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AHHOTaILHs1. 30HA0BAsI MUKPOCKOIIK S [T03BOJISIET UCCIe0BaTh MOPOIOr o, HAHOCTPYKTYPY MeMOpaHBI, Mexa-
HHYeCcKHe CBOMCTBA U OMOXHMHUUeCKHe B3alMOJIEHCTBU S K/IETOK KPOBU B TeUeHHe BpeMeHU B KUAKOCTH U Ha BO3-
nyxe. MexaHHYeCKHe CBOMCTBA, JKECTKOCTD K 3IACTUYHOCTh MeMOPaHBbI MOYKHO KOJTMUeCTBEHHO OLIeHUTB C [IOMO-
IO AaTOMHO-CHJIOBOM MUKPOCKOnUH (ACM). ACM MOSKHO ITPUMEHSITh B Pa3/IMYHBIX 00/1aCTSIX, HAUMHAS OT OLIeHKH
KauecTBa XPaHsLIeHNcs KPOBU B OaHKaX IepeTMBaHUSI 10 BBISICHEHHU ST MOJIEKY/ISIPHBIX MeXaHHU3MOB OKHCIHUTENb-
HOT0 IIOBPeXK/IeHHU I U U3MeHeHHUH, CBSI3aHHbIX C pa3/IMUHBIMHU 3a60/1eBaHUSIMU. Hcrionb3oBaHre ACM B U3y4eHUH
SPUTPOLIUTOB IIOMOTaeT B IOHKMMaHHUU IIPUUUH HellpoJlereHepaTUBHBIX 3a00/1eBaHUI, fr1abeTa U BBIKUIBIIIEL.
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Abstract. Probe microscopy allows us to study the morphology, nanostructure of the membrane, mechanical
properties and biochemical interactions of blood cells over time in liquid and in air. The mechanical properties,
rigidity and elasticity of the membrane can be quantified using atomic force microscopy (AFM). AFM can be used
in a variety of areas: from assessing the quality of stored blood in transfusion banks to elucidating the molecular
mechanisms of oxidative damage and disease-related changes. The use of AFM in the study of red blood cells helps
in understanding the causes of neurodegenerative diseases, diabetes, and miscarriages.
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BBE/JLEHUE

DPUTPOLIUT — KJIeTKa, COCTOSIIAS U3 IIUTOIIa3MBbl K
KJIETOUHON MeM6paHBbI, KOTOPYIO MOSKHO pa3fenuTh
Ha JIBe YacTH: JUINUAHBIN 6MCI0N U IIUTOCKeeT.
LluTOCKeneT B3aUMOMAEHNCTByeT C MUHTeTPaJbHBIMU
OenKaMM M TUIMUAAMHU A5l COXPaHEHU S 1[eJI0OCTHO-
cTH MeMbpaHbl. OH UTPaeT Ba>KHYIO POJIb B [OA1ep-
>KaHUU GOopMBbl, obecriedeHUH THOKOCTU KJIETKH U
OpraHMU3allUU JUINUO0B B 3pUTpoLUTe. JedULIUT
n06oro 13 6eJIKOB MOXKeT IIPHUBECTH K U3MeHEeHHUIO
CTPYKTYPBl LIUTOCKe/NeTa 3PUTPOLIUTA, UTO CHU-
>KaeT 06y CTeleHb 3TaCTUYHOCTH MeMOpaHBHI.
9To, B CBOIO O4Yepe/ib, MOKET IIPUBECTH K HecI1ocob-
HOCTH 3pUTPOLIUTA U3MEHATb GOPMY IIPU IPOXOXK-
JeHUU 4Yepe3 KAIHUISPbl, BbI3bIBass MHUKPOCOCY-
JOUCTBIE OCJIOKHEHHU S U AUCOYHKIIUU B TPAHCIIOPTE
KHCI0poAa.

