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MomudukaTopsl MeMOpaH MOPOKIAIOT JIOKAJIbHBIE e(DeKThI HA TIOBEPXHOCTH KJIE€TOK. V3MepeHIe JKeCTKOCTU B
30HaX JIOKAJIBHBIX 71e(heKTOB MOKET JaTh JOMOJHUTEIbHYIO HHMOPMAIIIIO O CTPYKTYpe Ae(eKTOB 1 MeXaHn4eCKUX
cBoO¥icTBaX MEMODAH B IIEJIOM.

ITean paBGoOTHI: MONIATOBOE UCCJIEA0BAHIE IPOIecca HeTMHe Ol edopMaliiu MeMGPaH dpUTPOIIUTOB TIPU JIei-
CTBUH Ha HUX MON(DHUKATOPOB PasinyHON (HU3NKO-XUMUYECKOH IPUPOJIDI.

Martepuassl 1 MeTO/Ibl. MeT0/10M aTOMHO-CUJIOBOI CIIEKTPOCKOIINY IIPOBEJIN HccieoBanue 1ehopMalni Mem-
6paH BHYTPb KJIETKU BSI3KO-YIIPYTOil KOMITIO3UTHOU KOHCTPYKIMU SpuTpornuTa. Mccrenosanu nennueiitbie gedop-
Malluy Ipu JeCTBUN reMIHa, HOHOB Zn?', hapMIpenapaTa BeparnaMuia.

Pesyabrarst. [Tokazanu mnpoiecc yrpyro-aiactudHoil redopMaiuu MeMOPaHbl 110 Mepe WHJIEHTAIIMN 30H/a B
006J1aCTSIX JIOKATbHBIX /Ie(heKTOB, BBI3BAHHBIX MojuuKkaropamu. Ha oiH 1 ToT ke mar cmeniennst Az be30CKaHepa
30H]I TIOTPYKAJICS HA PAa3HbIe UCKPETHBIE BEMYMHBI AR, KOTOPbIE SIBJSIOTCS (DYHKIUSIMUA CTPYKTYPbI MEMOPAHbI.
B obsacTsix TOMEHOB TP [eHCTBIM FeMUHA BO3HUKAJIM 30HBI HATSDKEHUS! M 30HBI TIaCTUYHOCTH. [IprBesnn Mate-
MaTH4YecKast MOJIeJIb MHIEHTAIIY 30H/a B 001acTH Ie)eKTOB MeMOpaH.

3axmouenne. OOCyUIN MOJIEKYJISIPHBIE MEXaHU3MbI PA3JIMYHBIX BUIOB HEJMHEWHBIX [ehopMaliiii, BO3HUKAIO-
IUX [IPU JeHCTBUH TOKCUHOB. Pe3ysibraTsl paboThl MOTYT MPENCTABISITD MHTEPEC KaK st (DyHAAMEHTaIbHBIX HC-
CcJIe[IOBaHMiT CBOMCTB KJIETOK KPOBH, TaK ¥ JIJIsI IPAKTUYECKON PEAHUMATOIOTUH 1 PEAOUITATOTIOT N,

Kntouegote crnosa: membparvL spumpouumos; neaunetinie 0eghopMayuu; amomHo-Cui08ast CNeKmpoCKOnus.

Modifiers of membranes cause local defects on the cell surface. Measurement of the rigidity at the sites of
local defects can provide further information about the structure of defects and mechanical properties of altered
membranes.

The purpose of the study: a step-by-step study of the process of a nonlinear deformation of red blood cells mem-
branes under the effect of modifiers of different physico-chemical nature.

Materials and methods. The membrane deformation of a viscoelastic composite erythrocyte construction inside
a cell was studied by the atomic force spectroscopy. Nonlinear deformations formed under the effect of hemin, Zn?*
ions, and verapamil were studied.

Results. The process of elastic deformation of the membrane with the indentation of a probe at the sites of local
defects caused by modifiers was demonstrated. The probe was inserted during the same step of the piezo scanner Az
displacement; the probe indentation occured at the different discrete values of Ak, which are the functions of the
membrane structure. At the sites of domains, under the effect of the hemin, tension areas and plasticity areas appea-
red. A mathematical model of probe indentation at the site of membrane defects is presented.
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Conclusion. The molecular mechanisms of various types of nonlinear deformations occurring under the effect
of toxins are discussed. The results of the study may be of interest both for fundamental researchers of the blood cell
properties and for practical reanimatology and rehabilitology.
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BBeneunne

Croco6HOCTD APUTPOITUTOB 1eHOPMUPOBATHCS
oTpesiesIsieT BO3MOKHOCTh UX TIPOXOKIEHUs depes
KaNMJIJIIPHYIO CETh U PEOJIOTHIO KPOBU B 11esioM [1].
Oco6eHHO 0CTPO CTOUT 9Ta TIPOOIEMA B IPAKTIHYCCKOM
PEAHNMATOJIOTHN U PEabMIUTONOTHN. DTO OTIpeie-
JISIETCST TEM, YTO TIPU KPUTUYECKUX COCTOSHUIX, TIPU
KPOBOIIOTEPE, COUETAHHOI TPaBMe COOCTBEHHBIE Mapa-
METPBI MEMOPaH 3PUTPOITUTOB MEHSIOTCS B MIMPOKIX
npezgenax [2—5].

Aromuas cunosas cnekrpockonust (ACC) mos-
BOJISIET TIOJIyYaTh U300PAKEHMST HAHOMOBEPXHOCTH
MeMOpaH W UCCIIEN0BATh UX CIIOCOOHOCTD JehopMu-
poBarbcst oz AelictBueM uHjeHTopa [6, 7]. Ilo
nedopmarui OHOJOTUIECKOH CTPYKTYPBI JleJIaeTcst
3aKJIOYEHUE O JKECTKOCTH MaTepuasa U ero MeXaHu-
yeckux cBoiictBax [8, 9]. [lepopmupyemocts u
JKECTKOCTh MeMOpaH 9PUTPOIMTOB MEHSETCS TIPH
3ab0JIeBaHUAX — TIPU CaxapHOM JuabeTe, WIIEMUH
Muokapa, runepronuu [10, 11], mpu BOsHUKHOBEHUU
omyxouJieit [12, 13].

[To cnI0BBIM KPUBBIM, HI3MEPEHHBIM B ITOBEPX-
HOCTHOM CJIO€, pacuuThIBaeTcs Moayib lOura, koro-
pBIil TpPUIHCHIBAETCSA BceMy 00beMy Marephaia
[14—16]. B Takom KOHTEKCTe U3MepeHUe KeCTKOCTH
MeMOPaHbI KJIETKH MOKHO TIPOBOJIUTEL Ha MEeMOpaHax,
3aKpeTIeHHbIX Ha TBepoit ozioxkke [17]. Ho, B aTom
cJTyyae HET BOSMOYKHOCTH MOJIYYUTh IaHHbIE O 1edhop-
MUPYEMOCTH ~ OTJEJHBHBIX KOMIIOHEHT ~MeMOpaH.
Mo:kHO uTIIb OIIEHUTh MOYJTb KOHTa MOBEpXHOCTHO-
ro cJyiosl. 3aziaya U3ydyeHus] MeXaHUIeCKIX CBOWCTB
MeMOpaH apuTpoiuToB ¢ noMouibio ACC noJkHa
OBITH MOCTaBJICHA WHAYE. A MMEHHO, UCCIeOBAHUE
criocobHOCTH  1eOPMUPOBATHCS BHYTPh  KJIETKH
BSI3KO-YTIPYTOil KOMIO3UTHON MeMOPaHbI Ha 1[EJI0CT-
HOU KOHCTpYKIMH aputpormTa |18, 19].

