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V3yueHune MexaHUYECKUX CBOICTB MeMOPaH 9pUTPOILIMTOB — OCTPast pobJeMa B IPAKTHIECKOIT peaHuMaToJI0-
Uy 1 peabUInTONOIUH, TAK KAK CIIOCOOHOCTD 3PUTPOIUTOB Ae(OPMUPOBATHCS ONPEAE/ISET BO3MOKHOCTD UX MPO-
XOJK/ICHUSI YePEe3 KAMUIUISIPHYO CETh U PEOJIOTHIO KPOBU B IIEJIOM.

Iess paGoThI: HCcieOBaHNE TIPOLlecca HeJIMHENHOM AedopManiuu MeMOPaH HOPMAJIbHBIX SPUTPOIIUTOB.

Marepuaisl 1 MeTopl. MeTOIOM aTOMHO-CHJIOBOIl CIIEKTPOCKOIIUN KCCJIENA0BAIN JIOKATbHYIO KECTKOCTD
MeMOpaH 3pUTPOIMTOB: [UCKOIUTOB — HA TOPE M HA BIIA/JUHE, MIJIAHOIIUTOB — Ha MOBEPXHOCTH KJIETKL.

Pesyabrarsl. [Iporece nesuteiinoi gedpopmaru onmcbisanu Gyskimsyu h(z), Ah/Az (h) u p(h). dror Habop
(bYHKIIUIT [IOJTHO OIUCHIBAET MPOLIECC UIEHTAIIMH (TIOTPY/KeHNsT ) 30H1a B MeMOpatbl. [Tokasasiu, 4To 1oIarosblie 3aBu-
cumocTu KoauimeHTa JKeCTKOCTH YUacTKOB MeMOPaH CYIIECTBEHHO PA3JIMUAOTCS U 3aBUCST OT €€ COCTOSTHUSL.

3axmouenue. [TpeyioKeH b TOAX0 MOKET ObITh UCIIOJIB30BAH [IPU [TPOBEAEHUN (DYHIAMEHTAIBHBIX U KJIH-
HIYECKUX VCCJIEJ0BAHNUIT CBOWCTB KJIETOK KPOBU B HOPME U MPU Pa3JIMUHbIX 3a00eBanusix. Ocoberno acddexTus-
HBIM METO/] PETUCTPAINH HEJTMHENHBIX leopMaIinil MOKeT ObITh B TPAKTUKE PEAHUMATOIOTHH U PEAOUITUTOIOTHIL.

Kmouesvie cnosa: membpanvt spumpoyumos; neaunetinas 0e(opmayus; amomHo-cui08as cneKmpocKonusl; Kune-
MUKA NOZPYINCEHUS 30HOA

Investigation of mechanical properties of erythrocyte membranes is a pressing issue in practical reanimatology
and rehabilitation, because erythrocyte's ability to deform determines the possibility of their passage through ca-
pillary network and blood rheology in general.

The purpose of the work: to study the process of nonlinear deformation of membranes of normal erythrocytes
by the method of atomic force spectroscopy.

Materials and Methods. The local stiffness of erythrocyte membranes was studied: that of diskocytes — on the
torus and on the depression, that of planocytes — on the cell surface. Atomic force spectroscopy was used for cell
membrane study.

Results. The nonlinear deformation process was described by functions h(z), Ah/Az (h), and p(h). This set of func-
tions describes in full the process of probe incorporation (submergence) into membranes. It has been shown that step-
wise dependencies of the stiffness coefficient of membrane segments differ significantly and depend on its condition.

Conclusion. The suggested approach may be used in fundamental and clinical studies of blood cells' properties
in the norm and different diseases. The method of recording nonlinear deformations may be especially efficient in
the reanimatology and rehabilitation practice.

Keywords: nonlinear deformation; erythrocyte membranes; atomic force spectroscopy; probe submergence ki-
netics
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BBenenne

M3yueHre MeXaHUYECKUX CBOWCTB MeMOpaH
SPUTPOIUTOB — OJIHA U3 KJIOUYEBBIX MPOOJIEM HOP-
MaJbHOW M TATOJOTMYECKON (DU3NOTOTHM KPOBH.
Croco6HOCTh  3PUTPONUTOB  J1e(HOPMUPOBATHCSI
oTIpefieIieT BO3MOKHOCTh MX TPOXOKICHUS depes
KaIMJJIAIPHYIO CEThb U PEOJIOTHIO KPOBU B 11esioM [1].
OcobGeHHO 0CTPO CTOUT 3Ta TPobJeMa B TIPaKTHIE-
CKOl PeaHUMATOJIOTHH ¥ PeabuJnuTOJOTHH. ITO
OTIpE/IENIAETCS TEM, YTO MPU KPUTUUYECKUX COCTOS-
HUSIX, TIPU KPOBOIIOTEPSIX, IPU COUYETAHHBIX TPABMAX
cOOCTBEHHbBIE MapaMeTpbl MeMOPaH 3PUTPOIUTOB
MEHSIOTCS B MIMPOKUX Tipenenax [2, 3].

Aromuo-cuiioBasg cnekrpockonus (ACC) —
VHUKAJIbHBII METOJ WCCJEJOBAHUS MeXaHUIECKUX
cBOlcTB Ouosormyeckux MemOpan. OH MO3BOJIsIET
HOJIy4aTh U300paKeHUsT HAHOTIOBEPXHOCTH MeMOPaH
U, TPAKTUYECKH OJHOBPEMEHHO, HCCJIEI0BATH ee
CII0COOHOCTH IePOPMUPOBATHCST (TIPOTUOATHCST) TIO]
neiictBuem wHiaentopa [4, 5]. Tax usmepsior ke-
CTKOCTh CTEHOK COCYZIOB, (DPATMEHTOB MbIIIEUHBIX
cTpyKTYp, (hubpodiactos [6], KIETOK snuTegUs U
aHzoTesnd [7, 8], XpOMOCOM, JIUTIOCOM, IPOKIKeit [9]
GakrepuasnbHbIX K1eToK [10—12], kKapauomMuonuToB
[13], Tkaneii mo3ra [14] u psg ApyTUX.

[To croBbIM KPUBBIM, U3MEPEHHBIM B IOBEPX-
HOCTHOM CJIO€, PACCUUTHIBAeTCsI MOyJib FOHTa, KOTO-
PbIil IpUTHCHIBaeTCst BceMy 00beMmy Marepuaia [15].

KoMIoHeHTBI MeMOPaHbI 3PUTPOIIUTOB UMEIOT
cOOCTBEHHDBIE MEXaHMYECKUE CBOMCTBA. MATKUIA,
MIPAaKTUYECKU TIPO3PAYHBIN /I 30HAA, JIMIUIHBIN
OUCIIOI, JKECTKUIT CTIEKTPUHOBBIN MATPUKC — ITUTOC-
KeJIeT, IPOTEMHOBbIE Y3JIbl CBsidell — Oesiku band 4.1,
band 3, ankupuna, aktuHa u psiga Apyrux. B cuiy
MHOTOUUCJIEHHBIX U [OCTATOYHO IPOUYHBIX CBsI3eil
MeskLy PoChOTUIUAHBIM GUCTOEM U CIIEKTPUHOBBIM
MATPUKCOM TIPH JEUCTBUY HA KJIETKY WHIEHTOPA 3TH
CTPYKTYPBI BeZyT cebst KaK eirHast HEOTHOPOIHAsT (B
CMbICJIE YIIPYTO-3JACTUYHBIX CBOICTB) KOMIIO3UT-
HAst KOHCTPYKIUS KJIETKH.

ITesb paboThI — UCCIIEMOBAHUE TIPOIECCA HETTU-
HelHO sehopMalini MeMOpaH HOPMAJIbHBIX SPUT-
POILIUTOB.

Marepuan u MeTObI

Meron uamepeHus u 00beKT. VzMepeHust JJOKaIbHON
JKECTKOCTH MeMOPaHbl 3PUTPOLIUTOB MIPOBOMIIE METOIOM
ATOMHO-CHJIOBOH criekTpockonuu [16]. Vcnoab3oBasmmn
aToMHbIi cunoBoit Mukpockon (ACM) «Integra Prima
NT-MDT» (Poccust). Kantusnesepst SD-R150-NCL (Na-
nosencor, Switzeland), pagnyc R 3omma 150 uM, BbicoTa
3oHMa 15 MKM, KOO(DODUIMEHT YIPYTOCTH KaHTHUJIEBEpa
K=36 H/wm, pezonancuast yacrora 190 I

Jliist osyueHust u300paskeHuil IPOBOAUIIN CKAHIPO-
BaHUE 3PUTPOIUTOB B PE30HAHCHOM peskume B 1osie ACM
100X100 MKM, BBIOMpATM KJIETKY sl MCCJAEOBAHMS
(rpynmy kJyeTok), ckauupoBaiu B mose 10X10 mxm. 3atem
B PE’KUMe aTOMHO-CUJIOBOI CIIEKTPOCKOIINN YCTAHABIIIBA-

Introduction

Clarifying the mechanical properties of eryt-
hrocyte membranes is a key problem of normal and
pathological physiology of blood. Erythrocytes' abi-
lity to deform determines the possibility of their pas-
sing through capillary network and blood rheology
in general [1]. This issue is particularly relevant in
practical reanimatology and rehabilitation, because
in critical conditions, blood losses, concomitant inj-
uries, the parameters of erythrocyte membranes vary
in a wide range [2, 3].