M3MeHeHUSI MOP)OJIOTUH SPUTPOILUTOB CBI3BI-
BAIOT CO CTapeHHeM 3PUTPOLIUTOB U IIaToJ0THYe-
CKUMHU CcOCTOSSHUSIMH. ACM 1o03Bo/IseT Moly4aTh
1300paskeHHU s IOBePXHOCTEH 3PUTPOLIUTOB C BBICO-
KUM paspemeHHeM 6e3 Heo6XOOUMOCTH CIIOXK-
HoM mpobomoaroToBku o6pasmos, 6e3 pukcanuu,
B yCJIOBHUSIX, 6IM3KHX K €CTeCTBEHHBIM, HallPUMep,
B 6ydepHBIX pacTBOpax (pHc.l). ITo I03BOJISIET BHU3Y-
aJM3UPOBATh MeJbUaHl ke CTPYKTYPhl IOBEPXHO-
CTH, BKJIIOYas PACIIOIOKeHHe YaCTHUI, HAaHOMEeTPO-
Boro macmraba Ha MeMbpaHe SPUTPOLIUTOB, C TaTe-
paibHBIM pa3penieHHeM A0 0,5-1 HM U BepTHKaJlb-
HBIM paspemenueM 0,1-0,2 Hm (puc.2) [1].

HccnemoBaHUS MOKa3alH, YTO IPU JJIHUTeTbHOM
XpaHeHHUH (00 35 mHel npHU +4 °C) fuaMeTp KIeTOK
KPOBHU CHHKAeTCsl, a MoAyab IOHra Mmemb6paH >pu-
TPOLIMTOB 3HAYHUTE/NbHO yBeTUUMBAETCS, YTO KOP-
penupyeT ¢ MOpOIOrHUYeCKUMHU H3MeHeHUSIMHU:
npeBpallleHHeM JUCKOLIMTOB B 3XUHOLMTHI (pHUcC.3)
U CPepo3XHUHOLUTHI, KOTOPble MeHee IPUTOJHEI
A4 Lesiel IlepeIMBaHMU S KPoBH [2]. CpelHMe 3Ha4de-
HUS U [IIMPUHA pacnpejeneHus Moayas IOHra 3Ha-
YUTeJBHO YBeJTHYHUBANTUCh B 06pa3max, B3sTHIX Y
MaI[MeHTOB C CaXapHbIM JHabeToM U KypPHUIIBIIHKOB
10 CPaBHEHHIO C 06pa3liaMHu, B3ITBIMU Yy 3/[0POBBIX
JIOHODPOB; B TO ’Ke BpeMs Cpe/lHHe 3HaueHHU I MO/
IOHTra yBe/IMUMBAIOTCSA B 3aBUCHMOCTH OT BO3pacTa
manyeHTa [3].

B pabore [4] HOpMaNbHOE CTapeHHEe 3PUTPOLUTOB
BHM3ya/IM3HUPOBAJIOCh KaK TpaHCchopMaLuu GOpPMBEI
KJIeTOK (0T HOPMaJIPHOI'O ABOSIKOBOTHYTOI'O AHCKA
yepes pas3lHuyHble MOpdoorudecKre KJIacChl [0
[I0JIHOM ITIOTepH HOPMaJ/IbHOM GOPMBI, TO eCTh I1JI0T-
HBIX CGepOLUTOB). Bce 3TU M3MeHeHHUS COIIPOBOXK-
JaJMCh IOCTeIIeHHBIM YMeHbIIeHHeM pa3Mepa U
IIepPOXOBATOCTH MeMOpaHHl KIeTOK. YMeHbIIeHHe
guameTpa ObIJIO CBSI3aHO C U3MeHeHHeM GOPMBHIL.
C momomibio ACM 6b1JI0 yCTAHOBIEHO, YTO JHAMETP

INTRODUCTION

The erythrocyte is a cell consisting of cytoplasm
and a cell membrane, which can be divided
into two parts: a lipid bilayer and a cytoskeleton.
The cytoskeleton interacts with integral pro-
teins and lipids to maintain membrane
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Puc.1. Spumpouumsl 8 ACM Ha 6030yxe, npeumyL,ecmeeHHo
8 popme OUCKOLLMO8, HO 3aMemHO nosisAeHUe HepogHocmel
u wunos