MosuhukaTopsl MeMOpaH MOTYT TTOPOJKAATH
JIOKaJIbHbIE Ie(heKTH HAa TOBEPXHOCTH KJIeTOK. V3me-
peH¥e JKeCTKOCTH B 30HAX JIOKAJTBHBIX JIE(DEKTOB MOXKET
JaTh JONOJHUTEIBHYI0O WH(GOPMAIUIO O CTPYKType
neheKTOB ¥ MeXaHHYECKUX CBOMCTBaX MeMOpaH B
iesioM. TToaTomy, /utst omicanust GUOMEXaHUKU MeM-
6GpaH, HeOOXOMMO HCCIEIOBATh HE MPOCTO MOJYJIb
FOHTa MOBEPXHOCTHOTO CJI051, HO 1 I3MEHEHUS JKECTKO-
cTH MeMOPaH B UX Pa3/IMYHBIX 30HAX U Ha PA3HOI IIIy-
Gune mporuba. [lyist aTOro MccIeI0BANN ICHCTBIE Ha
KJIETKH MOJII(PUKATOPOB PA3IMYHOI IIPUPOJIbL: TOKCH-
YECKUI areHT TeMIH, HOHbI TSIKEJIBIX METAIIIOB — Zn?',
JIEKAPCTBEHHBIIT (hapMIIpenapaT — BepanaMul.

[lesb paboThl — MOIMIATOBOE MCCJACOBAHIE MTPO-
Hecca HeJIMHeiiHOM gedopMaliy MeMOPaH 9pUTPOLIU-

Introduction

The ability of red blood cells (RBC) to deform
determines the possibility of their passage through
capillary network and rheology of a blood [1]. This
problem is especially urgent in practical reanima-
tology and rehabilitology since in critical states due
to a blood loss and multitrauma the intrinsic pa-
rameters of erythrocyte membranes vary in a wide
range [2-5].

The atomic force spectroscopy (AFS) makes
it possible to obtain images of the nanosurface of mem-
branes and to study their ability to deform under the
influence of the indenter [6, 7]. A conclusion about
the firmness of the material and its mechanical prop-
erties [8, 9] is made by the deformation of the biolog-
ical structure. The deformability and rigidity of the
erythrocyte membranes varies depends on the disease
studied and inclludes diabetes mellitus, myocardial is-
chemia, hypertension [10, 11], and tumors [12, 13].

According to the force curves measured in the
superficial layer, the Young's modulus is calculated,
which is attributed to the entire volume of the ma-
terial [14—16]. In this context, the measurement of
the hardness of the cell membrane can be carried out
on membranes fixed on the solid substrate [17]. But
in this case, it is not possible to obtain data about
the deformability of individual membrane compo-
nents. One can only estimate the Young's modulus
of the surface layer. The task of studying the me-
chanical properties of erythrocyte membranes with
the help of AFS should be set differently. Namely, a
study of the ability of the viscoelastic composite
membrane to deform inside a cell on an integral ery-
throcyte construction [18, 19].

Modifiers of membranes may produce local de-
fects on the cell surface. The measurement of the hard-
ness at sites of local defects can give additional
information about the structure of defects and the me-
chanical properties of membranes, in general. There-
fore, to describe the biomechanics of membranes, it is
necessary to investigate not only the Young's modulus
of the superficial layer, but also changes in the rigidity
of membranes in their various zones and at different
depths of deflection. For this purpose, the effect of
modifiers of different nature on the cells was studied:
a toxic agent hemin, ions of heavy metals (Zn?"), and
a pharmaceutical verapamil.

The purpose of the study was a step-by-step
study of the process of a nonlinear deformation of red
blood cells membranes under the effect of modifiers of
different physico-chemical nature.
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TOB IIPU JIEMCTBUYU HA HUX MOAM(MDUKATOPOB pasJjiny-
HOU (hU3UKO-XUMUYECKON TTPUPOJIBI.

MaTepI/IaJI N METO/1bl

Crioco6 usmepenust gedopmalinii, 00bEKT, a Tak ke
METOJMKA TOCTPOEHWS] M aHAJIM3a CHJOBBIX KPHUBBIX B
ATOMHO-CHJIOBOII CIIEKTPOCKOTNY ObLIA MOAPOGHO OTHcaHa
B yacty 1 aToit cTaTbu.

KpoBb 3abupasi y 0HOPOB Ha T06POBOJIBHOI OCHOBE
pu TPOMUIAKTUIECKIX OCMOTPAX, U BCe JaJbHEIIIe uc-
CJIe/IOBAaH TIPOBOJINIIN in itro. B ncciiefoBaHNN MCIOTb-
30BaJI KPOBH 6 JOHOPOB MY;KCKOTO 11071 OT 23 10 34 JieT.
Bce nceseoBanust IPOBOJIMIN ¢ yueToM TpeboBanmii Xesb-
CUHCKOI JlekIapaiinu BeemnpHoii acconpaiinm «tundyeckne
HPUHITAIIBI TPOBEICHNST HAYYHBIX MEINIITHCKUX HCCIIe/10-
BaHMUIi ¢ yuacTreM yesoBekay ¢ monpaskamu 2000 1, a Takske
¢ Hopmamu atudeckoro komurera OHKIL PP.

[TpoBomun McCaeIOBAHUS JIOKAJIBHON $KECTKOCTH
MeMOpaH 3PUTPOIIUTOB MOCTIE BO3IENUCTBHSI HA KPOBD i1 Vitro
MOM(UKATOPOB: TEMIHA, HOHOB TSIKEJTBIX METAILIOB (Zn2"),
JIEKAPCTBEHHOTO ITpenapara BepanaMuia. ITu Moaudka-
TOPBI UMEJIH PA3JINYHYIO IIPUPOLY ¥ PA3INIHBIE MEXAaHI3MBI
JEiiCTBUS HA HAHOCTPYKTYPY MeMOpaH. Baskno, 4To aTu Mo-
JnbUKATOPBI MOPOKIAIN Ha MeMOpPaHaxX APUTPOIIUTOB Clie-
muduyeckre TOMOJOTHYECKUE JIOKAJIbHBIE —J1edeKTsl,
XapaKTepHbIe TOJIBKO JIIsI IAHHOTO MomdukaTopa. Berbop
MO/I(DUKATOPOB MPOAUKTOBAH HEOOXOMMOCTBIO MOJTyYe-
HUS ITUPOKOTO CTIeKTpa 9 (dEKTOB NX BO3/ENCTBHS HA Ha-
HOCTPYKTYPY U MEXaHUYECKHE CBOMCTBA MEMOPAH.

TeMuH — MPOIYKT OKHUCIEHHsI reMoriobouHa. Masst-
pust (CepHOBUHBIE KJIETKH), UIIEMHs, KPOBOIIOTEPSI, KPO-
BOTE€UEHNE W3 9PO3MIl JKeTyAKa MOTYyT TPUBECTH K
dbopmuposanio remuna [2, 18, 20]. Monsr Zn?* BBI3BIBAIOT
KJTACTEPU3AIMIO GETKOBBIX CTPYKTYP U OPOIK/IAIOT JOKATb-
Hble nedextsl MemOpan [21, 22]. Bepanamuui, ucionbsye-
MBIl ~ TpU  JIeYeHWW  THIEPTOHWUU,  CTEHOKAp/IUH,
TAXUAPUTMUHM ¥ KapAMOMHONATHH, SIBJSETCS OJHUM U3
YacTO Ha3HAYaeMbIX OJIOKATOPOB KaTbIIMEBHIX KaHATOB [23].