Atomic-force spectroscopy (APS) is a unique
method of investigating the mechanical properties of
biological membranes. It allows acquiring images of
membrane nano-surfaces and studies of its ability to
deform (yield) under the indenter's action [4, 5]. In
this way, stiffness of vascular walls, fragments of
muscular structures, fibroblasts [6], epithelial and
endothelial cells [7, 8], chromosomes, liposomes,
yeast [9] bacterial cells [10—12] kapauomuonuToB
[13] brain tissie and some others [14] are measured.

Based on the force curves measured in the sur-
face layer, Young's modulus is calculated, which is at-
tributed to the whole volume of material [15].

Erythrocyte membrane components have their
own mechanical properties: soft, almost transparent
for the probe, lipid bilayer, stiff spectrin matrix — cy-
toskeleton, protein links nodes — proteins band 4.1,
band 3, ankyrin, actin, and otherones. By virtue of
multiple and sufficiently strong links between
phospholipid bilayer and spectrin matrix, under in-
denter's action on a cell, the behavior of those struc-
tures constitutes a single heterogeneous (in terms of
viscoelastic properties) composite cellular structure.

Purpose of the work: to study the process of
nonlinear deformation of membranes of normal eryt-
hrocytes by the method of atomic force spectroscopy.

Materials and Methods

Method of Measurement and Object. Measurements
of the local stiffness of erythrocyte membrane were perfor-
med with the aid of atomic-force spectroscopy [16]. Ato-
mic-force microscope (AFM) 'Integra Prima NT-MDT'
(Russia) was used. Cantilevers SD-R150-NCL (Nanosen-
cor, Switzeland), probe radius R is 150 nm, probe height is
15 pm, cantilever elasticity coefficient K=36 N/m, reso-
nant frequency = 190 kHz.

To receive images, erythrocytes were scanned in a
resonance mode in AFM 100x100 pum field, a cell (or
group of cells) were selected for analysis and scanned in
the field of 10x10 um. Thereafter, in an atomic-force
spectroscopy mode, a marker was placed on the cell
membrane imagin surface and the region was exposed to
an indenter (probe) acting with the force F. Force curves
were obtained [17].

Local stiffness of membranes was measured in for-
med monolayers of erythrocytes mounted on a slide. Mo-
nolayers of cells were produced with the aid of special
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JIM MapKep Ha u300pakeHUH MeMOPaHbl KJICTKH U jieii-
CTBOBAJIM Ha ATY 00JaCTh WHAECHTOPOM (30HIOM) C CHJIOH
F. Mosryuanu cunossie kpusbie [17].

JIoKaIbHYI0 JKeCTKOCTh MeMOpaH naMepsiim B chop-
MHUPOBAHHBIX MOHOCJOSIX IPUTPOIUTOB HA TIPEIMETHOM
crekJie. MOHOCION KJIETOK TIOJTy4YaJId C IIOMOIIIBIO CITeIra-
sgusuposanHoro ycrpoiicta «V-Sample VISION» (As-
crpust). Vsmepennst mpoBoaniu mipu Temreparype 18°C
cpasy nocJse GopMUPOBAHUS MOHOCIOS. VI3Mepenus, Ipo-
BEJICHHBIE B 3TUX YCJOBUAX, JIABATHM BOCIPOU3BOIUMbBIC
pe3yJIbTaThl.

3ab0op KPOBU OCYIIECTBIISIIA Y 3[0POBBIX MAIUEHTOB
Ha J0OPOBOJIBHOI OCHOBE MpH TPOMGUIAKTUIECKUX
0CMOTpax, M BCe JIATbHEHIINe FCCIeI0BAHIS TIPOBOIIIN
in vitro. B uccieoBaHrK MCIOJIB30BAIN KPOBb 6 TOHOPOB
MyKCKOTO Hoza oT 23 10 34 jet. Bee uccienoBanus npo-
BOJMJIU C y4eTOM TpeboBaHuil XeJbCUHCKON AeKIapainn
BcemupHoit accorpanuy «JTHYeCKUe TPUHITAIBI TPOBe-
JIeHUsT HAYYHBIX MEJAUIIMHCKUX UCCJEIOBAHUI € yUYacTHEM
yesioBekay ¢ onpaskamu 2000 r, a Takske ¢ HOpMaMU 9TH-
yeckoro komurera OHKIT PP.

VccmeroBau JIOKAIbHYIO KECTKOCTh MeMOpaH Kpac-
HBIX KJIETOK KPOBHU: IMCKOIIUTOB — HA TOPE U HA BIIAJIMHE,
IJTAHOIIUTOB — Ha TTOBEPXHOCTU KJIETKH. AHAIN3UPOBAIN
10 5 UCKOIUTOB U TI0 4 TIJIAHOINTA KakI0ro noHopa. Ha
KaK/IOM JINCKOITUTE TTPOBONIIN 110 4 M3MEPEHH: JIOKATb-
HOI1 JKecTKOCTH MeMOpaH Ha Tope u 1o 3 Ha Braaute. [Lia-
HOIIUTBI B KPOBU JIOHOPOB — PE3YJIbTAT (DU3N0JOTHYECKO-
ro noiikusonuTo3a. Ha moBepxHoCcTu Kask/10To IIaHOIUTA
M3MEPSIIN JIOKAJIBHYIO JKeCTKOCTh 4 (hparmenTtoB. Bcero
nsmepeno 120 ¢parmentoB Ha TOpe, 90 pparmenToB BO
BIIAJIHE AUCKONUTOB U 96 GparMeHTOB Ha IUIAHOINTAX.
Cratucrideckyio 06paboTKy JaHHBIX TTPOBOAUIIH € TIOMO-
b0 cTaHAapTHOI porpamMmbl Origin 9, (Origin Lab Cor-
poration, USA). Crpousn rucrorpaMmbl, ONpeesIsIn
cpeliiee 3HaU€eH e, BEJIMUNHY CPEHEKBAIPATHYECKOTO OT-
KJIOHEHUST ¥ TTOJIyIaJIi MHTEPBAJIBHYIO OIIEHKY, OIIEHKY /10-
CTOBEPHOCTH IOJYYEHHBIX PE3yJbTaTOB, OIEHKY IOCTO-
BepHOCTHU pa3immunii. /locTOBEpHOCTD pa3andmii OlleHnBa-
JIT € TIOMOIIBIO 0IHO(AKTOPHOTO JHUCIEPCUOHHOTO aHAJIH-
3a (One-way, ANOVA).

TpeGoBanus K NPOIECCY M3MEPEHUH U K 30HAAM.
Koadbdurmuent ynpyroctu K kantuneBepa (koHcomam) 107-
JKEH OBITh COM3MEPHM €O CPEAHUM KOAI(DOUIMEHTOM JKe-
CTKOCTHU |4 UCCJIEyeMOro Matepuana (MeMOpaHbl KJIETKU)
[18]. Ecu K << p, TO 30HZ BHeApsIETCS TOJBKO B IIPUIIO-
BEPXHOCTHBII CJION. JTO HE JACT BO3MOKHOCTU OIEHUTH
YIIPYTO-2JIaCTUYHBIE CBOMCTBA HEOHOPOHOTO MaTepUasa
MeMOpatbl. VICX0/Is1 13 9KCIIePUMEHTATbHBIX TAHHBIX OITH-
MasibHOe 3HaueHne K 71t n3aMepenust JIOKaIbHOI JKeCTKO-
¢t MeMOpaH 9PUTPOIUTOB JIEeKUT B ipenetax 10—50 H/m
st cyxux kietok 1 1,0—0,1 H/M 11 HaTHBHBIX KJIETOK.

Pammyc R 3onma nossken 6uith He menee 100 mwM, or-
tumanbio 100—200 um. Mamag Besmunna R (10—30 mwm)
[PUBOUT K MTPOHUKHOBEHUIO 30H/IA B CTPYKTYPY MeMOpa-
HbI Yepe3 JUMAIAHBI GUCTION 1 4epe3 MoJIble OIS TIHTOC-
keseta [19]. PesysibTaThl TakMX U3MEPEHUIT HE BOCIIPOU3-
BoziuMbL. [ToaTomy ajist peructparyu g MeMOpaHbl HEOOXO-
MO, 4TOOBI R GBI G0JIbIIIe pasMepa SUeiiKu CIIEKTPUHO-
Boro Matpukca. Pagnyc 6osee 400 HM He TIO3BOJUT 30HIY
HOTPY3UThCsT B MeMOpary. B Hamux paboTax Mbl HCIIOJIb-
30BN 30H/BI ¢ pagnycoM 150 M.

B pa6ore 0T/ie1bHO TIPOBEJI UCIIBITBITAHUS KaHTUJIe-
BepoB SD-Sphere-NCH-S-10 (Nanosencor, Switzeland),

device — V-Sample VISION (Austria). Measurements
were done at a temperature of 18°C immediately after a
monolayer has been formed. Measurements were carried
out in the above conditions that delivered reproducible
results.

Blood was harvested from patients on a voluntary
basis during preventive examinations, and all subsequent
analysis were performed in vitro. In the study, blood of 6
male donors aged 23 to 34 years was used. All studies fol-
lowed the requirements of the Helsinki Declaration of the
World Medical Association «Ethical Principles for Medi-
cal Research Involving Human Subjects» as amended in
2000, and the Protocol of the Ethics Committee of the Fe-
deral Research and Clinical Center for Intensive Care Me-
dicine and Rehabilitology.