Fig.1. Erythrocytes in AFM in air, predominantly in the form of
discocytes, but with noticeable appearance of irreqularities and
spikes
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Puc.2. Spumpouumel 8 popme 08051K0802HYMo20 duckd. Caesa
pasAuyuUM 4acmu4Ho 08anoyum
Fig.2. Erythrocytes are in the shape of a biconcave disk. On the
left, a partially ovalocyte is visible
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NBOSIKOBOTHYTBIX M 3a3yOpPeHHBIX KJIETOK ObIN
bosble, YeM y CIIMKYJIHPOBAHHBIX U COEePUUECKHUX
S5PUTPOLIUTOB. YBe/NHUYeHHe MONMYIALNHUH CIIUKY-
JIOLUTOB U CHepoLMTOB IIPOU30IIJIO0 3HAYHUTeIbHO
PpaHBbIe y )KeHIIHUH, CTPaAAMHX OT BEIKKAbIIIEL
Ha paHHel cTaguu (BPC) 1o cpaBHEHUIO C KOHTPOJIb-
HBIMU I'PYIIIaMU (300POBBIMH KeHITMHAMU U bepe-
MeHHBIMHU). BBIIM IIOKAa3aHEL pa3/luyuHble IIYTH CTa-
PeHHUS SpUTPOLUTOB, 6oee 6BICTPOE BOSHUKHOBE-
HHe MOpdOTOTHYeCKUX U3MeHEeHHUH SPUTPOLUTOB
npu BPC 1o cpaBHeHHUIO ¢ 06eMMU KOHTPOJBHBIMHU
rpynmamMu, Ioka3aHa pa3sHHIA MeX/AYy IIepoxo-
BaTOCThIO MeMOpaHBI CBEXKUX SPUTPOLUTOB IIPHU
BPC 4 3pUTPOLMTOB JABYX KOHTPOJBHEBEIX IPYILII.
3HauuTeNbHO 6OJlee BHICOKOE 3HAUeHHUe Cpe/lHe-
KBaJ paTH4YHOH LIePOXOBAaTOCTH KJIETOK B IPyIlIle
BPC obycnoBieno 6osee HepaBHOMEPHOM CKJIAZ-
YaTOCThIO MeMOpaHBl U MOSIBTeHHEeM HeKOTOPBIX
BBICTYIIOB, BePOSITHO, BCAEACTBHEe HapyLleHUS
LIeJIOCTHOCTH IIJIa3MaTU4YeCKOM MeMOpaHbl U/UIHK
Havyajga MUKPOBE3UKYIALUU. BesuKynsanus spe-
JABIX 3PHUTPOLUTOB CIOCOOCTBYeT yAaJleHUIO
NedeKTHBIX yUaCTKOB MeM6paHBl 5pUTPOLHUTOB.
V3BeCTHO, YTO IIPH HEKOTOPHIX IIATOJOTHUYECKHUX
CUTyallMaX U B [IPOLiecCe CTapeHU s SPUTPOLIUTOB
Be3UKY/ISIHKS [I7Ia3MaTUUYeCKON MeM6paHBl yCH-
nuBaetcs [5, 6]. BoIcBOOOKAeHHE MHUKPOBE3UKYII
(MUKpOYACTHUI]) IPOUCXOLUT B pe3yabTaTe Iepe-
pacopepenenus pochatunuiacepuHa u pochartu-
OHJI3TAHOJIAMHKHA C BHYTPEHHEro0 JIMCTKa Ha BHeII-
HUM JIMCTOK IJIa3MaTH4eCKOM MeMOpaHBbl U IIPOKC-
XOIUT U30KpaTebHO B 60raThIX TUIHUIAMU MUKPO-
IOMeHaX BHYTPH IIJIa3MaTH4YeCKoN MeMbpaHHI [7].
M3meHeHHe GOPMBI KJIETOK KM3-33 YaCTUYHOM MU
[IOJIHOM IIO0TepH LepOpPMUPYyeMOCTH MOXKeT IIPOHCXO0-
JATh B pe3ysibTaTe pa3/lIuYHbIX [IaTOJIOTMYeCKHX COCTOS-
HUH [8], HAKOIUIEHH I aKTUBHBIX GopM KHcIopozna (APK)
HJIM KaK 4acTh [Ipoliecca CTapeHHUs 3pUTPOLUTOB [9].
CHM KeHHe 3JIaCTUYHOCTH SIB/ISeTCS IIPU3HAKOM COKpa-
[IeHK S [IPOAOJIKUTE/NTbHOCTH JKU3HHU KJI€TOK U MOXKeT
OBITH BBI3BAHO PA3/IMUYHBIMU GaKTOPAMHU, CBSI3aHHBIMU
C OKHMC/IMTeIBHBIM CTPeCCOM, H3MEHEeHHBIM COCTaBOM
MeMOpaHBbI U 1aTOJIOTMYeCKUMHU COCTOSIHUSIMH.
V3BecTHO, 4TO GopMa 3pUTPOLIMTOB B 3HAUUTE/Ib-
HOII CTelleHHU OIlpe/le/IsieTCs MeXaHHYeCKHM MU CBOU-
CTBAaMHU LIUTOCKeJIeTa U 0OKIKeM aleHO3UHTpHocC-
darta (ATD) [10]. AT BaskeH A/1s MOAAEP>KAHUS JHC-
KOBUJHOKU GOPMBI 3pUTPOLIUTOB, IOCKOIBKY HCTO-
meHue AT® BhI3bIBaeT M3MeHeHHe 0T JUCKOLKMTa
K opme 3xuHouMTa [11]. Hanpumep, ceproBUAHbIE
3PUTPOLMTH XapaKTePHU3yIOTCS IMOBBIIIeHHBIMH
[oKa3aTeasIMH OKHCIKUTE/IbHOTO CTPecca U CHU KeH-
HBIM ypoBHeM AT® [12]. Bbl10 MOKa3aHo, 4TO y bepe-
MeHHBIX JKeHIIHUH YpoBeHb AT® B 5pUTpPOLUTAX 3HaA-
YMTebHO HUXe, ueM y HebepeMeHHBIX [13].
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Puc.3. xuHouumel 8 ACM Ha 8030yxe
Fig.3. Echinocytes in AFM in the air

