulus E changed from 9.3+3.2 kPa — for 3 days of storage, to 22.7+8.7 kPa — for 32 days. Co-
efficients of skewness were 0.52+0.04 (for day 3) and 0.82+0.09 (for day 32 d), &, value remaining constant.

Conclusion. Progressively as erythrocyte suspension was stored, erythrocyte membranes to the depth of
700 nm deflected homogeneously in spite of 2.4-fold increase of Young’s modulus.
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BBenenue Introduction

[Ipu navTeIbHOM XpaHEHUU 3PUTPOLIUTOB B In case of long-term (up to 32 days) storage of
reMOKOHCepPBaHTe (110 32 cyTOK) MeHsitoTcst Ouoxu- | erythrocytes in blood preservative, biochemical
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KanuHuueckue HCCJ/EeNOBAHUA U NIPAKTHUKA

MHYECKHe U OMOMeXaHNYEeCKIE CBOMCTBA 9THX KJle-
TOK KpoBH [1]. Kakum o6pa3om MeHsieTcs1 OroMe-
XaHUKA M KaK IPU 9TOM MEHSIeTCS 39JTaCTUYHOCTD
MeMOpaH — 9TO0 Ba’kHas1, HO MaJIOM3y4YeHHAs TeMa.
Oco0bIi MHTEPEC MTPEICTABISAET [IYOOKUH IPOTH0
MeMOpaH, COM3MEePUMBIH C TepopMaIusiMU ITUX
KJIETOK B KallWJVIAPHOM pycCJIe.

DYHKIMOHAIBHOE COCTOSTHAE 3PUTPOLUTOB
BO MHOTOM OIIpejiesisieT OMoMeXaHn4YeCKHe CBO-
CTBa UX MeMOpaH U KJIETKU B I1eJIOM. IaMeHeHUsT
MeXaHUYeCKUX XapaKTepPUCTUK KJIETOK, HaIllpU-
Mep, CHU)KeHUE UX Te(OopMUpPyeMOCTH, TO eCTh
yBeJIMYEHUE SKECTKOCTH, MOKET IPUBOAUTH K
HapylIeHUAM KaluJJIAPHOI0 KPpOBOTOKA [2-5]. B
psine pabot Mmoaysb FOHTa ompefessiioT Ha TTyou-
Hax IOTPysKeHusA 30Haa Ha 10-50 HM [6]. OgHAKO
HauOOJIBIIINI WHTEPEC TIPEICTABIsIET U3yIeHNE
3aKOHOMEPHOCTEN MPOrnboB MeMOpaH BHYTPH
KJIETOK Ha rayomssl 0,5-1,8 MukpoH. MIMeHHO
Takue TJIyOWHBI COM3MEPUMBI C (PU3UOTOTHYE-
CKUMU JedopManusiMu apuTporuToB [7]. Ode-
BHUJIHO, YTO M3MepeHue gedopmaruil SpuTpoIm-
TOB HEOOXOUMO TPOBOAUTH TOJTHKO Ha HATUBHBIX
KJIeTKax [7, 8], U MOJTHOCTHIO UCKJII0Yasi IpUMeHe-
Hue ¢urcaropos [9, 10]. Eciu B akcriepuMeHTe
HCII0JIb30BATh CyXUe 9PUTPOLUTHI, TO pe3YJIbTaThl
TaKWX I3MEPEHUH OyyT «CMeIleHbI», TaK KaK IpU
BBICBIXaHUY MEMOPAHBI CyIIECTBEHHO MEHSIOTCS
ee MexaHu4vecKkue csoucrna [11].

Panee nokasaHo, 4TO IpH AJIUTEJIHHOM XpaHe-
HUU 3pUTPOLUTAPHON B3Becu (10 32 CyTOK HpHU
Temriepatype 4°C) mMeMOpaHbl (PUIBETPOBAHHBIX
3PUTPOLIUTOB TEPSIOT JIACTUYHBIE CBOMCTBA, a UX
JKEeCTKOCTBh Bo3pacraer [1, 5, 6, 12, 13]. He acHo,
MEHSIETCSI JIX B 3TOM CJTy4ae CIOCOOHOCTh MeMOpaH
nporudarbcsi Ha 60JIbIITNE TTYyOMHBI 1 MEHSIOTCS
JU TIPA 3TOM 3aKOHOMEPHOCTH MeXaHUYeCKOTO
B3amMojiericTBusd MeMOpad. [losToMy m3y4yeHme
CITOCOOHOCTH MeMOpaH HATUBHBIX 3PUTPOIMTOB
porubarbcsi Ha 60JIbIINE IYOMHBI TPEACTABIISIET
€000 BaKHYIO HAyYHYIO IIPOOJIEMY.