The local stiffnesses of erythrocyte membranes were
studied: that of diskocytes — on the torus and on the de-
pression, that of planocytes — on the cell surface. 5 disko-
cytes and 4 planocytes per each donor were analyzed. On
each diskocyte, 4 measurements of membrane stiffness
were done on the torus and 3 measurements — on the de-
pression. Planocytes in donors' blood resulted from the
physiological poikilocytosis. On the surface of each pla-
nocyte, local stiffness of 4 fragments was measured. In
total, 120 fragments were measured on the torus and 90
fragments were measured on the depression of diskocytes,
and 96 fragments were measured on planocytes. Statistic
processing of data was performed with the aid of standard
software Origin 9 (Origin Lab Corporation, USA). Hi-
stograms were created, the mean, mean-square devia-
tions, intervals, confidence estimation of the results and
significance of differences were determined by One-way-
ANOVA.

Requirements to the Process of Measurements
and Probes. The elasticity coefficient K of a cantilever
(console) should be commensurable with the mean stif-
fness coefficient u of the material under investigation
(cell membrane) [18]. If K << u, probe penetrates only
into the near-surface layer. This does not allow evalua-
ting DTo He HAacCT BO3MOKHOCTH OlleHUTH viscoelastic
properties of the heterogeneous membrane material.
Based on experimental data, the optimal K for measu-
ring local stiffness of erythrocyte membranes is within
the range of 10—50 N/m for dry cells and 1.0—0.1 N/m
for native cells.

Radius R of the probe should be not less than 100 nm,
the optimal range is 100—200 nm. A small R (10—30 nm)
results in probe's penetration into the membrane structure
through lipid bilayer and hollow fields of cytoskeleton
[19]. Results of such measurements are not reproducible.
Hence, for recording membrane's |, it is necessary for R to
be larger than the size of the spectrin matrix cellule. A ra-
dius exceeding 400 nm will preclude probe submergence
into the membrane. In our work, we used probes with a ra-
dius of 150 nm.

Within the work, separate tests of cantilevers SD-
Sphere-NCH-S-10 (Nanosencor, Switzeland), probe ra-
dius R=400 nm, were carried out. Such probes were sub-
merged into erythrocyte membrane by 10—14 nm only,
which in principle did not allow measuring membranes' de-
formability.

Cantilever calibration on a completely stiff material
(for example, glass) must be performed before and after
measurements.
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pammyc R 3omzma 400 uwm,. Takwe 30HIBI TOTPYKAINCH B
MeMOpaHy apuTpolmTa Juiib Ha 10— 4 HM, yTO B IPUHIIU-
1€ He MO3BOJISIIIO U3MEPSITH CIOCOOHOCTH MeMOpaH jiedop-
MUPOBATbCA.

KanubpoBky KaHTmieBepa Ha aOCOJIOTHO JKECTKOM
Martepuasie (Harpumep, crekjie) HeoOXOMMMO MTPOBOIUTD
IO U TIOCJIe U3MepeHUil.

Bpewmst uHzeHTAIMT 30HIa He JO0JDKHO OBITh KOPOT-
K1M. BbIcTpoe rorpyskeHue MoKeT MEHSITh XapaKTepPUCTH-
ku Matepuada [20, 21]. OnTumanabHOe BpeMs MH/ICHTAIII
5—10 cexymn.

[Tpu neiicTBUM MHIEHTOPA MOTYT BO3HUKATH IBA TUIIA
nedopManuy MeMOpPaHbl: YUCTO yIpyras — MOAYUHSIETCS
3akoHy I'yka W ympyro-ajacTH4Hasi, IpU KOTOPO CBS3b
MEK/Y MEXaHWUYECKUM HATIPSIKEHHMEM U OTHOCUTETbHOM
nedopmanueit HemmHeitna [20, 22]. I[Ipu tom u apyrom
Bujie nedopMaIUil T10Ce CHATHS HATrPy3KH MeMOpaHa
JIOJIKHA BOCCTAHABJIMBATH CBOIO (hopMYy.

Kak ce6st Beger memOpana sputporura? /st orera
Ha 9TOT BOIIPOC TI0ce ehopMaIiiin MeMOPAHbL B Pe3yJib-
TaTe JIefCTBIS 30Ha (M3MEePEHNUsT JKeCTKOCTI ) BHOBb CKa-
HUPOBAJIM TIOBEPXHOCTH TOM ke 06acTu Kiaetku. Mem6pa-
Ha HPUTPOIUTA BOCCTAHOBUJIA CBOIO HAYAIBHYIO (hopMmy,
ocratouynas redopmanust He Habmogamach. [logobHbie pe-
3yJIbTaThI TIPUBEEHBI 1 B [23]. MemOpana, o1 ieficTBHeM
uHeHTOpa (30H/1a) Besa celst Kak yrpyro — aJacTHYHBI
nedopMHUpyeMbIil MaTepua.

PesyibTatel 1 00Cy K/1€HHE

ITocrpoenne cumoBbix KpuBbix. CrocoGHOCTD
MeMOpaHbI TI0]] IeUCTBUEM HHIEHTOPA 1eOPMUPO-
BaThCSA BHYTPH KJIETKU OIlEHUBAIN KO3 duimenTom
JokabHOM skectkoct p (H/m) Ha rry6Gune h.

IMITUPUYECKas CUJIOBAsl KPUBas, MOJydYeHHAs
¢ omotbio ACM — 3T0 3aBUCUMOCTbh TOKa Pacco-
riacoBanus I doropnona, a, ciaeoBaTebHO, OTKIO-
HeHus L kaHTUiIeBepa OT BeIMYUHBI BEPTUKAIBHOTO
cMelreHus z nbesockanepa. OcHoBaHMe KaHTUJIEBeE-
pa 3aKpeIyieHO HeMO/IBIXKHO, a er0 KOHeI[ BMECTe C
30H/IOM OTKJIOHSETCS B Pe3yJbTarTe CMENICHUS Ibe-
3ockanepa (puc. 1, a, I11). IIpsamoii xox nbe3ockaHe-
pa wmocTpupyetest Ha puc. 1, a, a mpoiecc morpy-
JKEHUST WHIEHTOpa B MeMOpaHy U ee jehopMmaiius
BHYTPb apuTpornuTa Ha puc. 1, b.

Ha ACM miporpaMMHO 33/IaI0TCSt MAKCUMAJTbHbIE
BEJIMYWHBI CMEICHUS TThe30CKaHepa z U 3HAYEeHUs
ToKa I, TO ecTh BeJTMUMHbI TIPUJIOKEHHON CUJTbI, HAIIPH-
Mep: Z =000 uM, I,,,,=1.5 HA. Eciim p >> K (crekino),
TO MeK/y cuJoi F 1 oTKJIOHeHneM KaHTuieBepa L cy-
HIECTBYET 3aBUCUMOCTD, OTIpe/iesisseMast 3aKoHoM ['yka.

=-KL (1)

Ecau 3on1 B3auMojeiicTByer ¢ MeMOpaHOil u

p=K ro:

max

F=-[1/K +1/u(h)] L (1a)

U 30HJ TIOTPY’KAETCsT B MEMOpaHy KJIETKH Ha
ray6uny h (h<z) (puc. 1, b). TIpu srom koadburm-
€HT [ 3aBHCUT OT TJIyOUHBI OTPY/KEHIS 30HIa — |
(h), u creroBaresvro hyukims (1a) HennMHeHA.

Ha puc. 2 nipeictaBiieHbI H300PasKeHUsI KJIETOK B
nosie ACM 1 cusioBble KPUBbIE JisT MEMOPaHbI TOPa

The time of probe indentation should not be short.
Fast submergence might alter material's characteristics
[20, 21]. The optimal time of indentation is 5—10 seconds.

Indenter action may cause two types of membrane de-
formation: purely elastic — it follows Hook's law, and vis-
coelastic wherein the connection between mechanic stress
and relative deformation is nonlinear [20, 22]. In case of
both types of deformations, after the load is removed,
membrane must recover its shape.

What is the erythrocyte membrane's behavior? To an-
swer this question, after probe-caused membrane deforma-
tion (stiffness measurement), the surface of the same re-
gion of the cell was scanned again. Erythrocyte membrane
recovered its initial shape, no residual deformation was ob-
served. Similar results are given also in [23]. Under the ac-
tion of an indenter (probe), the membrane behaved as a
viscoelastic deformable material.

Results and Discussion

Force Curve Building. Membrane's ability to
deform towards inside of a cell under the action of an
indenter was evaluated with the help of local stif-
fness coefficient p (N/m) at depth h.

The empirical force curve obtained with the
help of AFM is the dependence of the photodiode
misalignment current, hence, cantilever deviation L
from piezoscanner vertical shift z. The cantilever
base is fixed rigidly, while its end together with the
probe deviates as a result of piezoscanner shift (fig. 1,
a, TIT). Piezoscanner's straight path is illustrated on
figure 1a; the process of indenter submersion into the
membrane and its deformation inside erythrocyte is
shown in fig. 1, b.

In AFM, the program sets the maximal limits of
piezoscanner shift z and current I, i.e. the applied
force values, for example: z,,,, = 500 nm, I, = 1.5 nA.
If p >> K (glass), then there is dependence between
force F and cantilever deviation L, which is determi-
ned by the Hook's law.