integrity. It plays an important role in maintain-
ing shape, ensuring cell flexibility, and organiz-
ing lipids in the erythrocyte. A deficiency of any
of the proteins can lead to changes in the structure
of the erythrocyte cytoskeleton, which reduces
the overall degree of membrane elasticity. This, in
turn, may lead to the inability of the erythrocyte
to change shape when passing through capillaries,
causing microvascular complications and dysfunc-
tions in oxygen transport.

Changes in erythrocyte morphology are
associated with the aging of erythrocytes and
pathological conditions. AFM allows obtaining
high-resolution images of erythrocyte surfaces
without the need for complex sample preparation,
without fixation, in conditions close to natural,
such as in buffered solutions (Fig.1). This allows
visualization of the smallest surface structures,
including the arrangement of nanometer-
scale particles on the erythrocyte membrane,
with lateral resolution of 0.5-1 nm and vertical
resolution of 0.1-0.2 nm (Fig. 2) [1].

Studies have shown that during prolonged
storage (up to 35 days at +4 °C), the diameter
of blood cells decreases, while the Young’s modulus
of erythrocyte membranes significantly increases,
which correlates with morphological changes:
transformation of discocytes into echinocytes
(Fig.3) and spheroechinocytes, which are less
suitable for blood transfusion purposes [2].
The average values and the width of distribution
of the Young’s modulus significantly increased
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[ToBbIIIEeHHAs XKeCTKOCTh MeMOpaHBl Xapak-
TepHa /il 3pUTPOLMTOB, IIOJYYeHHBIX OT IIallu-
eHTOB C HeHpoJereHepaTUBHBIMU 3abo0eBaHU-
SIMH I10 CPAaBHEHHIO CO 3I0POBEIMHU. B paboTe [14],
KCIIOJIb3Ys. aTOMHO-CHUJIOBYIO M TPaJHILIHOHHYIO
ONTHYeCKYyK MHKPOCKOIIHMIO, IIPOBeJIM YJIbTpa-
CTPYKTYPHBIH aHa/H3 3PUTPOLMTOB KaK MOJeIH
nepudepruyeckrX KJITOK C XapaKTePHBIMU IIPHU-
3HaKaMHU JJI51 HelpoflereHePaTUBHBIX IIaTOIOTHH ~
6one3nu IlapkuHcoHa (BII), 60KOBOTO aMHUOTPOGU-
yeckoro ckjaepo3a (BAC) u 6osne3Hu AnblrermMepa
(BA). KneTKH KPOBU IPHU HelpoJereHepaTHUBHBIX
[IaTOJIOTMAX XaPaKTePU3YIOTCS YMeHbIIeHHBIM
KOJIM4YeCTBOM JBOSKOBOIHYTOM JHUCKOOOpa3sHOM
bopMBI, MeHBIIEH epPOXOBATOCTHIO IOBEPXHOCTH
u 6osee BBICOKMM MopyaeM IOHra mo cpaBHeHHUIO
CO 3[J0POBBIMU KJIeTKaMU. [JBOSKOBOIrHYTasd popMma
Io-TIpe>kHeMYy SIBJseTCs npeobnazamuenr ¢opmMor
B KjeTKax nnpu BAC u bBA, B To BpeMs KaK B MOpdo-
noruu BIl JOMHHHUPYIOT 3a3y6peHHBIe KIeTKH.