HauboJiee mTepCIeKTUBHLIM METOJIOM €€
pelieHus ABJIAETCS aTOMHO-CUJIOBAsi COEKTPO-
cronusa (ACC) [8-11, 14].

IHess paboThl — M3ydyeHHE OHOMEXaHuYe-
CKUX 3aKOHOMEPHOCTEN TIyOOKO# medopmarumn
MeMOpaH HaTUBHBIX 9PUTPOITUTOB TIPH JIJTUTEITh-
HOM (10 32 CyTOK) XpaHEeHUH 3pUTPOIUTAPHON
B3BECH.

MarepuaJ 1 MeTobI

Jl11 mpoBeeHnA UCCae0BaHnusA UCII0/b30BaN
9PUTPOLUATAPHYIO B3BECh (OB) ¢ pasHbIMU IpynIIaMu
KpPOBHY, F€pMETUYHO 3allaKOBAHHYIO C aHTUKOATYJIAH-
ToM CPD (uurpar, docdar, gekcTposa) U pecycrueH -
pytomuM pactBopoM SAGM (dusuosiorunueckuil pac-
TBOp, aJi€HUH, [JII0OK03d, MaHHUT). JIOHOPCKYIO KPOBb
IIOJIyYaJIu Ha CTAHIIAY IIepeJINBaHnA KPOBU. B Teuenne
32 pHell 9pUTPOLUTAPHYIO B3BeCh XpaHuu 1npu 4°C B

and biomechanical properties of blood cells un-
dergo changes [1]. How biomechanics changes and
how membrane elasticity changes in this instance
is an important but poorly studied topic. Deep de-
flection of membranes commensurate with defor-
mations of these cells in the capillary bed is of par-
ticular interest.

The functional condition of erythrocytes
largely determines the biomechanical properties of
their membranes and cell on the whole. Changes of
mechanical patterns of cells, for example, lessening
of their deformability, i.e. increase of stiffness,
might lead to capillary blood flow disturbances
[2-5]. In a number of papers, Young’'s modulus is
determined at a probe immersion depth of 10-50
nm [6]. However, investigation of the regularities of
membranes’ deflection into cells to the depth of
0.5-1.8 microns is particularly interesting. These
are the depths that are commensurate with physi-
ological deformations of erythrocytes [7]. Measure-
ment of erythrocytes’ deformations should be evi-
dently carried out on native cells only [7, 8], and
completely excluding the employment of fixatives
[9, 10]. If only dry erythrocytes are used in an ex-
periment, the results of such measurements would
be ‘shifted’ because when a membrane dries its me-
chanical properties alter cardinally [11].

It has been earlier shown that in case of long-
term storage of erythrocyte suspension (up to 32
days at 4°C), membranes of filtered erythrocytes
lose their elastic properties and their stiffness grows
[1, 5, 6, 12, 13]. It is unclear whether the mem-
brane’s ability to deflect to greater depths changes
and whether the regularities of mechanical interac-
tion of membranes changes in such case. Therefore,
determining the ability of native erythrocytes’
membranes to deflect to greater depths is an urgent
scientific problem. Atomic-force spectroscopy
(AFS) is the most promising method to address this
problem [8-11, 14].

Purpose: to study biomechanical regularities
of deep deformation of native erythrocytes’ mem-
branes during a long-term (up to 32 days) storage
of erythrocyte suspension.

Materials and Methods

To perform the study, erythrocyte suspensions (ES)
of different blood specimens, which were tightly packed
with anticoagulant CPD (citrate, phosphate, dextrose)
and resuspending solution SAGM (saline, adenine, glu-
cose, mannitol), were used. Donated blood samples were
received at a blood transfusion center. The erythrocyte
suspension was stored at 4°Cpursuant to WHO guidelines
[15] for 32 days.

On the day of experiment, a 200 pl specimen was
sampled from each container without compromising its
tightness. At first, 100 pl of blood was three times washed
in phosphate-salt buffer, pH 7.4 (PBS Tablets, MP Bio-
medicals, USA) by centrifugation at 1500 rpm for 5 min-
utes to remove residual preservative solution. Thereafter,
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COOTBETCTBUH C pekoMeHganusAaM BO3 [15].