=-KL (1)

If a probe interacts with a membrane and p=K,
then:

F=- [1/K +1/u(h)] L (1a)

and the probe submerges into the cell membra-
ne to depth h (h<z) (fig. 1, b). In this instance, coef-
ficient u depends on the probe submergence depth —
u (h), and, hence, function (1a) is nonlinear.

Figure 2 shows images of cells in the AFM field
and force curves for diskocyte membrane torus — re-
gion "Tor', — diskocyte membrane depression — re-
gion 'Dep’, and planocyte — region 'PI".

These curves differ from each other by the be-
havior of material deformed under the applied force
action. The slope of straight line for glass is deter-
mined by cantilever stiffness K — elastic deforma-
tion model. Point A is the point of contact of the
probe and membrane. This point is determined em-
pirically as a point in which d1/dz becomes greater
than 0. Point B is the point where the curve reaches

OBLI A PEAHMMATOAOI U, 2017, 13; 5

www.reanimatology.com

61



62

. Experimental Studies

DOI:10.15360,/1813-9779-2017-5-58-68

JICKOIINTAa — 0bsacTh «Tors, — MeM-
OpaHbl BIIAJUHBL JUCKOLNUTA — 00IACTD
«Dep» 1 — rmanormra — 06sacthb «Ply.

ITU KPUBbIE OTJIUYAIOTCS JIPYT
OT Ipyra mnoBezneHueMm nehopmupye-
MOTO MaTepuajia Ioj AeHCTBUEM IIpU-
JIO)KeHHO! cuuibl. TaHreHc yryia Ha-
KJIOHA TIPSIMOIL JIJIST CTeKJIia Ompejie-
JISIETCST JKECTKOCThIO KanTtuieBepa K
— MoOJleJib YIpPYroi jgedopmaruu.
Touka A — Touka KacaHus 30HAA U
MeMOpaHbl. DTa TOUKA OIMPEEIISTETCS
IMITUPUYECKH, KAK TOYKA, B KOTOPOI
dI/dz cranosurcs 6osbiie 0. Touka B
— TOYKA BBIXO/Ia KPUBOII HA YIIPYTYIO
nedopmarmio. us MmeMOpaH KJIETOK
(puc. 2) yaactok A—B — daza ympy-
ro-siactTudHoil gedbopmaiuu, yda-
ctok B—C — uncro ynpyroii.

AHaJIM3 CHJIOBBIX KPHUBBIX.
[anpHeiuil anamu3 mpoiecca MH-
JleHTal 30H[a TpebyeT Iepexoja K
Koopautatam F (z) u psaga npeobpa-
3oBanuil. [lepexon k F (z) n unBeptu-
poBanue rpadUKOB OCYIIECTBJSIETCS
COTJIACHO BBIPAKEHUIO:

F (2)= (I./1)Kz, (2)

rue: I, m I, — Tokm paccormaco-
BaHUS MPU [IefICTBUU UHAEHTOPA Ha
MeMOpaHy U CTEKJIO COOTBETCTBEHHO.

m
z
cam 0
| I|rI
- J
J/.—f"/ Indenter 1‘\‘\\
P (tip of cantilever) e

Puc. 1. I3mepenne KeCTKOCTH MEMOPaHBI B aTOMHO-CHJIOBOH CIIEKTPOCKOIMH.
Fig. 1. AFM study of erytrocyte membrane rigidity.

Note. a: I-IT — piezoscanner and erythrocyte bring to Z level; IIT — probe indenta-
tion; b: dipping the cantilever into the cell membrane to a depth h, zoomed.
IIpumeuanue. Erytrocyte — apurponut; piezoscanner — nbesockarep; Identer (tip of
cantilever) — naenrep (KoHUMK KaHTUIEBepa); membrane — memGpana; cytoplasm —
nuroriazma. a: I—11 — nmoxBos nbezockanepa u apuTpormra Ha Beanuuny Z; 111 —
WHIEHTAINST 30HA B KJIETKY; b: TIOTpy’KeHNe KaHTHIeBepa B MEMOpPaHy KJIETKH Ha
ry6uny h, yBesnuennbiii maciirad.

it obmnacTy, pacHooKeHHON
HA TOpPE [UCKOIUTA, 3aBUCUMOCTH
F(z) npencrasnena Ha puc. 3.

[Ipsimast «G» — 9TO 3aBUCUMOCTD, OIICHIBAEMAST
BoipakenueM (1). Kpusasi «M» — 3aBucumocTsb cuibt F,
KOTOpast MPUKJIAJIBIBAETCS K MOBEPXHOCTH MeMOPaHbBI
TOpA IUCKOIUTA CO CTOPOHBI 30H71A TIPH €T0 TIObeMe Ha
BEJIMYUHY Z.

Cuua F onpeziensieT oTkiIoHeHe KaHTHIeBepa L
U OIHOBPEMEHHO JIehOopPMAITHIO cCaMOil MeMOpaHbI, TO
€CTb IIOTPYKEHNE 30HAa B MeMOpaHy Ha Iayouny h.

Kpusast «M» coziepskut B cebe Tpu KOMIOHEH-
TBI: — KOMIIOHEHTY HEJIMHEHHON yIpyrocTu MeMOpa-
HbI, — KOMIIOHEHTY yIIPYTOCTU KAHTUJIEBEPA, — KOM-
MOHEHTY [ePeMEeHHON TeOMeTPUU MHIEHTOPA, OTIpe-
nessiemyio opmysioit epra [15].

Besmunna h orpyskenust 30112 B MeMOpaHy:

h=z—L, (3)
WM B KOOP/IMHATAX PUCYHKA 3:
h=z, —z, (3a)

Beenem mapamerp Ah — yrurybiienue 3011 B
MeMOpaHy KJIETKU TP OJAUHAKOBOM JUCKPETHOM
HOIbeME MTbe30CKaHepa Ha Bemunny Az,

Jlna pasubix yray6senuin h; sesmumna Ah
MOKeT OBITh Pa3HOil B 3aBUCHMOCTH OT CBOUCTB JlaH-
HOU MeMmOpaHbl. Benmmunta Az 3a1aeTCsT UCXO/S U3
CBOMCTB MeMOpaHbl KJIETKH M HeOOXOAUMOM uc-
KPETHOCTHU OIMCAHUST U3y4AEMOU CTPYKTYPBIL.

elastic deformation. For cell membranes (fig. 2), re-
gion A—B is the phase of viscoelastic deformation,
region B—C is purely elastic deformation.

2.4. Analysis of Force Curves. Further analy-
sis of the process of probe identation requires trans-
ition to coordinates F (z) and a number of transfor-
mations. Transition to F (z) and inversion of dia-
grams are done according to expression:

F (2)= (I./1)Kz, (2)

where: I, and I, are currents of misalignment at
indenter's action on the membrane and glass, respec-
tively.

For the region located on the diskocyte torus,
dependence F(z) is shown in fig. 3.

Straight line 'G' is the dependence described by
expression (1). Curve "M’ is force F that is applied to
the diskocyte torus membrane surface on the side of
the probe when it is lifted to z.

Force F determines cantilever deviation L and
simultaneously deformation of the membrane itself,
i.e. probe submergence into membrane to depth h.

Curve 'M' contains three components: — the
component of membrane nonlinear elasticity, — the
component of cantilever elasticity, — the component
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9KCH€leM€HT3AhHBI€ MCCACAOBAHM

Puc. 2. {uckonut u mranomut B noie ACM, cuioBbie KpHUBbIe ISl KJIE€TOYHBIX
MeMOpaH.

Fig. 2. Images of diskocyte and planocyte in the AFM field and force curves for
cells membrane.

Note. For fig. 2, 4, tabl. 1, 2: Tor — diskocyte torus; Dep — diskocyte membrane de-
pression; Pl — planocyte. A — the point of contact of the probe and membrane; B —
the point where the curve reaches elastic deformation; region A—B is the phase of
viscoelastic deformation; region B—C is purely elastic deformation. The arrows
show the direction of the piezoscaner movement.

Ipumevanue. /{st puc. 2, 4, Tabr.1, 2: Discocyte — nuckonuT; Tor — obiacTb TOpa;
Dep — obaacts Bnaguusr; Planocyte, Pl — nuanonut. A — Touka KacaHus 30HA U
MeMOpanbl; B — Touka BbIXOZa KpUBOU Ha ynpyryio aedopmainuio; A—B yupyro-
anactnynas gedopmarmst; B—C — ympyras nedopmanus. CTpeskn yKa3blBaloT Ha-

of indenter variable geometry deter-
mined by the Hertz formula [].

Value h of probe submergence
into membrane is:

h=z — L, (3)
or in the coordinates of figure 3:
h=z, —z, (3a)

Let us introduce parameter Ah —
probe deepening into the cell membra-
ne at equal discrete rise of the piezos-
canner by value Az.

For different deepenings hi, value
Ah may differ depending on the proper-
ties of a particular membrane. Value Az
is set based on the cell membrane's pro-
perties and required discretion of desc-
ription of the structure under investiga-
tion.

Further analysis requires buil-
ding dependence Ah (h). How can
this dependence be obtained?

To this end, in the beginning, it
is necessary to find dependence
Ah(z). Let us set discrete step Az, for
example, 20 nm in figure 3. For each
value of z, (curve 'M"), we shall de-
termine values z; (straight line 'G")
for the same force F; Function h(z) is
determined by expression (3a).