B pa6ore ucrob3oBanu cyxoit remud (Sigma, USA).
50 mr cyxoro remuna pactBopsiin B 0,1 M pactBopa NaOH
B IMCTUJJINPOBAHHOM Bojie. KoHeyHast KOHIleHTpaIus re-
MUHA B KPOBU in vitro coctanisiia 1,5 MM. PactBop cosu
ZnSO, (Sigma, USA) no6aBisiiv B 1ebHYI0 KpoBb. KoH-
TIEHTPAIHs HOHOB ZNn%" B KPOBH in vitro coctaBisiia 2 MM.
Konmentpanus Bepanamuia rugapoxiopuga (Nycomed,
Austria) B kpoBu in vitro coctasisiia 0,6 MM.

Craructnyeckyio 06pabOTKy TaHHBIX TPOBOINIIH C 110~
MOITITBIO cTaHAapTHOM mporpammer Origin 9, (Origin Lab Cor-
poration, USA). CTponsm riucTorpaMmbl, OIIPe/IesIsiIv CpejiHee
3HAUYEHME, BEIMUIHY CPETHEKBAIPATHYECKOTO OTKJIOHEHUS 1
THOJIYYaJIF HHTEPBAIBHYIO OIIEHKY, OIIEHKY I0OCTOBEPHOCTH T10-
JIy9eHHBIX Pe3YJIBTATOB, OIEHKY JOCTOBEPHOCTH PA3JIIIHIA.
JloCTOBEPHOCTD PA3JIMINIT OIIEHUBAJIH C TIOMOIIBIO OTHO(AK-
TOpHOTO /IHcTiepcrorHoro aHammsa (One-way, ANOVA).

Pe3yibrarhl 1 00CyKA€eHHE

[Tportecc nHAEHTAIIUN 30H/1a B MEMOPAHbI 9PHT-
pOILUTA IIPU [IeIiCTBUU FreMUHA

Temun o6pasyeT JOMEHbI Ha TOBEPXHOCTH MEM-
Opan [24]. IIpuMep HaHOIOBEPXHOCTH MeMOpaHbI
9PUTPOIINTA [IOCJIE IeMCTBUS TeMUHA IIPEICTABIEH HA
puc. 1, a. Tlokasanbl obsactu GOJNBIIUX JTOMEHOB
(350-1000) um — «Ld», obact MaJbiX JZOMEHOB

Materials and Methods

The method of deformations measuring, the object, as
well as the procedure of plotting and analyzing of force
curves in the atomic force spectroscopy has been described
in details in Part 1 of this article.

Blood was collected from donors on a voluntary basis
during preventive examinations, and all further studies were
performed in vitro. Blood from 6 male donors aged from 23
to 34 years old was used in the study. All studies were carried
out in accordance with the requirements of the Declaration
of Helsinki by the World Medical Association «Ethical Prin-
ciples for Medical Research Involving Human Subjects», as
amended in 2000, as well as with the requirements of the
Ethics Committee of the Federal Research and Clinical Cen-
ter of Intensive Care Medicine and Rehabilitology.

Studies of local hardness of erythrocyte membranes
after in vitro exposure of blood to modifiers: hemin, heavy
metal ions (Zn?"), verapamil. These modifiers had different
nature and different mechanisms of action on the nanostruc-
ture of the membranes. It is important that these modifiers
generated specific topological local defects on the erythro-
cyte membranes, which are characteristic only to this mod-
ifier. The choice of modifiers is substantiated by the need to
obtain a wide range of effects of their influence on the nanos-
tructure and mechanical properties of membranes.

Hemin is a product of hemoglobin oxidation. Malaria,
sickle cells, ischemia, blood loss, bleeding from gastric ero-
sions can lead to the formation of hemin [2, 18, 20]. Zn?" ions
cause clustering of protein structures and generate local
membrane defects [21, 22]. Verapamil is one of the most
commonly prescribed calcium channel blockers, used in the
treatment of hypertension, angina pectoris, tachyarrhythmia
and cardiomyopathy [23].

Dry hemin was used in the study (Sigma, USA). 50 mg
of dry hemin was dissolved in a 0.1 M solution of NaOH in dis-
tilled water. The final in vitro concentration of hemin in the
blood was 1.5 mM. A ZnSOj solution (Sigma, USA) was added
to the whole blood. The in vitro concentration of Zn?" ions in
the blood was 2 mM. The in vitro concentration of verapamil
hydrochloride (Nycomed, Austria) in blood was 0.6 mM.

The statistical processing of data was carried out using
the standard Origin 9 software, (Origin Lab Corporation,
USA). The histograms were constructed, the mean value,
the standard deviation value were determined and an inter-
val estimate, an estimate of the reliability of the obtained
results, and an estimate of the reliability of the differences
were obtained. The reliability of the differences was assessed
using single-factor analysis of variance (One-way, ANOVA).

Results and Discussion

Process of probe indentation into RBC mem-
brane under the effect of hemin

Hemin forms domains on the membrane surface
[24]. An example of the nanosurface of the red blood
cell membrane after the action of hemin is shown in
fig. 1, a. Zones of large domains (350—1000 nm), <L.d»,
zones of small domains (200-300) nm, «Sd», and
zones of flat membranes surface, «Fl», are shown. The
characteristic size of granular structures in domains is
100—120 nm, which is close to the characteristic cell
size of the spectrin matrix. The sizes of domains are de-
termined by the number of grains in it [25].

GENERAL REANIMATOLOGY, 2018, 14; 1
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Puc. 1. HanonosepxuocTs MeMGpaH 9pUTPOIUTOB IPU I€HCTBUM TEMUHA.

Fig. 1. Nanosurface of red blood cell membranes under the effect of hemin.

Note. a — functions Ah/Az (h) for the flat surface FI, zone of the large domain Ld, zone of the small domain Sd; b — function u (k) for the
same zones; ¢ — Hg, and H; , are the zones of tension in the areas Ld and Sd, Ts;and T}, are the zones of plasticity in the same ares. £, is

the depth of the indenter stop.

IIpumeuanue. a — pyuximu Ah/Az (h) piist wiockoit nosepxuoctu Fl, obmactu Goubinoro gomena Ld, obractu Masoro gjomena Sd; b —
Gbyukiun g (h) nist tex xe obiacreit; ¢ — Hgy u Hy, — 3onbl Hatsikenus B obnactsax Ld u Sd, Tgyu Tjy — 30HBI IVIACTUYHOCTH B TEX XKe

06macTsIX. hyy,, — TIyOUHA OCTAHOBKY WHIEHTOPA.

(200-300) M — «Sd» 1 061aCTH IJIOCKOMN IIOBEPXHO-
cru membpan — «Fl». Xapakrepusiii pasmep 3epHu-
CTBIX CTPYKTYP B loMeHax coctasiger 100—120 um,
4TO BJIM3KO K XapaKTEPHBIM Pa3MEPOM STYEHKH CIIeK-
TPUHOBOTO MaTpukca. Pazmepsl IOMEHOB olpeje-
JISTIOTCST KOJIMYECTBOM 3€peH B HeM [25].