B neHb NpoBefeHUs ONbITa U3 KAKAOT0 KOHTeH-
Hepa oToupasu mpoby 200 MKJI, TPU 3TOM €0 TepMeTHY -
HOCTb He Hapymaiack. CHagas1a 100 MKJI KPOBU TPHYKIBI
npoMeIBaIu B pocdarHo-coseBom Gydepe pH 7,4 (PBS
Tablets MP Biomedicals, USA), ieatpudyrupys npu 1500
00. 5 MHHYT, 9YTOOBI yIQIATH OCTaTKNA KOHCEPBHUPYIOIIETO
pacTBopa. 3aTeM IIPUTOTABJIMBAIM CYyCIIEH3UIO 9pUTPO-
uuToB. [l aTOTO B 6 MJT (hocarHoro Oydepa q06aB-
A5 30 MKJT 9pUTPOIUTOB. 200 MKJI TTOJIy9€HHOU CyC-
IIeH3UW HAaHOCUJIU Ha CTeKJIO, IIpelBapUTeIbHO
IIOKpbITOE pacTBopoM nosunausuHa (MP Biomedicals,
France) [16]. Bpemsa anre3auy apuTpOITOB HA CTEKJIO C
MOJIMJINBUHOBBIM ITOKPBITUEM COCTaBJIANIO 30 MUHYT.
INosryueHHBIN 0O6paser mpoMbIBasIH B O6ydepe pH 7,4 B
Teyenue 10 CeKyH 1 U3MEPAJIU CUJIOBbIe KPUBBIE.

OneHKy AedopManuy HAaTUBHBIX 9PUTPOLUTOB
IIPOBOAUJIU C IIOMOIIBI0 ATOMHOT'O CUJIOBOTO MUKPO-
ckora (ACM) NTEGRA Prima, (NT-MDT, Russian Feder-
ation). Ilpu paboTe B 'KHUIKOCTH HEOOXOZWMMO IIpa-
BHUJILHO ITOI00paTh MapaMeTpsl KAaHTHJIEBEPa C YIeTOM
O6rIOMeXaHNYeCKUX XapaKTepPHCTHK UCCTIeTyeMOTo 00b-
eKTa [7, 17-20]. JI;1a n3MepeHnsa HaTUBHBIX 9PUTPOLIH-
TOB UCIIOJIb30BaJIX KaHTUIeBepbl SD-R150-T3L450B-10
(Nanosencor, Switzeland) c paguycom 3oHaa R= 150 HM,
pe3oHaHCcHOU yacToToii 21 KI'l1, ko9 HUIEeHTOM yIIpy-
roctu kanTuaeBepa K=1H/m.

B nporiecce IOATOTOBKY K U3MEPEHUSM [IJIs1 KaK-
JIoro 06pasna MPOBOAMIN KAIHOPOBKY KaHTUIEBEepa Ha
crekJie (8, 17, 18]. [l mosryuyeHus1 SMIUPUIECKOU CU-
JoBOM KpuBO# [ (Z) 3ajgaBaju MaKCUMaJIbHYIO Be-
JIMYWHY IToJIbeMa Mbe3oCcKaHepa Z,,,, = 4000 HM u Be-
JUYUHY TOKa ¢oToauona I= 0,5 HA. Bpems norpy xeHust
30HJA COCTaBJIAJIO ¢ = 5 CEKyHJI, Tak Kak Ipu OoJsiee
OBICTPBIX N3MEPEHUSIX CMEIAETCS OI[eHKA YKeCTKOCTH
MeMOpa#nsl [20].

JU11 KasKA0ro makeTa IPOBOAU/INA CKAHUPOBAHUE
IIOBEPXHOCTU MeMOPaH IPUTPOIUTOB B IoJIe 50X50 MKM?
¢ nomoibio ACM. 3areM B pesKrMe aTOMHO-CUJIOBOM
CIIEKTPOCKOIUU JeHCTBOBA/IN Ha KJIETKU C 33aJaHHOU
cusoi F u mostyuasnu cuitoBble KpuBble. Ha KaXKaoM 06-
pasue uamepsiiu o 100 HAaTUBHBIX KJIETOK. JIJIs KasK 101
AMITMPUYECKOU KpUBOH I (Z) TPOM3BOIMIIHU ITEPEXO]T K 3a-
Bucumoctd F (h) st pacdera momynst FOHra MmemoOpaH
apuTponuToB [7, 9]. Bcero B ncciaenoBaHuu OBLIO MPO-
a”Ha/M3upoBaHo 4400 HAaTUBHBIX KJIeTOK. CTarucruye-
CKas1 00paboTKa OJTyYeHHBIX Pe3yJIBTaToB ObljIa BBITIOJI-
HeHa ¢ oMouipio nporpamMmsl Origin Pro (Origin Lab
Corporation, Northampton, Massachusetts, USA). Bce
JlaHHbIE IIpeJ/ICTaBJIeHbl B BUJE: CpeJHee+CTaHjapTHOe
OTKJIOHEHUE.