Then:

IIpaBJeHUE X0O/a IIbe30CKaHepa.

4000 4 F, nN

—n—x
——0
3000
L
P
i
4
. P
2000 /'
/.o'
Wl by,
-
1000 4 F, z * b, {/‘
. O_f»r'“./""-. -
i A z,nm
o L) F T
0 sa & 100

Puc. 3. ®ynkunn F(Z) nas 06aactu, pacnosiosKeHHOl Ha Tope
JIUCKOIMTA.

Fig. 3. F(Z) curves for diskocyte torus region.

Note. Curve M is force F that is applied to the diskocyte torus
membrane surface on the side of the probe when it is lifted to Z.
Curve G is the dependence described by expression (1). h — probe
dipping, nm.

IIpumevanue. M — 11 memOpanbl sputpornta; G — mas abeo-
JIOTHO TBep/I0ro Tesa (crekno); F — cuia, aefictByionas va o6pa-
zerf (nN), Z — BeJmunHa cMeIeHus mbesockanepa (nm), h — ruy-
GuHa morpyskeHus 30u/a (nm).

Ahi=h;,; — h; (4)
for sequence of zi via chosen
discrete step Az.

To obtain the resulting characteristic — the
value of discrete submergence of probe into membra-
ne, at set step Az we will obtain dependence looking
like:

dh/dz=f(h) (5)
or for discrete representation of function:
Ah/Az=f(h) (5a)

Function (5a) allows describing the process of
heterogeneous submergence of a probe into a compo-
site membrane and evaluating membrane's viscoela-
stic properties. For a fuller description of the probe
indentation process, dependence p(h) is built. Canti-
lever elasticity K and membrane local stiffness p are
included successively. Then, from figure 3 and ex-
pressions (2) and (3a) for different values h:

p=ImK/(Ig_Im) (6)

The diagrams of function F (z), h (z), Ah(z),
Ah (h), Ah/Az(h), and p (h) according to equa-
tions (2—6) are calculated and built by special pro-
grams written for realization of this method.

Process of Probe Indentation into Membranes
of Normal Erythrocytes. Figure 4 shows dependencies
h (z), Ah/Az(h), and p (h) for diskocyte torus, disko-
cyte depression, and planocyte. These figures contain re-
spective statistical dispersions of values under analysis.
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Ta6auna 1. Cpenue 3HAYEHUS] BETUYUH Z,y, Loy ¥ Ny VIS TIAHOIMTA, TOPA W BIIATMHbI TUCKOIMTA.
Table 1. Mean z,,,,, L,,.,, and h,,,, for diskocyte torus, diskocyte depression, and planocyte.

Parameters, nm

Values of parameters in cells

Discocyte Planocyte (PI)
Tor Dep
Zimax 223+27 203+25 189+21
max 161£19 168+14 162+12
h 62+7 35+5 27+3

max

ITpumeyvanue. /I a6 1, 2: Parameters — mapametpsr; Values of parameters in cells — sHauenns napameTpos B KJIeTKax.

[lna nanbHeiero anaansa Hazio MOCTPOUTD 3a-
sucumocts Ah (h). Kak mosyuuts a1y 3aBUCUMOCTD?

g aToro, B Hauase, Ha/0 HANTHU 3aBUCUMOCTD
Ah(z). 3agaaum quckperHbiii mar Az, Harpumep, 20
HM Ha pucyHke 3. [l Kaxka0T0 3HAYCHUS Z,, (KPHU-
Basg «M») onpeznenum Bemuunbl z, (npamas «G»)
JUIst OfiHO# 1 Tol ke cubl Fy. Dynkuums h(z) onpene-
Jigercsd BeIpaskeHueM (3a).

Torna:

Ah=h;,; — h; (4)

JUISE TIOCJIEZIOBATEILHOCTH 7; Y€Pe3 BhIOPAHHBII
JMUCKPETHBIN 1mar Az.

[l nostydeHust pe3yJibTUPYIOIIei XapaKkTepu-
CTUKU — BEJUYUHBI [UCKPETHOTO TOTPYKEHUSA
30H/1a B MeMOpaHy, IPU 3a[aHHOM Tiiare Az MoJryda-
€M 3aBUCUMOCTD BUJIA:

dh/dz=f(h) (5)

WJIN JUIS TUCKPETHOTO TIpecTaByieHus (GyHK-

NN
Ah/Az=f(h) (5a)

Oyukiws (5a) MO3BOJISIET OIUCATH MPOIECC He-
OJTHOPOJTHOTO TIOTPY>KEHMUS 30H/Ia B KOMITO3UTHYIO MEM-
OpaHy ¥ OIEHUTD YIIPYTrO-3JIaCTHUYHBIE CBOMCTBA MeM-
Opanbl. 1151 6oJiee MOJIHOTO OIMCAHMST IIPOLECca MH/IEH-
Tarun 30112 crpoutcst 3aBucumocts p(h). Yopyrocts
KanTIIeBepa K 1 JIOKAJIbHAST JKECTKOCTh MEMOPAHBI |
BKJIIOYEHBI TIOCTIEI0BATENbHO. Torma u3 pucynka 3 u
Boipaskeruii (2) u (3a) 1ist pasimaHbIX 3HaYeHnit h:

p=ImK/(Ig_Im) (6)

Ipaduku pyuxiun F (), h (z), Ah(z), Ah (h),
Ah/Az(h) u p (h) B coorBeTcTBUE ¢ ypaBHEHUSIMEU
(2—6) BBIYMCIFIOTCS U CTPOATCS CHEITUATN3UPOBAH-
HBIMM TIPOTPAMMaMK HANMCAHHBIMU [IJI Pean3a-
WU HTOTO METO/IA.

IIpouecc WHIEHTAMU 30HAa B MeMOpaHbI
HOPMAJIbHBIX 3pUTpouuToB. Ha puc. 4 npuseneHb
sapucumoctu h (z), Ah/Az(h) u p (h) mst Topa guc-
KOITUTA, BIAJWHBI JMCKOIUTA ¥ Jijid TaHoiuTa. Ha
3TUX PUCYHKAX MPUBEAEHBI COOTBETCTBYIONIUE CTa-
TUCTHUYECKIE Pa3OPOChI OIEHUBAEMBIX BEJIUYUH.

BesmunHa MakcUMasbHOTO TOTpYyskeHust h, ..
30H/Ia MOKET MEHATHCH B ITMPOKOM JMATIA30HE IS
pasHbIX KiaeToK. CpenHue 3HAYCHUS BEJIUYUH Z,,
Lo ¥ Dy, JUISE TOPA AUCKOIUTA, BIAIMHDI IUCKOIU-
Ta U TJIAHOIIUTA, [IPE/ICTAaBJIeHbl B TalJ. 1.

Ha kaxnom rpaduke h (z) MOKHO BbIIEIUTH
JIBa XapaKTEepHbIX ydyacTKa: JUHEHHbIH U HeJnHeil-
wbiit. /g rpaduka Tor auckoimTa rpaHuiia 3TUX

The value of maximal probe submergence h,,,,
may vary within a wide range for different cells.
Mean values of z,,,,, L,,.., and h,,, for diskocyte torus,
diskocyte depression, and planocyte are given in
table 1.

On each diagram of h (z), two typical regions
can be identified: linear and nonlinear. For the disko-
cyte Tor diagram, the border of these regions z =78
11 nm, for the diskocyte Dep diagram z=34%4 nm,
and for planocyte Pl diagram z=28+4 nm. Up to
these borders, h increases from z almost linearly, i.e.
elastic deformation takes place (1). After these bor-
ders, function h (z) is nonlinear, membrane behaves
as a viscoelastic medium and follows viscoelastic de-
formation. The type of function (5a) for diskocyte
torus is shown in fig. 4, b Tor.

Below, in the description of results, mean values
are given.

The surface layer up to 10 nm is almost transpa-
rent for the indenter: Ah/Az = 0.85. In the layer of
10—50 nm, local stiffness grew and normalized value
Ah/Az dropped to 0.19. In the next layer of 50—62
nm, Ah/Az dropped to 0. At depth h=62 nm, the
probe stopped submersion into the cell membrane.

For diskocyte depression (Dep), these depen-
dencies had the same trends as for Tor. In the surface
layer to 8 nm, decrease of Ah/Az amounted to 0.78,
and in the layer of 8—35 nm, Ah/Az dropped mono-
tonously to 0. At h=35 nm, Ah=0, which meant
probe stop.

Biological objects, in particular, erythrocyte
membranes, feature high variability of properties and
structural peculiarities. Therefore, mechanical pro-
perties of membranes of different erythrocytes may
vary considerably. For planocyte (fig. 4, b) to 7 nm,
decrease of Ah/Az amounted to 0.85. Thereafter, to
h=21 nm, Ah/Az decreased to 0.1, and at h=28 nm,
the probe stopped submersion into the membrane.

From dependence F(z) (fig. 2) and (6), we ob-
tain the dependence of cell membranes' local stif-
fness coefficient p on probe submergence depth h
(fig. 4, ¢). As the probe submerged (membrane dip-
ped towards inside of the cell), coefficient p increa-
ses at first linearly and then nonlinearly. The bor-
ders of the regions of linear and nonlinear dependen-
cies p (h) are given in table 2.