ITpusenu sapucumoctu Ah/Az (h) (puc. 1, b) u
u (h) (puc. 1, ¢) n1s Tpex BbIIEIEHHbIX 001acTel KiIeT-
KM, [I0Ka3aHHbIX HA puc. 1, a. Ilpouecc morpy:kenust
30H/1a B 0OJacTu 1iockoii nosepxuocru (puc. 1, Fl)
GBI IOXO3K Ha TAKOM JKe MIPOTIECC Ha TUIAHOTIUTE (4acTh
1, puc. 4, Pl). ®yuxuusa Ah/Az (h) nagana or 0,8 (h=6
HM) 710 0 Ha riay6ure 32 nm. ITporiece nmorpyskeHust 30H-
0B B 0OsiacTu oMeHoB Sd u Ld otnmyaeTcs ot Tako-
BOT'O JIJISI IIJIOCKO¥T TIOBEPXHOCTH 9TOI Ke KIETKH (PIC.
1, b). B 061acTaAX 1OMEHOB PETHCTPUPOBAJII XapaKTep-
Hble 30Hb! HATs>KeHust H, u H ; v 30HBI IIACTUYHOCTH
KOMIIO3UTHOTO MaTtepuaia MmemOpan Ty, u T, 1u1st Maio-
10 1 GOJIBIIIOTO JIOMEHOB COOTBETCTBEHHO. B 30Hax H
KO3 PUIEHT JIOKATBLHON KECTKOCTH 4 MEMOPaH BO3-
pacras 1o Mepe pocra h, a 3oHax T KoahPUIEHT 1
noutu He MeHsiics. Hanbosee BoIpaskeHHBIMU ObLIH
9TH 30HBI 1151 O0JibInoro qomena. B sone H,,; (26—36
M) Ah/Az nagana or 0,94 no 0,41. 3arem BosHuKaIA
3oHa mactuanoctn — T, (36—90 um). B artoii 30ne
Ah/Az nipaktudecku He ymenbinaiach (0,41-0,38).
Ha riy6une /=94 1M 30H IIPEKpPaTIII IIOTPYKEHKE B
Mem6paty. B o6racTyt Masioro joMeHa mporece morpy-

Dependences Ah/Az (h) (fig. 1, b) and p (h)
(Fig. 1¢) are presented for the three selected cell zones,
shown in Figure 1a. The process of probe introduction
into the zones of flat surface (fig. 1, FI) was similar to
the same process on the planocyte (part 1, fig. 4, PI).
The function Ah/Az (h) fell from 0.8 (A=6 nm) to 0 at
the depth 32 nm. The process of probes indentation
into the Sd and Ld domain zones differ from that for a
flat surface of the same cell (fig.1, b). In the domain
zones, characteristic Hg, and H;, tension zones and the
zones of plasticity of the membrane composite material
T,, and T}, for small and large domains, respectively,
were registered. In zones H, the local membranes hard-
ness coefficient 4 increased with increase of h; and in
zones T the coefficient u almost did not change. These
zones were more expressed for the large domain. In the
zone H,;, (26—36 nm), Ah/Az fell from 0.94 to 0.41.
Then a zone of plasticity T;, (36—90 nm) appeared.
In this zone, Ah/Az practically did not decrease
(0.41-0.38). At a depth of #=94 nm, the probe stopped
its indentation into the membrane. In the zone of a
small domain, the indentation process was similar. The
tension zone Hy, was wider (28—58 nm), and the drop
of Ah/Azwas from 0.83 to 0.3. The plasticity zone T,
was from 58 to 64 nm, and the maximum value of the
probe indentation was A=74 nm. The function u (h)
(fig. 1, ¢) for a flat zone of the membrane F/ was an in-
creasing one, similar to this function for the planocyte

www.reanimatology.com

GENERAL REANIMATOLOGY, 2018, 14; 1



DOI:10.15360,/1813-9779-2018-1-29-39

SCHCPTAMQHTQ.AI)HI)IC MCCACAOBAHMA

¢
—e— Control
s Verapamil
— - Zn'*

Local b
defects =]

pn, N/m
240]
2204

—e— Control
-+~ Verapamil
—o— Zn?

Puc. 2. Jlokanbubie AedeKTbl MeMOpPaH 3PUTPOIMTOB NPH AeiicTBUU HOHOB Zn** (a) u Bepanamuia (b).
Fig. 2 Local defects of erythrocyte membranes under the effect of Zn>* ions (a) and verapamil (b).
Note. ¢ — functions Ah/Az (h) for normal discocyte (control), under the effect of Zn?" ions and verapamil; d — the function u (k) for the

same cells. 4,,,, is a depth of the indenter stop.

Ipumeyvanue. ¢ — pynkimn Ah/Az (h) 101 HOPMAIBHOTO AUCKOTUTA (KOHTPOJIb), IPU JIEHCTBIM HOHOB Zn** 1 BepanaMuia; d — pyHKIn

4 (h) 1tst Tex sKe KIETOK. Ay, — TIIyOMHA OCTAHOBKI HHAEHTOPA.

sKeHMs ObL1 MoA00HBIM. 3oHa Hatskenus Hg; Oblaa
mupe: (28—58 1m), a nagerne Ah//Az cocTaBUIo OT
0,83 110 0,3. 3ona miactuunoctu T, Oblia yxke: oT 58 10
64 HM, a MAKCHMaJIbHOE 3HAUEHIE TIOTPY>KEHUST 30H/a
h=74 um. Oynkuus u (h) (puc. 1, ¢) s WIO0CKOro
yuacTka MmeMOpanbl FI Obliia HapacTalomieii, nogo0Hom
aToit (pyHKIMY uist TiaHonuta (Jacto 1, puc. 4, ¢). [l
6oubiIoro gomena Ld dyHkims u (h) umesa xapakTep-
HBIH TIOCKUIT yuacToK T ; BHYTPU KOTOPOTO, BEJIMYNHA
Koa(buIIMeHTa JOKaIbHOU JKECTKOCTH (& MeMOpPaHb
MPAKTUYECKH HE U3MEHSIACh. TOT YUACTOK BBIE/IECH
Ha pHC. 1, ¢ IIBETHBIM ITPSIMOYTOJIBHUKOM. [1pH tokasb-
HOH medopmaiu MeMOpaHbl Ha Tryouny A=90 HM
K02(DUIMEHT 44 PE3KO BO3PACTAI U 9TO MPUBOIIIO K
OCTAHOBKE MOTPY KEeHUST 30H/A.

[Iporiecc MHIECHTAIIMY 30HAa B MEMOPAHBI TIPU
JeiicTBUU NOHOB Zn?" 1 Beparamuia.

Ha puc. 2 npexcraBuim spuTponuTsl ¢ gedex-
TaMi MeMOpaH, BBI3BAaHHBIMHU JIEHCTBUEM HOHOB
IMHKA U 6JI0KATOPa KaJIbI[MEBbIX KAHAJIOB BeparnaMi-
sia. VIoHBI TSKEJIBIX METAJIOB U, B 4acTHOCTH Zn2",
IIPU BBICOKUX KOHIleHTpaluax (2 MM u 6oJiee) Beerza
BBI3BIBAIOT JIOKaJIbHBIE JedeKThl MeMOpaH (puc. 2, a)
[26, 27]. BeparmraMusi B KIMHUYECKUX KOHIIEHTPAITUSIX
He BBI3BIBACT JIeCTPYKIMU MeMOpan. B ranHom ucce-
JOBAaHUH MCIIOJIb30BAJIH IECITUKPATHYIO 103y ITperna-
para in vitro, KOTOpasi BBI3bIBATA TOKCUYECKUU
acdexr, u, kak ciencTBue, criennUUecKue JOKAIb-
Hble gedexTbl MeMmOpaH (puc. 2, b).

(part 1, fig. 4, ¢). For a large domain Ld, the function u
(h) had a characteristic flat zone T;,; within which the
value of the local hardness coefficient x4 of the mem-
brane remained practically unchanged. This zone is
highlighted in fig. 1, ¢ as a colored rectangle. At local
deformation of the membrane to the depth £2=90 nm,
the coefficient u sharply increased resulting in the stop
of the probe indentation.

The process of probe indentation into mem-
branes under the effect of Zn** ions and verapamil.