Pe3ysbraThl ¥ 00CYyK/IeHHE

HedopMHUPyeMOCTE SPUTPOITUTOB OITPEIEIIS-
JIN TI0 CIIOCOOHOCTU MX MeMOpaH MPOTrudaThCs
BHYTPb KJIETKU IOJ AeWCTBUEM IPUJIOKEHHOU
cuibl. Cujia B 9KCIIEpUMEHTE OIeHWBAJIach MO
KPUBBIM:

F=fth), (1)

rae F (1H) — cuna, peficTBylomiasi Ha MeM-
OpaHy 9pUTPOIATA CO CTOPOHBI 30HAa; I (HM) —
nrybmHa mporubda Mmembpanbl. PyHKINH (1) TOJTY-
YeHbI II0CJIe MPeoOpa30BaHUsI HAYA/IbHBIX IMITU-
puyecKkux 3aBucumocTeit Buaa I (7); I (HA) — TOK

erythrocyte suspension was prepared. To this end, 30 ul
of erythrocytes were added to 6 ml of phosphate buffer.
200 pl of the resultant suspension was applied onto a
glass preliminarily coated with polylysine solution (MP
Biomedicals, France) [16]. Adhesion of erythrocytes on
the polylysine coated glass lasted for 30 minutes. The re-
sultant sample was washed in buffer, pH 7.4, for 10 sec-
onds, then force curves were measures.

Deformation of native erythrocytes was evaluated
with the help of atomic-force microscope (AFM) NTE-
GRA Prima, (NT-MDT, Russian Federation). Handling a
liquid, one should choose correctly the cantilever’s pa-
rameters taking into account the biomechanical proper-
ties of the object under study [7, 17-20]. To measure na-
tive erythrocytes, cantilevers SD-R150-T3L450B-10
(Nanosencor, Switzeland) with probe radius R= 150 nm,
resonance frequency 21 kHz, and cantilever’s elastic co-
efficient K=1 N/m were used.

As a part of preparation to measurements, can-
tilever calibration on glass was performed for every sam-
ple [8, 17, 18]. To obtain an empirical force curve 1(Z),
maximal piezoscanner rise Z,,,,= 4000 nm and photodi-
ode current I = 0.5 nA were set. The probe immersion
time was ¢ = 5 seconds, because in case of faster meas-
urements, the membrane stiffness estimation shifts [20].

For each bag, erythrocyte membranes’ surface was
scanned over the field of 5050 pm? using AFM. There-
after, an action was rendered on cells with preset force F
in the atomic-force spectroscopy mode to obtain force
curves. In each sample, the parameters of 100 native cells
were determined. For each empirical curve I (Z), transi-
tion to dependence F (h) was carried out to calculate ery-
throcyte membranes’ Young’s modulus [7, 9]. Total of
4400 native cells were analyzed in the study. Statistical
processing of findings was carried out with the help of
Origin Pro software (Origin Lab Corporation, Northamp-
ton, Massachusetts, USA). All data are shown as the
means + standard deviation.

Results and Discussion

Erythrocyte deformability was determined
based on the ability of their membranes to deflect
into the cell under the effect of applied force. The
force in the experiment was estimated based on
curves:

F=f(h), (1)

where F (nN) is the force acting on the ery-
throcyte membrane from the side of the probe; h
(nm) is the membrane deflection depth. Functions
(1) were obtained after transformation of initial em-
pirical correlations of type I (Z); I (nA) is the AFM
mismatch current, Z (nm) is the cantilever move-
ment. The methodology of transformation was de-
scribed in detail in our previous paper [18]. Ery-
throcyte membranes’ stiffness was estimated based
on Young'’s modulus E (N/m?). To this end, the Hertz
model was used [21]:

F = 4/3ER"°h'°, (2)

where Eis the Young’s modulus of material, R
is the indentor's radius, h is the membrane deflec-
tion depth. In this model, the power at & and R is
determined by non-linear interaction of the probe’s
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Knunudyeckue nuccjaeqoBaHud U IMpaKTUKaA

paccornacoBanusa ACM; Z (HM) — niepeMelreHne
KaHTuIeBepa. MeTonmka mpeoopasoBaHus MOT-
poOHO omnmcaHa B Hamle# mpenplayiieid padore
[18]. JKecTkoCcTh MEMOpAH 9PUTPOITUTOB OIEHU-
Banu 1o mopynao lOnra E (H/m2). Iaa aroro
HCII0JIb30BaJIX MOJlesib [epma [21]:
F = 4/3ER%°h"%, (2)

rne E — wmopnyns IOHra marepmana; R —
panuyc ugAeHTopa; h — miybmHa nmporuba Mem-
O6pansbl. B aToil Mmonenu crenenu ripu h u R omnpe-
JIeJISTIOTCST HeJTMHENHBIM B3anMOoielicTBreM cde-
pUYecKOll TOBEPXHOCTHA 30HAA C MeMOpaHOM.
HavaspHbIM yCjiOBHEM Mojenan (2) ABJIAETCA
MIPEIIOI0KEeHNE O B3aWMOMEUCTBUU 30HIA C
OTHOPOIHBIM MaTEPHUAJIOM, B HAIlleM CJy4ae C
MeMOpaHo#l apurporuTa. OTCIofa CJaeayeT, YTo
eCcJIv CTelleHb Ipu h owinyHa oT 1,5, To B3auMo-
JIeCTBYE IPOUCXOIUT C HEOJHOPOIHBIM MaTepra-
JgoM. [TosTomy, Ui OIEHKH 3aKOHOMEPHOCTEH
nporuba MemOpaH I9pUTPONUTOB B pabore
HCII0JIF30BATN ANIIIPOKCUMAITAIO SMITUPUIECKUX
KpUBBIX BUA (1) cTeneHHOH (PyHKIHEH:

F=Ikh"(3)

Crerienb n u ko3 punment k B (3) mombupa-
JIV C TIOMOIIHI0 METOa HEeJIMHEHHON alIPOKCHU-
Malnuu 3KCIiepuMeHTaJbHBIX KPUBbBIX. CreneHb n
BbIYMCJIAJIN, HAYWHAA C BEJINYNHBI hmux U Cc 11arom
5 HM, OYCKAJIMCh K MEHBITUM 3Ha4YeHUusIM h. Oue-
BUJHO, YTO IIpU 1 # 1,5 alllIPOKCUMUPYIOIAA KPU-
Bas He yJIOBJETBOPAA MoJesu (2). Beranciaenue
1 TIOIIArOBO IMPOMOJIKAIA 0 TAYOWHBI h, IS
KOTOPOW BBIMOJTHSJIOCH YCJIOBUE 1 = 1,5. ITa TIy-
OuHa Ha3bIBaeTcs hy,,.

Uro Takoe hy,? ITo Ta HAMOOJIBITIAS TTyOMHA
TIOTPY?KEHMUST 30HIa B MEMOpaHy 9pUTPOITUTA < hyy,
IO KOTOPOU aMITipryeckasi Kpusasi F(h) momauHsieT-
cs1 mopesu Tepria. CireqoBaTesTbHO, 3TO Ta TIyOUHA,
IO KOTOPOH TIPOIIECC TIOTPYIKEHUST 30Ha OITUCHIBA-
€TCsI B3aMOJIENCTBUEM C OTHOPOITHOM cpemoit. Ha
puc. 1 npeacTaBUIv SMIMPUYECKYIO U TEOpeTruye-
CKYTO 3aBUCHMOCTH CHJTBI B3auMmojercTeus F (HH) ot
[IyOMHBI TOTPY>KeHNs 30H1a /1 (HM).

KpwuBas h,, pacroJiaraeTcsi BbIIie KPUBOH /1,
Tak kak ee moxynb IOura E B 2,4 pasa 6osbire. To
€CTb TI0 Mepe XpaHEeHWsI SKECTKOCTb MeMOpaHbI
Bo3pacraet. [loaTomMy, Ipy OHOH M TOH jKe crie
F, = const 30HI Ha 3 CYTKH MOTPYyKAJICSA TIyOKe,
geMm Ha 32 (puc. 1 a, b). 1o 3Toi1 ke mMpUINHE CUJTHI,
MIPU KOTOPBIX 30H] MOTPYSKAJICS 0 Hyy,, TAK SKE
Pa3JIMYHBL: HA 3 CyTKY XpaHeHUs CuJjia ObLIa CyIie-
CTBEHHO MeHbIIIE, ueM Ha 32 cyTku. Ha puc. 1, boba
30H/Ia ellle He TOCTUIIU hy,, Tak Kak F; njs aToro
He mocrarovyHa. [myOouHb! h,, Kak Ha 3 CYTKH Xpa-
HeHusA JB, Tak ¥ Ha 32 CyTKU CTaTUCTAYECKU He
pasnnyanuce Ha yposHe p>0,05. Ha puc. 1, anpen-
craBJieHa BemmduHa A hy,, KOTOPasi OTIpeesIsiaach
CTAaTUCTUYECKUM pa30dpoOCOM U3MEPEHHOU /iy,