JKCIIePHMEeHTA/IbHO YCTAHOBJIEHO, YTO FeMUHH
K1 OKMCJIMTeJIbHBbIe IIPOLIeCChl B KPOBH OKa3bIBAIOT
cnenudHUYecKkoe BO3JLEHCTBHE HAa HAHOCTPYK-
Typy MeMOpaH 3pUTPOLIUTOB, 06pa3ys JOMeHH Ha
MMOBePXHOCTH. XapaKTepHLIH pa3Mep 3epHUCTHIX
CTPYKTYp B moMeHaX cocTaBugeT 100-200 HM, 4TO
COBIIaZAeT C XapaKTePHBIM pa3MepOM CIIeKTPHUHO-
BOI0 MaTpHKca [15].

UCCNEQOBAHUE OKUCIUTENBbHbBIX U
OKUCNUTENIbHO-BOCCTAHOBUTEIbHbIX
NMPOLLECCOB

ACM 30 PeKTHBHO MPUMEHSARTCSA /I U3YUYeHUI
HM3MeHeHHH Ha MOJIeKY/JISIPHOM ypOBHe B 3pUTPO-
IUTaX, BBI3BAHHBIX OKHCIeHHeM. OKHUCIUTeIbHbIN
cTpecc, BbI3BAHHBIH yabTpadroneToBelM (YO) 0bi1y-
YeHHeM, HapyllaeT GOPMUPYeMYIO CIIeKTPHHOM
CeTh [IUTOCKesIeTa, JesKallylo B OCHOBe MeMOpaHBbI
SPUTPOLHUTOB, YTO IIPUBOAHUT K MOPPOJIOTHUULCKUM
H3MeHeHUSIM U [IoTepe TUIMIHUYHON QOPMBI AUC-
KOLIMTOB. Pa3Mep siueek CIIeKTPHHOBOK CeTU yBe-
JTUYKUBAETCA C IpHMepHO 80-200 HM B KOHTPOJIb-
HBIX 06pa3uax o 600-1000 HM ImocJie BO3AEeHNCTBUAI
Y®-u3nydeHHUsI, YTO yKa3blBaeT Ha CTPYKTYPHBIH
pacmang [4, 5, 16, 17]. JledeHHe aHTUOKCHUIAHTAMHU
MOXeT COXPaHHUTh LIeJOCTHOCTh CIIeKTPUHOBOM
CeTKH ¥ MOPQOJIOTHIO SPUTPOLIUTOB, UTO IIOATBEPK-
maeTcs uccaemoBaHUIMHU ACM.

C momornpio ACM BBISIBUJIU U3MeHeHU S MOopoIIo-
THUH JIEHKOLIUTOB IIPHU JIEMKEMUH ~ Ha IOBEPXHOCTHU
MOSBUJIMCh UT0JIbYAThIe BEICTYIIHI [18]. IIpu geTalb-
HOM PaCCMOTpPEeHHH H300paskeHUS JTeHKOLIUTOB
MO>KHO OLIeHHUTB XapaKTep PacIIOJIOKeHU S Ha 0"
JI0XKKe, HAIIOMHUHAOIIKUK CAaAXH. belble KpoBs-
HBle KJIeTKH Yy MAallUeHTOB ¢ fuabetoMm 6s11u bonee

in samples taken from patients with diabetes and
smokers compared to samples taken from healthy
donors; at the same time, the average values
of the Young’s modulus increase with the age
of the patient.