A number of papers evaluate Young's modulus
E to describe stiffness of a biological object under in-
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||
yuacTkoB z=78+11 uM, 1714 rpaduka b.am o _— b
Dep nuckornura z=34+4 uwm, a s o] s
wianonurta Pl z=28+4 num. [lo stmx - F_I.JJ*"}T" o "SL““J
rpanutl h pacrer ot z mouTH JUHENRHO, o - ,_}- 7 -\ﬂ?ﬁ_}w
R ae '-
TO €CTb UMEET MeCTO ynpyrag aedop- ke /}/ i e b\ J\J
marus (1). [ocse atux rparut GyHK- = A .—»J——%:J‘ B 2 : ipg Ter
musg h (z) wenmueiina, memOpana i ;{b,-] = il SR - 1} \
_ " g ez 1 '}
BejieT cebst KaK BSI3KO-YIIpyTast cpesta ’,;”,a 2 Y % B i
U MOMYUHSAETCS YIIPYTO-3IaCTUYHOM el . & e e
-4 TS 4T amw I 4z &
nedopmariuu. Bug dyukiun (5a) mis l"‘ l|J 1|J
TOpa JIUCKOIUTA TIPEICTABJIECH HA PUC. b B b
4, b Tor. w Nim C
-2
Hwusxe, mpu onrcanuu pesyibTa- ey ",
TOB TIPUBOJSATCSA CpelHAE 3HAUYCHUS 0
BEJINYNH. s ;i
o o a4 [ H
[ToBepxHocTHBIH c0it 10 10 HM 5 i 4
ri-4 J‘ H
MPAKTUYECKW TTPO3pPAveH [Tl WH/ICH- o 3 3 e
topa: Ah/Az=0,85. B ciioe 10—50 HM e f ; b
JIOKAJTbHAST JKECTKOCTh BO3pacTajia U o H__F, 4 i
HopMupoBanHasi Benwymna Ah/Az e = .

nazgasa jio 0,19. B nocienyioniem cioe
50—62 um Ah/Az nagana no 0. Ha
ray6une h=62 HM 30HI mpeKpara
HOTpy’KeHre B MeMOPaHy KJIETKU.

g Bnagunet quckonuta (Dep)
3TU 3aBUCUMOCTU WMEJU TaKue Ke
TeHJIeHIINH, 4To u /i Tor. B moBepx-
HOCTHOM cJioe 110 8 uM nagenne Ah/Az cocraBuio
0,78, B ciioe 8—35 num Beanunna Ah/Az MoHOTOHHO
nagaia g0 0. IIpu h=35 um Bemmuuna Ah=0, uro
03HAYAJIO OCTAHOBKY 30H/IA.

Buosiornueckue 0OBEKTDI, B YaCTHOCTU, MEM-
OpaHbl 3PUTPOIUTOB, 00JIAJAl0T BBHICOKOIl Bapua-
GEeJIbHOCTBIO CBOUCTB U CTPYKTYPHBIX 0COOEHHOCTE.
TTosToMy MeXaHMYeCKUE CBOICTBA MEMOPaH pasJind-
HBIX 9PUTPOIMTOB MOTYT CYIIECTBEHHO Pa3inyaTh-
cst. Tax st twianonura (puc. 4, b) o 7 HM najieHue
Ah/Az cocrasuio 0,85. 3arem 10 h=21 um Ah/Az
ymenbimiaack 1o 0,1, a, mpu h= 28 uwm, 3011 1pekpa-
THJI TIOTPYsKEHUE B MEMOPaHY.

N3 3aBucumoctn F(z) (puc. 2) u (6) noaydaem
3aBUCUMOCTD K02(hhUIMeHTa JJOKATHHON KeCTKOCTH
U MeMOPpaH KJIETKHU OT TyOuHbI h morpyskeHus 30H/1a
(puc. 4, c¢). Tlo mepe norpyskerust 30ua (mporubda
MeMOpaHbl BHYTPb KJI€TKH ) KOA(h(MUIIHEHT | BO3pac-
TaeT BHauaJie JIMHEHO, a 3aTeM HeJuHelHo. ['panu-
IIbl YYACTKOB JUHEMHOU W HEJIMHEWHON 3aBUCHUMO-
creii p (h) mpemcrasienst B Tab1. 2.

JMCKOLUTA.

Puc. 4. 3asucumoctu h (z) , Ah/Az(h) u p (h) ana wianouura, Topa ¥ BlaMHbI

Fig. 4. Dependencies h (z), Ah/Az(h) and p ( h) for diskocyte torus, diskocyte
depression and planocyte.

vestigation [24—26]. Tt is assumed that the material
is homogenous and, hence, value E measured for the
surface layer may be attributed to the whole section
(volume) of an object.

Such interpolation will be inadequate for the
case of heterogeneous composite membrane [9, 27],
because functions h (z) and p (h) are nonlinear
(fig. 4, a) and membrane behaves as a viscoelastic
medium.

This approach allows evaluating local deforma-
tions of RBC membranes not only by the end value
of hmax, but also evaluating changes of nonlinear
stiffness of membranes as their deformation towards
inside of a cell (as probe indentation) increases.

Investigating viscoelastic deformations of eryt-
hrocytes' membranes, it should be discussed what
physical value can adequately describe properties of
such membranes. In this paper these properties are
described by functions h(z), Ah/Az (h) and u(h).
This set of functions describes the process of probe in-
dentation (submergence) in membranes fully enough.

TaGauua 2. T'paHuibl yYacTKOB JMHENRHOI 1 HeMHeNHHOii 3aBucuMocTeii p (h) 1151 HOpMaJIbHBIX HPUTPOIUTOB.
Table 2. Borders of the regions of linear and nonlinear dependencies p (h) for normal erythrocytes.

Parameters, nm

Values of parameters in cells

Discocyte Planocyte (PI)
Tor Dep
Linear region 0—46+5 0—23+3 0—17+2
Nonlinear region 46+5—62+7 23+3—35+5 17£2—-27+3

ITpumeuanue. Linear region — smueiinsiii yuacrox; Nonlinear region — HeJMHeHHbIH y4acTOK.
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B psae pabor onenusaior moayib IOnra E as
OITUCAHUS JKECTKOCTH UCCJIEYEMOTO OMOIOTHIECKO-
ro obbekta [24—26]. TIpu aToM TIpemoaraercs,
YTO MaTepPHUasl OJHOPOIHBIN U TOATOMY MOKHO H3Me-
PEHHOE 10 TOBEPXHOCTHOMY CJIOK0 3HaueHue E mpu-
mucaTh BceMy cedeHuto (06beMy) 0ObeKTa.

[ns cayyas HeOAHOPOAHOW KOMITO3UTHOM
MeMOpaHbl Takash MHTEPIOJAANUs OyIeT HeaJeKBaT-
Holi [9, 27], Tak Kak pyHkiwmy h (z) u p (h) Henuneii-
Hbl (puc. 4, a) u memOpaHa BejieT ceOst KaK BSI3KO-
yIIpyras cpeja.

JlaHHBIN IIOXOJ II03BOJIIET OLIEHUBATDL JIOKAJIb-
Hble Jedopmariy MeMOpaH SPUTPOIUTOB HE TOJBKO
10 KOHEYHOU Besimunte h, ., HO 1 OlleHUBAaTh U3MeHe-
HUSI HEJIMHEWHON JKeCTKOCTU MeMOpaH 10 Mepe yBe-
JudeHus ee nedopMalii BHYTPh KJIETKU (IO Mepe
WHIEHTAIIUN 30H/IA).

[Tpu uccae0BaHUN YIIPYTO-3JACTUYHBIX Jle-
dopmaruii MeMOpaH 3PUTPOIUTOB cJeayerT 06Cy-
JIMTh, Kakast pU3ndecKast BeJMUMHA MOKET ajleKBaT-
HO OIKCATh CBOMCTBA TakuX MeMOpaH. B pabore atu
cBoiicTBa onucbiBaloTes pyHkuusmu h(z), Ah/Az
(h) u p(h). Iror HAGOP PYHKITHIT TOCTATOUHO TTOJTHO
OTIMCBHIBAET TMPOIeCC HUJAeHTAUU (TIOTPYKEHUS)
30H/1a B MEMOPaHBI.

B 11e10M MOKHO CYJIUTH O JKECTKOCTH MeMOpa-
HbI 110 Besinunne h,,.. Yem menbiie h,,,, TeM xecTye
MeMGpana. Ho aToT mapamerp gaer Jiuiib o0iiee
IpeJICTaBIeHe O CBOicTBax MeMOpaHbl. Eciiu B uc-
CJIeJIOBAaHUK TIOCTABJIEHA 1[€JIb U3YUUTD JIOKAJIbHBIE
CBOWCTBA PA3JUYHBIX HAHOCTPYKTYP MeMOpaHb
HPUTPOIUTA, TO HEOOXOIAMMO TIOCTPOUTDH (DYHKITHIO
Ah/Az (h). B koHTekcTe 00CysK1aeMON 3a/1a4n T1a-
pameTp [ IMeeT OTIpe/ie/ICHHBIN (PU3MUecKnii CMbICII:
OH TOKa3bIBAET, Kakyto cuity F HeoOX0IUMO TIPUIIO-
JKUTD K 30HJLY, 4TO OBl OH MPOTHYJ MeMOpaHy | T10-
rpysuics Ha riay6uny h,. Ecii o Mepe norpyskemust
UHJIEHTOPA CBOMCTBA MEMOPAHBI OYIyT MEHSITHCSI, TO
1 K03 GunueHT p Toke Oy/IeT pasIHUeH JJist Pa3HbIX
BesuuH h;.