ITo ¢pyurnmam F (h) (mo 100 m3amMepeHHBIM
KPUBBIM) C y4€TOM (2) BBIUMCJIAIU MOAyAb IOHTa E,

-=Exper 3 day —e— Exper 32 day — Theory

F, nN

ni

F,-const

h, nm

Indenter

Puc. 1. OMnupuyeckass U TeopeTHYecKast 3aBHCHMOCTHU
cuabl B3aumojeiicteusa F (HH) or riiyOMHBI MOTPYKeHU s
3oHaa h (um).

Fig. 1. Empirical and theoretic dependences of the force of in-
teraction F (nN) on the depth of probe immersion i (nm).
Note. a — hy3; and hj, are probe immersion depths at preset
force F, on ES storage day 3 and 32. Uhyy, is the range of statis-
tical dispersion of value hyy,; b— is probe immersion depending
on stiffness (E) of membranes (M) on ES storage day 3 and 32
at interaction force F;.

ITpumeuanue. a— hy; 1 h3, NIYOUHBI HOTPY’KEHUA 30H1a IPH
3amanHol custe Fy Ha 3 u 32 cyTku xpaneHus 9B. Uhy, unTep-
BaJI CTaTUCTHYECKOro pa3dbpoca BeTnuuHbI hyy,; b— norpyske-
HUs 30H/I0B B 3aBUCUMOCTH OT sKecTKocTH (E) MeMOpan (M) Ha
3 u 32 cyTku XpaHeHUs IB npu cuite B3aumopeictus F.

spherical surface with the membrane. The initial
condition of model (2) is the assumption that the
probe interacts with a homogeneous material, in
our case — erythrocyte's membrane. It follows
thence that if the power at h differs from 1.5, then
the interaction continues with a heterogeneous
material. Therefore, to assess regularities of ery-
throcyte membrane deflection, approximation of
empirical curves of type (1) by power function was
used in the study:
F=kh"(3)

Power n and coefficient kin (3) were selected
by non-linear approximation of experimental
curves. Power n was calculated starting with h,,,,
going down in 5-nm steps to lower values of /. Ob-
viously, at # 1.5 the approximating curve did not
comply with model (2). Stepwise calculation of n
was continued to depth h, for which the condition
n=1.5was fulfilled. This depth is referred to as h,,,.
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Fig. 2. Bar charts of density of relative frequency of Young’s
modulus E for ES storage day 3 and 32.

Note. Bar charts were approximated according to Gaussian nor-
mal distribution law. Distribution for ES storage day 3 and 32
was statistically different at P<0.01.

IIpumeyanue. [ICTOrpaMMBI AlIIIPOKCUMUPOBAIH HOPMAJIb-
HBIM 3aKOHOM pacnpeneneHnus laycca. Pacripegesienue niis 3
1 32 CyTOK XpaHeHHs1 IB CTaTuCTHYeCKU pa3In4YHO Ha ypOBHE
p<0,01.

KOTOPBII SBJISIETCS OCHOBHOUM GMOMeXxaHUYeCKOn
XapaKTepUCTUKON MeMOpaH 3pUTPOLUTOB. ITHU
JAQHHbIE UCIOJIb30BaJU JAJIA IIOCTPOEHUS TUCTO-
rpaMM IVIOTHOCTH OTHOCUTEILHOU YaCTOTHI, TIPeI-
CTaBJIeHHBIe Ha PUC. 2. 3aTeM KayKIyI0 TUCTOrpaM-
MYy allIpOKCUMUPOBAJN HOPMaJIbHBIM 3aKOHOM
laycca. 114 3 cyrok xpanenus 3B E,, = 9,3+3,2 kl1a,
a 1uia 32 cyToK yske 22,7+8,7 klla, yro Ha puc. 2
MOKa3aHo caBurom ¢yHknuu laycca B CTOPOHY
pocta E. KoadpuiineHT acuMMeTpUu /151 TPETHUX
cyrok cocrasun 0,52+0,04, a gjas 32 CyTOK —
0,82+0,09. IHBIMHU CJIOBaMH, €CJIN HA TPEThU CYTKHU
KpuBas [aycca cuMMeTpUYHa, TO 10 MEpPeE XpaHe-
HUsI BO3HUKAET ACUMMETPUsI, XBOCT KOTOPOU
HallpaBJIeH B CTOPOHY pocTa Moay/is E. 3To npo-
HUCXOAUJIO IIOTOMY, YTO IMOSABJIAJIMCH KJIETKUA C
HOBBIM 3HaUYE€HUEM MOAYJIA E, a cpeiHee 3HaUYeHue
MOIyJIs elle He MEHAJOCh Ha JOCTaTOYHYIO
BEJINYMHY.