In the work [4], normal aging of erythrocytes
was visualized as transformations in cell shape
(from normal biconcave discs through various
morphological classes to complete loss of normal
shape, i.e., dense spherocytes). All these changes
were accompanied by a gradual decrease in the size
and roughness of the cell membranes. Reduction in
diameter was associated with a change in shape.
Using AFM, it was established that the diameter
of biconcave and serrated cells was larger
than that of spiculated and spherical erythrocytes.
Increasing of populations of spiculocytes and
spherocytes occurred significantly earlier in
women suffering from early-stage miscarriages
(EMS) compared to the control groups (healthy
women and pregnant women). Different pathways
of red blood cell aging were demonstrated, with a
faster onset of morphological changes in red blood
cells during EMS compared to both control groups,
and a difference in membrane roughness of fresh
red blood cells during EMS compared to red blood
cells from the two control groups. The significantly
higher value of the root mean square roughness
of the cells in the EMS group is due to a more
uneven folding of the membrane and appearance
of certain protrusions, likely due to disruption
in plasma membrane integrity and/or the onset
of microvesiculation. Vesiculation of mature
red blood cells helps to remove defective areas
of the erythrocyte membrane. It is known
that in certain pathological situations and
during the aging of erythrocytes, vesiculation
of the plasma membrane is enhanced [5, 6].
The release of microvesicles (micro-particles) occurs
as a result of redistribution of phosphatidylserine
and phosphatidylethanolamine from the inner
leaflet to the outer leaflet of the plasma membrane
and occurs selectively in lipid-rich microdomains
within the plasma membrane [7].

The change in cell shape due to partial or
complete loss of deformability can occur as
a result of various pathological conditions [8], and
accumulation of reactive oxygen species (ROS), or
as part of the aging process of erythrocytes [9].
Decreased elasticity is a sign of reduced cell
lifespan and can be caused by various factors
related to oxidative stress, altered membrane
composition, and pathological conditions.

It is known that the shape of red blood cells is
largely determined by the mechanical properties
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SKeCTKHMH, 4eM JeHKOLIUTHI y 3J0POBBIX JOHOPOB.
ITo cpaBHEHUIO CO 340POBBIMU JOHOPAMU JHAMETP
JTeNKOLIMTOB U MoAYynb IOHTa 6B 3HAUHUTETbHO
yBeJIHYeHBl, XOTsI BEICOTA KIeTOK YMeHBIIH/Iach [19].

DPUTPOLIUTHL U JIEUKOLIUTHI Y HAL[UeHTOB C JHa-
6eToMm IeMOHCTPUPYIOT U3MeHeHHUSI pOPMBI, ITOBBI-
IIeHHYIO XeCTKOCTh U CKJAOHHOCTD K arperalyu.
B 3TOM HCC/IeIOBAaHUHU BIUSHUS AHUabeTa Ha 3pH-
TPOLIMTHI [TI0Ka3aHO, YTO U36BITOK IJTIFOKO3Bl B KPOBHU
IIPUBOJMUT K 3HAUUTEIbHOM AePopMaLHH GOPMBI
S5PUTPOLIMTOB U JTeTKOH KOPPO3HUH Ha HUX MOBEPX-
HOCTH, IOCKOJBKY IJIIOKO3a MOXKET IPOXOLHTH
yepe3 meMbpaHy M OKPYXaTh ee KakK 0bomo4uKa.
DPUTPOLMTHL yBeJIUUYMBAIOTCSA B pa3Mepe U CKJIeH-
BAIOTCS, YTO B KOHEUHOM MTOTe IIPUBOAST K IIOBBI-
IIeHHIO0 BSI3KOCTH U 3aMe[JIeHHUIO MOABUXHOCTH
3pUTPOLKTOB [20]. B JAaHHOM HCC/IeJOBAHHUH TaKkKe
CPaBHUI/IH BIHSIHUe fHuabeTa U KypeHHUS Ha TaKHe
ImapaMeTpsl, KaK AUaMeTp, I1yOHMHA BIAJUHBL U
IIepOX0BAaTOCTbh 3PUTPOLUTOB. OKa3aloCh, UYTO
KypeHHe CyIlleCTBeHHO CHJIbHee BIHseT Ha H3MeHe-
HUe BCeX TpexX IapaMeTpoB, 4YeM Auabet: As 3as/-
JIBIX KYPUJ/IBIIHKOB IIEPOXOBATOCTh YBEIHUUYHUBALTCS
B 5 pas, rnybuHa BIIaAWHBI yMeHbIIaeTCs B 3,3 pasa,
SPUTPOLIMTE IPUHHUMAIOT HeIIPaBHUJIBHYIO GOpMYy.