JLJist HEOJTHOPOJIHBIX CPE, HATIPUMED, JIJIST MEM-
OpaH 3PUTPOIUTOB TEOPETUUECKAS] 3aBUCUMOCTb,
ompenesstotiast F, Oyaer uMerh BUJL:

F=W[p (h),f (S),2(K)] (7)

Oyuknust ¢(h) onucbiBaeT HEOTHOPOIHOE T10-
BeJleHne MeMOpaHbl TIpu morpyskeHnu 3oH1a. OHa
BKJIIOUAET B cebst amMmupuieckue 3apucuMoctu h (z),
Ah/Az(h) u p(h), Ho, TO-BUANMOMY, HE OIINUCHIBAET-
Cs1 TIOJTHOCTBIO TOJIBKO 3TUMU (DyHKIMsIMU. VIMEHHO
aTa (DYHKIMS U SBJSIETCS UCKOMO# TIPH UCCIIEN0Ba-
HUM MEXaHUUYECKUX CBOHCTB MEMOPAHbBI KJIETK.

Oyuxnust f (S) yuurTpiBaeT u3MeHeHHe aKTUB-
HOU COCTaBJISIONIel TeoMeTprun S 30H/1a 1IPU €ro T10-
rpy’KeHUH B MeMOpaHy. DTa 3aBUCUMOCTb OITUChIBA-
erca dhopmysoit Fepria. P(K) — dynkius, onpese-
Jsiemas skectkocTbio kantuiaeBepa K (1). Oyukimn
¢ (h), f(S) u ®(K) onpepesnsor BU SMIUPHIECKOI
kpuBoii F(z) nus xkaetku (puc. 2, kpusas «M»). Liry-

max?

In general, membrane stiffness can be judged
based on hmax. The smaller hmax is the stiffer is the
membrane. However, this parameter gives just a ge-
neral idea about membrane properties. If an investi-
gation is aimed at studying local properties of diffe-
rent nanostructures of the erythrocyte membrane,
it is necessary to build function Ah/Az (h). In the
context of the problem under discussion, parameter
p has a definite physical meaning: it shown what
force F should be applied to a probe to make it bend
the membrane and submerge to depth hi. If as the
indenter submerges, the membrane properties
change, then coefficient p will also be different for
different hi.

For heterogeneous media, for example, erythro-
cytes' membranes, the theoretic dependence deter-
mining F will look as follows:

F=W[p (h),f (S),2(K)] (7)

Function ¢(h) describes the heterogeneous be-
havior of a membrane during probe submergence. Tt
comprises empirical dependencies h (z), Ah/Az(h)
and p(h), but, apparently, it is not fully described by
these functions only. It is this function that is sought
for during investigation of cell membrane's mechani-
cal properties.

Function f (S) takes into account the change
of active component of probe's geometry S during
its submersion into a membrane. This dependence
is described by the Hertz formula. ®(K) is the
function determined by cantilever stiffness K (1).
Functions ¢ (h), f(S) and ®(K) determine the
shape of empirical curve F(z) for a cell (fig. 2,
curve 'M"). The depth and process of submersion
strongly depend on function ¢ (h). Function f(S)
has little influence on the end result and may be
ignored in indenter submersion recording and
model building [27, 28].

Measurement of the local stiffness of red blood
cells' membranes addresses the issue of getting infor-
mation about nanomechanical peculiarities and
structure of this region of membrane.

Conclusion

The paper provides the experimental data
and substantiates the possibility of measuring
local stiffness of blood cell membranes using the
method of atomic force spectroscopy. The process
of viscoelastic deformation of a membrane accom-
panying probe indentation is shown. In different
cells and even in different zones of one cell, the
maximal local stiffness and probe passage process
might be different. The suggested approach may
be employed in fundamental and clinical studies of
parameters blood cells in the norm and diseases.
The method of recording nonlinear deformations
may be most efficient in the reanimatology and re-
habilitation practice.
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9KCH€leM€HT3AhHBI€ MCCACAOBAHM

OGUHA W TIPOIECC TIOTPYKEHUST CUJIBHO 3aBUCHT OT
dyurmun ¢ (h). Oyukius f(S) caabo Bausier Ha KO-
HEUHBIIT PE3yJIbTAT U PU PETUCTPAIIUH OTPY/KEHIST
HHJIETOPA U TIOCTPOEHUH MOJIEJIEN MOJKET HE YUUThI-
Barbes [27, 28].

M3mepeHre JIOKAJIbHON KECTKOCTH MeMOpaH
KPACHBIX KJIETOK KPOBH PEIIAET 3ajlauy MOJIyIEHIsI
uHGbOPMAIMK O HAHOMEXaHUIECKUX 0COOEHHOCTSIX U
CTPYKTYPHOM CTPOEHUH JJAHHOI 061acTH MeMOpaHbl.
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MPOIECC TPOXOKAEHMST 30H/Ia MOTYT OBITh PAa3jiny-
Hbl. TIpeIoKeHHbBII TOX0/] MOKET ObITh UCIIOJIb30-
BaH IPU TIPOBe/leHUN (DYHAAMEHTAIBHBIX U KIMHU-
YeCKUX HCCJIeIOBAaHUN CBONCTB KJIETOK KPOBHU B
HOPMe U TIpu pasanuHbix 3abosesanusax. OcobeHHo
a(hEKTUBHBIM METOJI PETUCTPAITNY HEJTMHEWHBIX JIe-
dopmaruii MokeT ObITh B TPAKTHKE PEAHMMATOJIO-
TUd U PeabHINTONOTHH,

References

1. Khromova V.S., Myshkin A.E. Coagulation of zinc-modified hemoglo-
bin. Rus. J. Gen. Chem. 2002; 72 (10): 1645-1649. DOI:
10.1023/A:1023356221708. [In Russ., In Engl.]

2. Gudkova O.Ye., Bushueva A.V., Kozlov A.P., Chernysh A.M. Nanostruc-
ture and local rigidity of red blood cells (RBC) under influence of
membrane modificators and ionizing radiation. Conf. Proc. CLINAM.
2013; 6: 172-173.

3. Moroz V.V., Chernysh A.M., Kozlova E.K., Borshegovskaya P.Y., Bliznjuk
U.A., Rysaeva R.M., Gudkova O.Y. Comparison of red blood cell mem-
brane microstructure after different physicochemical influences: ato-
mic force microscope research. J. Crit. Care. 2010; 25 (3): 539.e1-
539.e12. DOI: 10.1016/j.jcrc.2010.02.007. PMID: 20381299

4. Roduit C., van der Goot F.G., De Los Rios P, Yersin A., Steiner P, Dietler G.,
Catsicas S., Lafont F., Kasas S. Elastic membrane heterogeneity of living
cells revealed by stiff nanoscale membrane domains. Biophys. J. 2008; 94
(4): 1521-1532. DOIL: 10.1529/biophysj.107.112862. PMID: 17981897

5. Voitchovsky K., Antoranz Contera S., Kamihira M., Watts A., Ryan J.F.
Differential stiffness and lipid mobility in the leaflets of purple mem-
branes. Biophys. J. 2006; 90 (6): 2075-2085. DOI: 10.1529/bio-
physj.105.072405. PMID: 16387758

6. Kuznetsova T.G., Starodubtseva M.N., Yegorenkov N.1, Chizhik S.A., Zhdanoo
R.I. Atomic force microscopy probing of cell elasticity. Micron. 2007; 38 (8):
824-833. DOI: 10.1016/j.micron.2007.06.011. PMID: 17709250

7.  Rabinovich Y.I., Daosukho S., Byer K,J., El-Shall H.E., Khan S.R. Direct
AFM measurements of adhesion forces between calcium oxalate mono-
hydrate and kidney epithelial cells in the presence of Ca2+ and Mg2+
ions. J. Colloid. Interface Sci. 2008; 325 (2): 594-601. DOI:
10.1016/j.jcis.2008.06.024. PMID: 18619606

8. Bdlint Z., Krizbai 1.A., Wilhelm I., Farkas A.E., Pdrducz A., Szegletes Z.,
Vidrd G. Changes induced by hyperosmotic mannitol in cerebral endothe-
lial cells: an atomic force microscopic study. Eur. Biophys. J. 2007; 36 (2):
113-120. DOIL: 10.1007 /s00249-006-0112-4. PMID: 17115151

9. Kasas S., Dietler G. Probing nanomechanical properties from biomole-
cules to living cells. Pflugers. Arch. 2008; 456 (1): 13-27. DOI:
10.1007/500424-008-0448-y. PMID: 18213477

10. Zhao C.X., Shao H.B., Chu L.Y. Aquaporin structure-function relations-
hips: water flow through plant living cells. Colloids Surf. B. Biointerfa-
ces. 2008; 62 (2): 163-172. DOI: 10.1016/j.colsurfb.2007.10.015.
PMID: 18063350

11.  Volle C.B., Ferguson M.A., Aidala K.E., Spain E.M., Niifiez M.E. Quantitative
changes in the elasticity and adhesive properties of Escherichia coli ZK1056
prey cells during predation by bdellovibrio bacteriovorus. Langmuir. 2008;
24 (15): 8102-8110. DOI: 10.1021/1a8009354. PMID: 18572929