Red blood cells with membrane defects, caused
by the effect of zinc ions and the calcium channel
blocker verapamil are shown in fig. 2. Tons of heavy
metals and, in particular, Zn?**, at high concentrations
(2 mM and more) always cause local membrane de-
fects (fig. 2, a) [26, 27]. Verapamil in clinical concen-
trations does not cause destruction of membranes.
This study used a tenfold dose of the drug in vitro,
which caused a toxic effect, and as a result, specific
local membrane defects (fig. 2, b).

The function Ah/Az (h) for membranes dam-
aged by zinc ions had the character of a tension zone,
it decreased almost linearly. The probe stopped its in-
dentation at the depth of =18 nm, thus indicating a
3.6-fold increase in hardness as compared to the nor-
mal limits. The same function for verapamil practically
repeated the normal curve, and the probe was inden-
tated at 65 nm, as under normal conditions (64 nm)
(fig. 2, ¢). The hardness coefficient u (k) for verapamil
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Puc. 3. TucTOorpaMMpl ILIOTHOCTH OTHOCUTEIBHBIX YACTOT [/Is MEMOPAH 3PUTPOLMTOB IPH JeicTBUM HOHOB Zn?* (a) u Bepanammia (b).
Fig. 3. Histograms of the density of relative frequencies for erythrocyte membranes under the effect of Zn?* ions (a) and verapamil (b).
Note. The coefficient of hardness p is plotted along the abscissa axis, and density of relative frequencies is plotted along the ordinate axis.
IIpumeuanue. 1o ocu aberuce — KOADOUIMEHT JKECTKOCTH [, IO OPAUHATE — OTHOCUTEJIbHAS TIJIOTHOCTD YaCTOT.

Oynkima Ah/Az (h) 1t MeMOpaH, IOBPEKAEH-
HBIX NOHAMU I[IHKA, UMeJIa XapaKTeP 30HbI HATS)KEHUST
— MOYTH JIMHEITHO yObIBAIIA. SOH/L TIPEKPATUIT TIOTPYKe-
Hue ysKe Ha rry6uHe A=18 HM, 4TO yKa3biBaeT Ha yBe-
JITYeHVe JKECTKOCTH B 3,6 pasa 1o CpaBHEHUIO C HOPMOIL.
Ira ke OYHKIVS [71sT BeparlaMUJia TIPAKTIHYECKH TOBTO-
psiyia HOPMAJIbHYIO KPUBYIO, & 30H][ TOrPy3uJicst Ha 65
HM, KaK 1 B HopMe (64 um) (puc. 2, ¢). Koaddurment
skecTKOCTH 4 (h) UIsT BepamamMuia TPaKTUIeCKH He
MEHSIJICS Ha ITPOTSDKEHUH BCETO MPOIECCA MOTPYKEHNUsT
30H/Ia ¥ OCTaBaJICs Ha ypOBHE HOPMBI (puc. 2, d).

Ecnu craBuTes 3amava orienku cpeHeii JKecTKo-
cTH MeMOPaH aPUTPOIUTOB TI0 aHCAMOJTIO KJIETOK, TO
HOZAXOJ K ee pelIeHuio JoJKeH ObiTh unbiM [28]. 3a
OIIEHKY CPeHEl JKECTKOCTH B 30HE MHAEHTAIINN MOYKHO
BBIOPATH mapamerp A,,,,. B 9ToM ciydae B pasubix o6J1a-
CTSX TOPA JUCKOIINTA HAJIO M Pa3 U3MEPUTD BEJTHUIHY
Popge WIS N KJTETOK U YCPEAHUTD €€ 1O HEKOTOPOMY
arcam6110. JIJ1st WuLTIOCTpaIuy Ha pyc. 3 TPUBEICHbI
TUCTOTPAMMBI  PACIIPEIeTIEHUil Cpefiteil KeCTKOCTH
MeMOPaH SPUTPOITUTOB TIPU JEHCTBUN Ha KPOBb MOJIU-
(buKaTOpOB MeMOPaAH: MOHOB TSKeJIbIX MeTAJLIOB (Zn")
1 610KaTOpa KaJIbIIUEBBIX KAHAJIOB — BeparaMuIa.

B namnoMm mpumepe Obl U3MEPEHbI BETMYHHBI
hmax na 6 Toukax TOpOB 34 3PUTPOIMTOB /ST KOHT-
POJIBHOI TPYIIIBI ¥ MO CTOJIBKO JKe JIJIsT TPYIII Jeki-
CTBUSI Ka)XIOro Moaudukaropa. YcpenHenue wu
HOCTPOEHUE TUCTOTPAMM TIPOBOJIMIIN 10 aHCAMOJIIO
204 Touex a1 kaskaon rpyribl. Monsr nuaka (2 MM
in vitro) BbBI3BIBATH BO3HUKHOBEHUE JIOKAJIbHBIX
nedexToB Ha MemOpane [26, 27] u yBequunBaan ee
CPEeJIHIONn JKECTKOCTh B 3,6 pasa.

CpenHsist  JIOKaJbHAsA SKECTKOCTh MeMOPaHbI
MOCJIe BO3/IENCTBIS HA KPOBb MOHAMHU IIMHKA U Bepa-
namuia (M=+m) (tabiuia).

did not change practically during the entire process of
the probe indentation and remained at the normal
level (fig. 2, d).

If there is a task to assess the average hardness
of erythrocyte membranes over the ensemble of cells,
then the approach to its solution should be different
[28]. The parameter £, is taken as the average hard-
ness in the indentation zone. In this case, in different
zones of the discocyte torus we should measure the
value A,,,, m times for z cells and average it over a cer-
tain ensemble. For illustration, the histograms of dis-
tributions of the average hardness of erythrocyte
membranes are shown in fig. 3 under the effect of the
modifiers of membranes on blood: ions of heavy metals
(Zn*") and a calcium channel blocker verapamil.

In this example, the values hmax were measured
at 6 points of the tours of 34 red blood cells for the ref-
erence group and the same amount for the groups of
action of each modifier. The averaging and plotting of
the histograms were carried out using an ensemble of
204 points for each group. Zinc ions (2 mM in vitro)
caused local defects on the membrane [26, 27] and in-
creased its average hardness by 3.6-fold.

Verapamil in a concentration that is 8—10 times
as high as the clinical dose caused damage of the mem-
brane nanostructure [2], but in this case it did not
change their average hardness, that remained similar
to that in the reference group (P<0.05).

Each component of the composite membrane has
its own mechanical properties. Soft, practically trans-
parent for the probe lipid bilayer is located on the ex-
ternal surface. Spectrin matrix is a dynamically
changing structure, consisting of stiff fibers of spec-
trin, forming a continuous net throughout the whole
cell with the average cell size of 80—100 nm [28]. Spec-
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Cpenusist TOKaIbHAS 3KECTKOCTh MEMOPAHDI NIOCIE BO3/EHCTBUS HA KPOBb HOHAMY IIMHKA U Bepanamuia (M+m).
Average local membrane hardness after the effect of zinc ions and verapamil (M=m) on blood.

Parameter

Values of parameter in groups

C, rel. units

Reference 1.0+0.4
Zinc ions 3.6+1.2*

Reference 1.0£0.6
Verapamil 1.1+0.3

Note. * — P<0.05 compared with the reference group.

ITpumeuanue. Parameter — mapamerp; Values of ... in groups — snauenus B rpymnmax; Reference — konTposip; Zine ions — HOHBI IINHKA,
Verapamil — Bepanamu; C, rel. units — K, ota. e, * — p<0,05 110 cpaBHEHUIO ¢ KOHTPOJIEM.