ACM-uccienoBaHHUe KJIETOK KPOBH ITpu Auabere
BBISIBUJIO Pa3/IMUKe B MOPQOOJIOTHH: 3PUTPOLIUTHI
13 3/I0POBOM I'PYIIIBI IIPeACTABISIOT cO60M HOPMO-
LIUT: KPYIJIBIH, C BAAUMOM BIAAUHOU; SPUTPOLUTHI
TPYIIB C IpeAnrabeToM UMEIOT HeperyasipHYIo
bopmy, S3pUTPOLIUTH yIJTHHEHHbIe, 3 BOTHYTOCTD
HaXOJUTCS He B IleHTpe. M306paskeHUs 3pUTPOLIH-
TOB C MeTaboTH4YeCKUM CUHAPOMOM HAIlOMHHAIOT
cToMaTouuT. [pymnma 60JbHEIX CaxapHbIM AHabe-
TOM 2 THIIa UMeeT HeNPaBUIbHYIO MOP(OIOTHIO
3PUTPOLIUTOB («IpebHEeBUAHBIN» SPUTPOLIUT) [21].

VMccnemoBaHMe KJIETOK KPOBU IIPH TaJlaCCeMUHU
II0Ka3aJI0, YTO SPUTPOLIUTEL CTAHOBATCS 3a3ybpeH-
HBIMHU, UMEIOT Pa3sHy0 MOP(OJOTHI0, aHU30LH-
TO3HYIO U THIIOXPOMHYI0 Gopmy. JIMIIb HEMHOIHe
KJIeTKH IIpeJCTaB/leHbl B $opMe JBOSKOBOTHYTOIO
JucKa. KJIeTKU MeHbllle I10 pa3Mepy U AepopMHUPO-
BaHBI C 06pa3oBaHHEeM MHOXeCTBa H0IBIINX OTBEP-
CTUH. DPUTPOLUTHI IPHU Kesle30A4ePULIUTHOHN aHe-
MHUU UMeIOT ellle 6oslee 1epopMUPOBAHHY O MOPdO-
JIOTHIO, YeM IIPH TaJlaCCeMHH: KJIeTKH IIPeJCTaB-
JeHBl B pOopMe 3JIJIMIITOLMTA, KPYIJIBIMHU, OBaJlb-
HBIMU, U B LIeHTPe 3PUTPOLUTOB HabilomaeTcs
bonpiee HabyxaHUe [22].

C momomb0o ACM 651710 06HAPY>KeHO, YTO IPU-
TPOLIMTHI TAlIHEeHTOB C Meraao6/1acTHON aHeMUeHN
vMenu 60BIINUH pa3Mep, OLHAKO UX BBICOTA, CPeJ-
H4 [IIepOXOBATOCTh, 3HAUeHHe MHUK-BIIaJKHa Rp-v
(mpexpcTaBisioniee co60l pasHULY MeXIy MaKCH-
MajJbHOM M MHUHHMAaJIbHOM BBICOTOH IIO OCH Z Ha
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of the cytoskeleton and abundance of adenosine
triphosphate (ATP) [10]. ATP is important for
maintaining the disc shape of red blood cells, as
depletion of ATP causes a change from discocyte
to echinocyte form [11]. For example, sickle-shaped
erythrocytes are characterized by elevated oxidative
stress levels and lower ATP levels [22]. It has been
shown that in pregnant women, the ATP level in
erythrocytes is significantly lower than in non-
pregnant women [13].

Increased membrane stiffness is characteristic
of erythrocytes obtained from patients
with neurodegenerative diseases compared
to healthy individuals. In the study [14], using
atomic force and traditional optical microscopy,
ultrastructural analysis of erythrocytes
was conducted as a model of peripheral cells
with characteristic signs for neurodegenerative
pathologies - Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and Alzheimer’s disease
(AD). Blood cells in neurodegenerative pathologies
are characterized by a reduced number of biconcave
disc-shaped cells, lower surface roughness, and
a higher Young’s modulus compared to healthy
cells. The biconcave shape remains the predominant
form in cells in ALS and AD, while jagged cells
dominate the morphology in PD.

It has been experimentally established that gemin
and oxidative processes in the blood have a specific
effect on the erythrocyte membranes nanostructure,
forming domains on the surface. The characteristic
size of the granular structures in the domains is
100-200 nm, which coincides with the characteristic
size of the spectrin matrix [15].