Ananmu3 m3MeHEeHHU >KeCTKOCTH MeMOpaH
npu xpaseHuu IB no 32 CyTOK HpOBOJUJIM IIO
¢yuknum pacupenenenus F, (E):

F, (E) = %o fLE)AE (4)

[Ipu aToM cumTa I, YTO TUCTOrPAMMBbI OTHO-
CUTEJIbHBIX YacCTOT (pUC. 2) allllpOKCUMUPYIOTCH
HOpMaJIbHBIM 3aKOHOM paclpeneaenusa laycca.
J1J1A1 OLlEHKY 10JIU 9pUTPOLIUTOB, Ha KOTOPBIX YBe-
Jnunscs Moayiab IOura E (Ha 32 cyTku), Ha rpadu-
Kax QyHKIUH (4) OTKIAIbIBAIN YPOBeHD 0,98 1 Ha
9TOM YPOBHE OIIpeJesIANN, KaKasd 4aCTh KJIETOK,
nMmeromux E,,= 22,7 klla (32 cytkn), coxpanuia E,,
TpeTbux cyTok — 9,3 klla. 13 rpadukos cienyer,

What the /;;, means? It is the greatest depth of
probe immersion into the erythrocyte membrane
h < hy,,, up to which empirical curve F (h) complies
with the Hertz model. Hence, it is the depth up to
which the probe immersion process is described by
interaction with homogeneous medium. Fig. 1
shows the empirical and theoretical dependencies
of the force of interaction F (nN) on the depth of
probe immersion & (nm).

Curve hy, is located higher than curve hy; be-
cause its Young’s modulus E is 2.4 times greater.
That is membrane stiffness grows as storage period
increases. Hence, at the same force F, = const, the
probe immersed deeper on day 3 than on day 32
(fig. 1 a, b). For the same reason, the forces at which
the probe immersed to h,, are also different: the
force was significantly less on storage day 3 than on
day 32. On fig. 1, b, both probes have not yet
reached h,,, because F, is insufficient for this. There
was no statistical difference in depths h;, on ES
storage day 3 vs. day 32 at p> 0.05. Fig. 1a shows
value Ahy, that was determined by statistical dis-
persion of measured h,,, values.

From functions F (h) (as determined from 100
measured curves) subject to (2), Young’s modulus E,
which is the basic biomechanical characteristic of
erythrocytes’ membranes, was calculated. The data
were used to build the relative frequency density bar
charts given on fig. 2. Thereafter, each bar chart was
approximated following Gaussian normal distribu-
tion law. For ES storage day 3, E,, =9.3+3.2 kPa, while
for day 32 it is already equal to 22.7+8.7 kPa, which
is shown on fig. 2 by Gauss function shift towards
growth of E. The coefficient of skewness amounted
to 0.52+0.04 for day 3 and to 0.82+0.09 for day 32. In
other words, if on day 3 the Gauss curve is symmet-
rical, with storage the coefficient of skewness ap-
pears, the tail of which is directed towards growth of
modulus E. That happened because cells with a new
value of modulus E appeared while the mean mod-
ulus value had not yet changed sufficiently.

Changes in membranes’ stiffness during ES
storage up to 32 days were analyzed based of the
function of distribution F, (E):

F, (E) = {foo fLE)dE (4)

It was assumed that bar charts of relative fre-
quences (fig. 2) are approximated according to
Gaussian normal distribution law. To estimate the
fraction of erythrocytes with increased Young'’s
modulus E (on day 32), on diagrams of functions (4),
level 0.98 was singled out and at that level it was de-
termined what fraction of cells having E,, = 22.7 kPa
(day 32) retained day three E,, — 9.3 kPa. It follows
from the diagrams that this value is equal to 0.28. So,
on day 32 there were only 28% of cells, which
Young’s modulus remained the same as on the first
three days.