Bepamamunr B konneaTparun, B 8—10 pas mpe-
BBITIAIONIEH KJIWHUYECKYIO JO3UPOBKY, BBI3BIBAJ
MOBPEXKICHNS HAHOCTPYKTYPBI MeMOpaH [2], HO 1pu
3TOM He U3MEHSJI UX CPEIHIOI0 KECTKOCTh, KOTOPast
ocraBasach Ha ypoBHe KoHTpoJist (p<0,05).

Kaskmast cocraBasionast KOMITO3UTHOH MeMOpa-
HBl MMeeT COOCTBEHHBIE MeXaHWUYeCKHe CBOMCTBA.
CBepxy — MATKHUH, TPAKTUUYECKN TTPO3PAYHBIN /IS
30H/1, JUNUAHBI Oucioit. CIIeKTPUHOBbBIIA MaTPUKC
— IMTHAMWYHO U3MEHSTIONIASICS CTPYKTYPa, COCTOSIIAs
U3 JKECTKUX HUTEH CIeKTPUHA, 0OPasyIoNX Helpe-
PBIBHYIO CETKY TI0 BCeMy 00beMy KJIETKH CO CPEIHIM
pasmepoM guelikn — 80—100 nm [28]. CiexTprunoBas
HUTDH — TETPaMep, COCTOSIIAsI U3 CIUPATbHBIX @ U 3
MOHOMEPOB, COCIMHEHHBIX MHUKpPOhUIaMeHTaMu
aKkTUHA. /[JIMHa HUTH MOJKET BapbUPOBATH B NIMPOKOM
nuarmasone: ot 50 u meree 10 260 uMm [29, 30]. CBs13bI-
BasICh C BHYTPEHHEN CTOPOHON MEMOPAHBI ¢ TOMOTI[HIO
6esxos band 4.1, band 3, ankupuHa, akTUHA 1 JPYTHUX,
CIEKTPUH cTabumsupyet HocHOTUITUHBIN CJION 1
OTPAaHUYMBAET JaTepaTbHyI0 UM (PY31I0 NHTETPATH-
HBIX OEJIKOB.

B cuity MHOTOUMCIJIEHHBIX U IOCTATOYHO MPOY-
HBIX CBsidell Mesxay dochomunuanpimM OucioeM u
CHEKTPUHOBBIM MATPUKCOM TIPH JICWCTBUM HA KJIETKY
WHJIEHTOPA 9TU CTPYKTYPBI BELyT ceOsl KaK e[uHast
HEOMHOPOZHASA (B CMBICIE YIPYrO-3J1acTUUHbIX
CBOICTB) KOMIIO3UTHAST MEMOPAHA KIIETKH.

ITpottecc TOTpysKeHMsT 30Ha B MEMOPaHY 9pUT-
potmTa nocJie jefictBus remuHa (puc. 1) mmes uxble
TEH/IEHITUU TI0 CPABHEHUIO C KUHETUKOW MOTpYyKe-
HUSI B HOPMAJIbHBIN 3PUTPOIUT, ITPE/ICTaBICHHON Ha
puc. 4, gactb 1.

Temwn (COMSAHOKMCHBINT TeMaTWH) HapyliaeT
KoHopMaImio crekTpuna, 6eika band 4,1 u ociab-
ager cBg3b Mexkay aumu [31]. On Momudunupyer
KOH(DOPMAIIMIO COETMHUTEIBHOTO KOMILJIEKCA «CIIEK-
Tpun — 6esiku band 4,1, band 3», ungymupyer obpa-
30BaHMeE JOKAJIBHBIX e()EeKTOB HA TIOBEPXHOCTU MEM-
Opan [2, 5, 32]. Ddbderr Moaubukanuu MaTpuKca
MIPOSABJISIETCS HA IPOIIecce TOTPYsKeHNS 30H/1a B MEM-
GpaHy KJIETKH, Ha KOTOPYIO TTOJIEHCTBOBAJIN TEMUHOM.

B 3onax pomenos rpaduku Ah/Az (h) umenu
cneruyecKre, XapaKTepHbIe TOJBKO 71T HUX 0CO-
6ennoctu. Ha s1ux rpadukax IpucyTCTBYIOT 30HbBI
Hatsokennit Hg; w Hp, xorja TpaaveHT (QYHKIAU
Ah/Az (h) MaKCUMAJbHBINA, U 30HBI ILJTACTUYHOCTH
T, u T,y KOTIA BTOT TPagineHT 6sn30K K 0.

3onbl HaTsKeHU H; — 9T0 y4acTku h;, B KOTO-
PBIX KO3 DUITMEHT JIOKATBHON KECTKOCTH 4 BO3PaC-

trin fiber is a tetramer consisting of spiral ¢ and 8
monomers connected by actin microfilaments. The
length of the fiber can vary over a wide range: from 50
to less than 260 nm [29, 30]. Binding to the inner side
of the membrane by means of band 4.1 and band 3 pro-
teins, ankyrin, actin and others, spectrin stabilizes the
phospholipid layer and limits lateral diffusion of inte-
gral proteins.

Due to the numerous and quite strong links be-
tween the phospholipid bilayer and the spectrin ma-
trix under the action of the indenter on the cell, these
structures behave as a single heterogeneous (in the
sense of its elastic properties) composite cell mem-
brane.

The process of the probe indentation into the ery-
throcyte membrane after the action of hemin (fig. 1) had
other tendencies compared to kinetics of indentation in
the normal red blood cell, presented in fig. 4 part 1.

Hemin (hydrochloric acid hematin) disrupts the
conformation of spectrin, band 4.1 protein and weak-
ens the bond between them [31]. It modifies the con-
formation of the «spectrin-protein band 4.1, band 3»
binding complex and induces the formation of local
defects on the membrane surface [2, 5, 32]. The effect
of modifying the matrix is manifested in the immersion
of the probe into the cell membrane, which was af-
fected by the hemin.

In the zones of domains, the graphs Ah/Az (h)
had specific features, typical for them alone. On these
graphs, there are tension zones Hg, and H,, when the
gradient of the function Ah/Az (h) is maximal, and
the plasticity sites Ty, and T}, when this gradient is
close to 0.

The tension zones Hi are the sites hi in which the
local hardness coefficient p increases, and the indenter
immersion slows down sharply. In the zones of plastic-
ity of T, the coefficient of local hardness p remains
practically unchanged (Fig. 1¢), and, consequently, Ak
does not change in this region. The dimensions of the
tension zones and the plasticity zones of H; and T; de-
pend on the size of the domains formed on the surface
of the membranes as a result of the action of hemin.

Before the tension zones Hg,; and H,, the probe
was introduced in the cell membrane almost freely.
The differential Ak; was only 0.1. The probe was in-
troduced up to the indicated depths and reached the
matrix. For these values of £, the matrix was in an un-
stressed state and deformed (deflected) freely, without
tension. This is the plastic deformation membrane
zone. In the zones H,, the hardness of the medium in-
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Puc. 4. 3asucumocru: u (h) monenbusie u sxcnepumenransusie (a), F (z) nas pasauunbix 3Havenuii K (b).
Fig.4. Model and experimental dependences u (h) (a), F (z) for different K values ().