12. Vadillo-Rodriguez V., Beveridge T,J., Dutcher J.R. Surface viscoelasticity
of individual gram-negative bacterial cells measured using atomic force
microscopy. J. Bacteriol. 2008; 190 (12): 4225-4232. DOL
10.1128/JB.00132-08. PMID: 18408030

13. Azeloglu E.U., Costa K.D. Dynamic AFM elastography reveals phase
dependent mechanical heterogeneity of beating cardiac myocytes.
Conf. Proc. IEEE Eng. Med. Biol. Soc. 2009; 2009: 7180-7183. DOI:
10.1109/TEMBS.2009.5335316. PMID: 19965272

14. Franze K. Atomic force microscopy and its contribution to understan-
ding the development of the nervous system. Curr. Opin. Genet. Dev.
2011; 21 (5): 530-537. DOI 10.1016/j.gde.2011.07.001. PMID:
21840706

15. Lekka M., Fornal M., Pyka-Fosciak G., Lebed K., Wizner B., Grodzicki
T., Styczeii J. Erythrocyte stiffness probed using atomic force micros-
cope. Biorheology. 2005; 42 (4): 307-317. PMID: 16227658

OBLI A PEAHMMATOAOI U, 2017, 13; 5

www.reanimatology.com

67



68

Experimental Studies

DOI:10.15360,/1813-9779-2017-5-58-68

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Picas L., Milhiet P.E., Herndndez-Borrell J. Atomic force microscopy: a
versatile tool to probe the physical and chemical properties of suppor-
ted membranes at the nanoscale. Chem. Phys. Lipids. 2012; 165 (8):
845-860. DOI: 10.1016/j.chemphyslip.2012.10.005. PMID: 23194897

Hekele O., Goesselsberger C.G., Gebeshuber I.C. Nanodiagnostics perfor-
med on human red blood cells with atomic force microscopy. Mater. Sci.
Technol. 2008; 24 (9): 1162-1165. DOIL: 10.1179,/174328408X341834

Sirghi L., Ponti J., Broggi F., Rossi F. Probing elasticity and adhesion of
live cells by atomic force microscopy indentation. Eur. Biophys. J. 2008;
37 (6): 935-945. DOI: 10.1007 /s00249-008-0311-2. PMID: 18365186
Zhang C.Y., Zhang Y.W. Extracting elastic properties and prestress of a
cell using atomic force microscopy. J. Mater. Res. 2015; 24 (3): 1167-
1171. DOIL: 10.1557 /jmr.2009.0121

Bremmell K.E., Evans A., Prestidge C.A. Deformation and nano-rheology
of red blood cells: an AFM investigation. Colloids Surf. B. Biointerfaces.
2006; 50 (1): 43-48. DOL 10.1016/j.colsurfb.2006.03.002. PMID:
16701986

McPhee G., Dalby M,J., Riehle M., Yin H. Can common adhesion mole-
cules and microtopography affect cellular elasticity? A combined ato-
mic force microscopy and optical study. Med. Biol. Eng. Comput. 2010;
48 (10): 1043-1053. DOI: 10.1007/s11517-010-0657-3. PMID:
20623199

Fisseha D., Katiyar V.K. Analysis of mechanical behavior of red cell
membrane in sickle cell disease. Appl. Mathematics. 2012; 2 (2): 40-46.
DOI: 10.5923/j.am.20120202.08

Kim Y., Kim K., Park Y.K. Blood cell — an overview of studies in hema-
tology. In: Moschandreou T.E. (ed.). Measurement techniques for red
blood cell deformability: recent advances. Rijeka, Croatia; 2012: 167-
195. DOIL: 10.5772/50698

Buys A.V., Van Rooy M,J., Soma P., Van Papendorp D., Lipinski B., Preto-
rius E. Changes in red blood cell membrane structure in type 2 diabetes:
a scanning electron and atomic force microscopy study. Cardiovasc. Dia-
betol. 2013; 12: 25. DOIL: 10.1186,/1475-2840-12-25. PMID: 23356738

Li M., Liu L., Xi N., Wang Y., Dong Z., Xiao X., Zhang W. Atomic force
microscopy imaging and mechanical properties measurement of red
blood cells and aggressive cancer cells. Sci. China Life Sci. 2012; 55
(11):968-973. DOI: 10.1007 /s11427-012-4399-3. PMID: 23160828

Yu M., Wang J., Wang H., Dong S. Calculation of the intracellular elastic
modulus based on an atomic force microscope micro-cutting system.
Chin. Sci. Bull. 2012; 57 (15): 1868-1872. DOL: 10.1007 /511434-012-
5053-y

Kasas S., Wang X., Hirling H., Marsault R., Huni B., Yersin A., Regazzi R.,
Grenningloh G., Riederer B., Forro L., Dietler G., Catsicas S. Superficial
and deep changes of cellular mechanical properties following cytoske-
leton disassembly. Cell. Motil. Cytoskeleton. 2005; 62 (2): 124-132. DOI:
10.1002/cm.20086. PMID: 16145686

Sen S., Subramanian S., Discher D.E. Indentation and adhesive probing of
a cell membrane with AFM: theoretical model and experiments. Biophys.

J. 2005; 89 (5): 3203-3213. DOIL: 10.1529/biophys;j.105.063826.

PMID: 16113121
Iocrynuna 06.06.17

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Picas L., Milhiet P.E., Herndndez-Borrell J. Atomic force microscopy: a

versatile tool to probe the physical and chemical properties of suppor-
ted membranes at the nanoscale. Chem. Phys. Lipids. 2012; 165 (8):
845-860. DOL: 10.1016/j.chemphyslip.2012.10.005. PMID: 23194897

. Hekele O., Goesselsberger C.G., Gebeshuber I.C. Nanodiagnostics perfor-

med on human red blood cells with atomic force microscopy. Mater. Sci.
Technol. 2008; 24 (9): 1162-1165. DOIL: 10.1179,/174328408X341834

. Sirghi L., Ponti J., Broggi F., Rossi F. Probing elasticity and adhesion of

live cells by atomic force microscopy indentation. Eur. Biophys. J. 2008;
37 (6): 935-945. DOI: 10.1007 /s00249-008-0311-2. PMID: 18365186
Zhang C.Y., Zhang Y.W. Extracting elastic properties and prestress of a
cell using atomic force microscopy. J. Mater. Res. 2015; 24 (3): 1167-
1171. DOIL: 10.1557 /jmr.2009.0121

Bremmell K.E., Evans A., Prestidge C.A. Deformation and nano-rheology
of red blood cells: an AFM investigation. Colloids Surf. B. Biointerfaces.
2006; 50 (1): 43-48. DOL 10.1016/j.colsurfb.2006.03.002. PMID:
16701986

McPhee G., Dalby M,J., Riehle M., Yin H. Can common adhesion mole-
cules and microtopography affect cellular elasticity? A combined ato-
mic force microscopy and optical study. Med. Biol. Eng. Comput. 2010;
48 (10): 1043-1053. DOI: 10.1007/s11517-010-0657-3. PMID:
20623199

Fisseha D., Katiyar V.K. Analysis of mechanical behavior of red cell
membrane in sickle cell disease. Appl. Mathematics. 2012; 2 (2): 40-46.
DOI: 10.5923/j.am.20120202.08

Kim Y., Kim K., Park Y.K. Blood cell — an overview of studies in hema-
tology. In: Moschandreou T.E. (ed.). Measurement techniques for red
blood cell deformability: recent advances. Rijeka, Croatia; 2012: 167-
195. DOIL: 10.5772/50698

Buys A.V., Van Rooy M,J., Soma P., Van Papendorp D., Lipinski B., Preto-
rius E. Changes in red blood cell membrane structure in type 2 diabetes:
a scanning electron and atomic force microscopy study. Cardiovasc. Dia-
betol. 2013; 12: 25. DOIL: 10.1186,/1475-2840-12-25. PMID: 23356738

Li M., Liu L., Xi N., Wang Y., Dong Z., Xiao X., Zhang W. Atomic force
microscopy imaging and mechanical properties measurement of red
blood cells and aggressive cancer cells. Sci. China Life Sci. 2012; 55
(11):968-973. DOI: 10.1007 /s11427-012-4399-3. PMID: 23160828

Yu M., Wang J., Wang H., Dong S. Calculation of the intracellular elastic
modulus based on an atomic force microscope micro-cutting system.
Chin. Sci. Bull. 2012; 57 (15): 1868-1872. DOIL: 10.1007 /s11434-012-
5053-y

Kasas S., Wang X., Hirling H., Marsault R., Huni B., Yersin A., Regazzi R.,
Grenningloh G., Riederer B., Forro L., Dietler G., Catsicas S. Superficial
and deep changes of cellular mechanical properties following cytoske-
leton disassembly. Cell. Motil. Cytoskeleton. 2005; 62 (2): 124-132. DOI:
10.1002/cm.20086. PMID: 16145686

Sen S., Subramanian S., Discher D.E. Indentation and adhesive probing
of a cell nembrane with AFM: theoretical model and experiments. Bio-
phys. J. 2005; 89 (5): 3203-3213. DOIL: 10.1529/biophys;j.105.063826.
PMID: 16113121

Received 06.06.17

www.reanimatology.com

GENERAL REANIMATOLOGY, 2017, 13; 5