It has been demonstrated that erythrocytes’
stiffness grows with the time of storage (fig. 1-3). It
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Fig. 3. Distribution functions F,; (E) for ES storage day 3 and 32.

49TO 9TO 3HaUYeHUe cocTasisier 0,28. TakuMm obpa-
30M, Ha 32-€ CyTKU OCTaBaJI0Ch JIUIIb 28% KJIETOK,
Monysb IOHra KOTOpPBIX COXPAHAJICA TaKUM JKe,
KakK U B [IepBbIE TPOE CYTOK.

ITokasamnu, 4TO YKECTKOCTb 9PUTPOLUTOB I10
Mepe UX XpaHeHusA Bo3pacTaer (puc. 1-3). beuio
OBl JIOTUYHBIM npenmnoJiaraTb, 4YTO U BEJIMYNHA
hy.,, TaksKe TOJI;KHA BO3pACTaTh UM MEHATHCSA 110
KaKoMy-JI00 3akoHy. OJHaKo, HW3MepeHHbIe
BEJIMYUHBI Ny, Mg 3-X U 32-X CYTOK XpaHeHUsI
9PUTPOLMTAPHON B3BECH ITOKA3AJIH, YTO 9T KPU-
TUYecKas ITyOMHa U IS TeX, U JJIsI IPYTUX CYTOK

XpaHeHUs OCTAeTCs ITOYTH OMHAKOBOM. Benun-
Ha h,;, Haxoauaach B muanasoHe 730+106 HM 1 3TU
[JTyOMHBI KaK Ha 3 CyTKU XpaHeHuA IB, Tak 1 Ha 32
CYTKM CTaTUCTUYECKU He pa3J/IM4a/iCh HAa YDOBHE
p>0,05. Bce mosryueHHble cuioBble KpuBbie F (h)
aJleKBaTHO alllPOKCUMHUPOBAJINCEH (PYHKITHEH (2)
U CcTeleHHON (pyHKIMeN (3) CO CTemeHbIo 71 =
1,50+0,02 rHa ypoBHe KoadUIleHTa JeTepMUuHa-
muun R?>0,95.

OTcrofa ciaenyeT BasKHbBIN BBIBOM O TOM, UTO
1o Mepe xpanenus 3B npu 4°C MmeMOpaHbI IpUT-
poruToB o rayowH 700 HM MPOTUOATUCEH OHO-
POAHO, HECMOTPS Ha TO, 4TO MoayJib IOHra Bo3pac-
TaJsa B 2,4 pasa.

3akJgoueHue

IIpn xpanenun 9B (32 cyrok) momyias E,
MeHsIcs oT 9,3+3,2 klla — 1 3 CyTOK XpaHeHwus,
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would be logical to suppose that the value hy,
should also increase or alter following some law.
However, values &, as determined on day 3 and
day 32 of erythrocyte suspension storage exhibited
almost the same critical depth for both periods of
storage. Value h;;, was within the range of 730+106
nm, and there was no statistical difference in the
depth either on ES storage day 3 or day 32 at the
level of P>0.05. All force curves F (h) obtained were
adequately approximated by function (2) and
power function (3) with power n = 1.50+0.02 at the
level of determination coefficient R > 0.95.

Thence, an important conclusion follows that
with ES storage at 4°C erythrocyte membranes de-
flected homogeneously up to the depths of 700 nm
in spite of 2.4-fold increase of Young’s modulus.

Conclusion

During ES storage (32 days), modulus E,,
changed from 9.3+3.2 kPa for 3 days of storage to
22.7+8.7 kPa for 32 days of storage. However, value
hy, remained constant. During erythrocyte suspen-
sion storage, erythrocyte membranes deflected ho-
mogeneously to the depths of 700 nm in spite of the
fact that Young’s modulus increased 2.4 times.

The results demonstrate the processes of in-
teraction of the surfaces of native erythrocyte
membranes with the walls of small vessels and
might be useful for future studies.
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no 22,7+8,7 klla — s 32 cyrok. Ho BesimumHa hy;,
IIpM 9TOM OCTaBaJiach IOCTOsIHHOM. [1o Mepe xpa-
HEHWS 9PUTPOIUTAPHON B3BECU MEMOPaHBI 9PUT-
ponuToB 1o wIyowH 700 HM MPOTUOAJIICH OTHO-
pOIHO, HECMOTPsA Ha TO, 4To Monyab lOHra
BO3pacTaJi B 2,4 paasa.
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