TaeT, U MOTPY KeHNe UH/IEHTOPa Pe3KO 3ameijisieTcs. B
30HaX MacTUIHOCTH T; KOapDuImeHT JT0KaIbHON
JKECTKOCTHU [ OCTAeTCsl MPAKTUYECKN HEM3MEHHBIM
(puc. 1, ¢), a, cinegoBaresibHo, U Ak He MEHSIETCS B
9TOl o6macTu. PasMepbl 30H HATSKEHUA U 30H ILIa-
cruunoctu H; n T, 3aBUCAT OT pa3MepoB JIOMEHOB,
00pa3oBaBLINXCs HA TIOBEPXHOCTH MeMOPAH B Pe3yJib-
TaTe IeNCTBUS TeMUHA.

o 3on natsxenust Hg, v Hy,, 3017 TOTpysKayics
B MeMOpaHy KJIeTKu moutu csoboxano. [lepeman Ah;
coctaBu Bcero 0,1. 3011 MOTPY3MJICS /10 YKa3aHHbBIX
ryOuH 1 gocTur Marpukca. s oTux sHaveHuil A;
MaTPUKC HAXOJIUJICS B HEHATIPSIDKEHHOM COCTOSTHUM U
nedopmuposaics (porubdaicst) cBoboaHo, 6e3 HaTsI-
sKeHust. Jta 00J1acTh IIACTUYHON AedopMauy MeM-
Opanbl. B 3onax H; 5KeCTKOCTD CPEIbI PE3KO BO3PaCTa-
na. Ilepenag Ah/Az cocraBasn 0,5 mig obaactu
MmaJoro gomeHa Sd n 0,53 B o6s1acTi 6OJIBIIOTO TOMEHA
Ld. Marpuikc HaunHas yrpyro gehopmupoBaThbest. Ero
HUTH PACTSATUBAJINCH, CO3/IaBast TPAKTUYECKU MaKCH-
MaJIbHYIO CITUPATbHYIO YIIPYTOCTh cpe/ibl. Koria 3011
norpysaucss B MeMOpaHy Ha BEJIUYUHY, OIUBKYIO K
Py CIEKTPUHOBAST HUTD, Y3K€ MOTEPSIBINAS CIIUPaIb-
HYIO YyIPYrocTh (KOH(MUTYPAIINIO ), pAaCTATUBATIACH /10
MaKCUMaJIbHOU BO3MOKHOU anunbl. llocie aToro
HUTD CTAHOBUJIACH II0YTH aOCOJIIOTHO JKECTKOM, 1 30H/I
npekpaiia apukenne — Ah=0.

B konTekcTe paccMOTpeHHOI 3a/1a4y MTEePCIeK-
TUBHO ObLIO OBl IIOCTABUTD 9KCIIEPUMEHTBI 110 U3yde-
HUIO YIPYTUX CBOWMCTB MaTPUKCA HA BbIEJEHHON
CIEKTPUHOBOI ceTH. XOTs TaKWe OMbIThI TTPOBOJIU-
sch [33], mnreprperainus X pe3yabTaToB HA METYI0
KJIETKY KPOBUW Ha CETo/HS — TPYAHO pas3peninmast
3ajaua.

KpoMe paccMOTpeHHBIX CTPYKTYP MeMOpaHbl
SPUTPONKTA HA BeJTUIUHBI AL 1 K, MOKET BIHUSITH
BHYTPEHHEe CofepKaHue KJIeTKH. DTO TeMOTIOONH U
[UTOILIA3Ma. YUUThIBAsI, YTO MOJIEKYJIa TeMOTI00HA

creased sharply. The difference Ah/Azwas 0.5 for the
small domain Sd and 0.53 for the large domain Ld. Ma-
trix began to be deformed elastically. Its fibers were
stretched, creating almost the maximum spiral elastic-
ity of the medium. When the probe is introduced into
the membrane at a depth close to 4,,,, the spectral
fiber that has already lost its spiral elasticity (config-
uration) is stretched to the maximum possible length.
After that, the thread became almost completely hard,
and the probe stopped its movement (AA=0).

In the context of the considered problem, it
would be perspective to arrange experiments to study
the elastic properties of the matrix on the isolated
spectrin network. Although such experiments are con-
ducted [33], but the extrapolation of their results the
whole blood cell is still a difficult problem.

In addition to the considered structures of the red
blood cell membrane, the internal content of the cell
may influence on the values A% and #,,,,. This is hemo-
globin and cytoplasm. Considering that the molecule
of hemoglobin has a size of about 5 nm and these mol-
ecules are freely immersed in the liquid medium of cy-
toplasm, this may be modeled by a drop of liquid in a
soft coating [18, 34]. The influence of these medium on
the measurement of z membrane is insignificant [35].

Modeling of the process of erythrocyte mem-
brane deformation. We will consider the «<membrane —
probe with cantilever» system as consistently connected
springs with hardness coefficients 1 and K, respectively.
The hardness of the probe is an infinitely large value, so
the coefficient K is entirely determined by the hardness
of the cantilever.

Under the conditions of the presented experi-
ments, when the piezo scanner is raised on the height
of z, the probe enters the membrane to the depth % (de-
formation of the membrane), while the cantilever de-
formation take place (displacement of the end of the
balk) at a level L. The point z=0 is the point of contact
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UMeeT pazMep TTOPSI/IKA 5 HM ¥ 9T MOJIEKYJIbI CBOOO/I-
HO TOTPY’KEHbI B KMIKYIO CPE/y IIMUTOILIAa3Mbl, 9TO
BJIUSIHUE MOKHO MOJIEJTMPOBATH KaILIel KUIKOCTU B
MATKOiT o6omouke [18, 34]. Biusnue Takoil cpeabl Ha
usMepenue u MeMOpambl mpeHedpesxumo Mao [35].

MoaenmupoBanue npoiecca aedopManuu MeM-
Opan spurponutos. Cucremy «MembpaHa — 30HJ C
KaHTUJIEBEPOM»> PACCMATPUBAJIN KK TIOCJIEI0BATETHHO
COe/IITHEHHBbIE TIPYKUHBI C KOah(UIIneHTaMU KeCTKO-
cru u u K coorercrBenno. JKectrocTs 30112 — HECKo-
HeuHO GOJIblIAs BeJIMYKHA, T09TOMY Koadduipent K
I[EJTUKOM OIIPEIEJISIETCS] JKECTKOCThIO KAHTHIIEBEPA.

B ycnoBusAX npencTaBIEHHBIX OIBITOB DU
HOJIbeMe ITbe30CKAHePA HA BeJIMUUHY Z 30H]] BXO/IUT B
MeMOpany Ha riayouny A (zedopmanns MeMOpaHbl),
IpY 9TOM IPOUCXOAUT AedopMalys KaHTHIEeBEPa
(cMelnenue Konna 6ajikn) Ha Beanunny L. Touka z=0
— TOYKa KacaHus 30H/a ¢ MeMOpaHoii, Toraa: z>0, h>0,
L>0. CBst3b h, z u L onpeneisijii COOTHOIIEHHEM:

h=z—L, (1).

B Mopiesu cenanu cienyionue g0y eHs:

Koaddunment xkecrkoctn xantuiesepa K He
U3MEHSIETCS B XOJIe M3MEPEHMs.

Koaddurment xectkoctd MeMOpaHbl | HEJIU-
HEHHO 3aBUCHUT OT . ITO 0OYCIOBIECHO N3MEHEHIEM
MEXaHUYECKUX CBOHCTB MeMOpaHbI 1o Mepe ee edop-
Malli{, B YaCTHOCTH MOAubUKAIUEN KOHPUTYPAIIH
CIEKTPUHOBOTO MaTpukca [36].

[TycTs:

a

H (h)=W+ ¢ (2)

rie a, b, ¢ — mapamerpsol, c=—a,/b’.

Koadduruent a ornpesesser, KpyTusHy (QyHk-
n i (h), To ecTh, Ha CKOJIBKO PE3KO M3MEHSIETC (L 110
Mepe Horpyskenus 30H1a B Memopany. Koaddunnent
b ¥MeeT pasMepHOCTD U (PUBHYECKIIT CMBICI /1,

Ha puc. 4 npencraBuin rpadguk 3aBUCUMOCTH
u ().

ITa 3aBUCUMOCTD COTJIACYETCs C IAHHBIMU U3Me-
HEeHMsI MeXaHUYeCKUX CBOICTB IPU U3MEHEeHUU KOH-
uryparnu criekTpuHOBBIX HUTEH [37].

YcsoBue paBHOBECHUS: CUJIA CO CTOPOHBI KaHTH-
JieBepa paBHa CHJIe CO CTOPOHBI MEMOPaHBI:

F=KeL={!u(h)dh, (3).

C moMoIIpio psjia MaTeMaTHYeCKUX mpeobpaso-
Banuii u ¢ yaerom (1), (2), (3) nmosyuaem rpacduku
saBucumMocteil F (z) u u (h) piist BOauHbl JUCKOLUTA
(puc. 4) .

[Tpu h—h,,,. koadduIKIEHT sKeCTKOCTH MeMOpa-
Hbl CTPeMUTCS K OeckoHedyHOCTH (U—0C0), UTO U
SABAFETCS TPUYMHON OCTaHOBKU HHAeHTopa. [Ipu
aTOM K09 PUITNEHT JKECTKOCTU Bcell cucteMbl K,
(11ocIeroBaTETHHO COEIMHEHHBIX TIPYKUH ¢ KO3 -
rrertaMu K v g GyJIeT CTPeMUTBCS K KECTKOCTH KaH-
tunesepa: K., = K.

Ha npaxrtuxe yxe npu g~5K xoabduinent
JKECTKOCTH Bceli cucteMbl K., CTAHOBUTCS IOCTaTOY-
HO GOJIBIINM, 4TO Obl BHI3BATH OCTAHOBKY WH/IEHTOPA.
B Mozenm — a1o Besmurnaa b=38 HM, a B 9KCIIepUMEHTe

of the probe with the membrane, then z>0, 2>0, L>0.
The relationship between £, z and L is defined by the
relation:

h=z—L,(1).

The following assumptions are made in the
model:

1. The cantilever hardness coefficient K is not
changed during the measurement.

2. The membrane hardness coefficient u de-
pends on h nonlinearly. This is caused by the change
in the mechanical properties of the membrane as it de-
forms, in particular by modification of the configura-
tion of the spectrin matrix [36].

Let us introduce the equation:

a

B =G @)

where a, b, ¢ are the parameters, c=—a/b>.

The coefficient a determines the steepness of the
function g (h), that is, how sharply p varies as the
probe enters the membrane. The coefficient b has di-
mension and a physical meaning of 4,,,,.

The u(h) dependence curve is presented in fig. 4.

This dependence agrees with the data on the
change in the mechanical properties when the config-
uration of spectral fibers is changed [37].

The condition of equilibrium: the cantilever
force is equal to the membrane force:

F=KeL={!u(h)dh, (3).

Using a number of mathematical transformations
and taking into account (1), (2) and (3), we obtain the
graphs of dependencies F (z) and u (k) for the disco-
cyte cavity (fig. 4).

For h—h,,,,, the membrane hardness coefficient
tends to infinity (u—©0°), which is the reason for stop
of the indenter. In this case, the hardness coefficient
of the entire system K, (successively connected
springs with coefficients K and u) will tend to the
hardness of the cantilever: K, —K.

In practice, even at 4=~5K, the hardness coef-
ficient of the entire system K|, grows enough to cause
the stop of indenter. In the model, the value 5=38 nm,
and in the experiment for the discocyte cavity (part 1,
fig. 4, b), the probe stopped at a depth of 4,,,,=35 nm.
Therefore, in the experimental dependences of u (h)
near the point 4,,,, the graphs do not become vertical
(u—0c0), but go at the some angle y<z/4 (part 1, fig.
4, ¢). This is facilitated by the frictional forces (not in-
cluded in the model) between the surfaces of the in-
denter and the membrane.

Asitisseen in the graphs in fig. 4 at a given co-
efficients @ and b, the dependences F (z) and u (h) ob-
tained at the modeling adequately describe these
dependences obtained in the experiment.

Conclusion

The process of elastic deformation of membrane
is shown as the probe is introduced at the sites of local
defects caused by modifiers of various nature. The
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JUIsST BOAAWHBI AucKomTa (dacThb 1, puc. 4, b) 30H]
OCTaHABJIMBAJICS HA MEHBIIEH Ty6use — A, = 35 HM.
[ToaTomy Ha KCIIEPUMEHTATBHBIX 3aBUCUMOCTSIX U
(h) oxoso TouKH h,,,, TpadUKU He CTAHOBSTCS BEPTU-
KQJIBHBIMU (—©0), a YT 0]l HEKOTOPBIM YTJIOM
y<z/4 (puc. 4, ¢, yactb 1). ITOMY CIIOCOOCTBYIOT U
CUJIBI TPEHUST (He YYUTBHIBAIOTCS B MOJEIN) MEKIY
TIOBEPXHOCTSIMU UHJIEHTOPA U MEMOPAHBL.

Kak cnemnyer n3 rpacdhnkoB Ha puc. 4 1pu 3a/1aH-
HbIX Koaddurmentax a u b sasucumoctu F (z) u u (h),
TIOJTyYEeHHBIE TIPU MOJIETTMPOBAHUN, 3JIEKBATHO OITHCHI-
BaIOT 9TU 3aBUCUMOCTH, TIOJTyYeHHBIE B 9KCIIEPUMEHTE.

3akjaoyeHue

[Tokazanu 1poiiecc yrpyro-ajaactuytoit gedop-
MaIu MeMOPaHbI 0 MEPe MHACHTAIINHT 30H/1a B 06J1a-
CTSIX JIOKQJIbHBIX /1e(heKTOB, BBI3BAHHBIX MOJAM(UKATO-
pamu pa3auyHoil nnpupoasl. Ha onun u TOT Ke 1mar
cMenienust Az mbe3ockaHepa 30H/1 OTPYKaJICs Ha Pa3-
HbIE JINCKPETHDIE BEJTUYNHBI AR, KOTOPBIE SBJISIOTCS
(hyHKIMAMY CTPYKTYPBI MeMOpatbl. B obsactsix gome-
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probe is inserted during the same step of the piezo
scanner Az displacement at different discrete values
Ah, that represent the functions of the membrane
structures. In the domain zones, tension and plasticity
zones appeared under the effect of hemin. Molecular
mechanisms of different types of nonlinear deforma-
tions occurring under the effect of different toxins
were discussed. The results of the study may be of in-
terest both for fundamental researchers of the blood
cell properties and for future studies in translational
reanimatology and rehabilitology.

HOB IIpA ﬂeﬁCTBHI/I reMrHa BOSHUMKaJIM 30HbI HATAXKE-
HIA WU 30HBI INTAaCTUYHOCTU. O6cleI/I]II/I MOJIERYJIAAPDHBIE
MEXaHN3MbI Pa3/IMYHbIX BU/I0B HEJIMHEIHBIX z[eq)opMa-
IlI/IfI, BO3HUKAIOMIUX ITPU HeﬁCTBI/II/I Pa3/INYIHBIX TOKCH-
HOB. PeBy.HI)TaTI)I pa6OTI)I MOTYT IIPEACTaABJIATb UHTE-
pec Kaxk JJisd d)YHlIaMeHTa]IbHI)IX I/ICCJIelIOBaHI/Ifl
CBOWICTB KJIETOK KpOBH, TaK 1 JIsA HpaKTI/ILIeCKOf/,I pea-
HUMAaTOJIOTMH 1 pea6I/I]II/ITO]IOI'I/II/I.
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