STUDY OF OXIDATIVE AND REDOX PROCESSES
AFM is effectively used to study changes at
the molecular level in erythrocytes caused by oxi-
dation. Oxidative stress induced by ultravio-
let (UV) radiation disrupts the spectrin network
of the cytoskeleton underlying the erythrocyte
membrane, leading to morphological changes
and loss of the typical discocyte shape.
The size of the spectrin network cells increases
from approximately 80-200 nm in control sam-
ples to 600-1000 nm after UV radiation expo-
sure, indicating structural breakdown [4, 5, 16,
17]. Treatment with antioxidants may preserve
integrity of the spectrin network and morphology
of erythrocytes, as confirmed by AFM studies.
Using AFM, changes in leukocytes morphology
in leukemia were identified - spike-like
protrusions appeared on the surface [18]. Upon
closer examination of the images of leukocytes,
arrangement on the substrate resembles sludge.



NANOTECHNOLOGIES

[IOBEPXHOCTHU KJIEeTKH B 06J1aCTH aHA/IK3a) U IIJI0-
Iagb IOBEPXHOCTU OBIIM HUKE II0 CPAaBHEHUIO
C KOHTPOJIBHOM IPyIIIIOHN [23].

Y malMeHTOB OT/e/leHH sl AaHeCTe3UO0MOTHH U pea-
HHUMAaI[UU C YepeIIHO-MO3TOBOK TPaBMOM, UIIeMU-
YeCKHM U reMopparudeckKUM HHCYJIbTOM, OTEKOM
FOJIOBHOTO MO3ra, IIOCTTUIIOKCHYECKON 3HIeda-
momaTuen HAbMIOLAMUCh pa3nudHble GOPMBI Kile-
TOK KPOBH, Ha IIOBEPXHOCTHU MeMOPaHbI 3pUTPOLH-
TOB BO3HUKAJIH JIOKAJIbHBIE AedeKThI: AedeKThI 131~
70pa, Topa, HAHOCTPYKTYPHL. Pl nedeKToB sSBIS-
eTCsl CTAPTOBBIM MeXaHK3MOB Pa3BUTHS TOTAJIbHBIX
oBpeskaeHUN MeMOpaH. Y BceX MAaLIHeHTOB, BKIIIO-
YeHHBIX B UCC/IeLoBaHMe, Habmonanu 16+7% aKTUB-
HBIX TPOMOOIIMTOB Ha Ma3Ke. TpPOMOOIIUTHI BXOIST
B UHCJIO [TOKa3aTeslel oCTPOI Gpa3el BOCIIaeHUS IIPU
CeIlCHCe, OIIYXO0JISIX U KPOBOTeUeHUSIX. YBelIUUeHHe
KOJIMYeCTBa TPOMOOIIMTOB SIBJISIETCSI CUTHAJIOM pa3-
BUTHS BOCIIA/IMTEIbHBIX [TIATOJIOT UM [24].

MHOEKLIMOHHBIE 3ABOJIEBAHUS (MANAIPKS,
COVID-19, BUY)

B paborte [25] 06Hapy>KU/IKU H3MeHeHHe B reomMe-
TPUHU SPUTPOLMTOB: yBeJIHYeHHe Ha 14% B 1uamMme-
Tpe U yMeHbIleHHe Ha 30% B BBICOTE [0 CpaBHEe-
HUIO C KOHTPoaAbHOM rpynmnoi. C nmoMmomswo ACM
BHISIBUJIM M3MeHEHUS CTPYKTYPhl SpPUTPOLIMTOB
npu COVID-19: yBenuuyeHHe JHaMeTpa KJIETOK
c9 1o 10,5 MKM, 3aMeTHO CHH>XeHHe BBICOTHI BIIa-
OUHBI B LIeHTPe JUCKa, YBe/lu4YeHHe MmoAaynd FOHra
c4,5 mo 8 kIla.

C momomipo ACM 651K 3aQUKCHPOBAHBL AHO-
MaJibHble GOPMBI SPUTPOLIMTOB, HAIIPUMep, aKaH-
TOLUTH [26]. Takke 6b1IM 0OHAPYKeHBI KJIETKHU
B Ma3Ke KPOBH B GOopMe 3XHUHOLMTOB IIOCJIe
COVID-19 [27]. IIpu MansgpHuH Napa3uThl H3MEHSIIOT
MeM6paHy 3pUTPOLUTOB, GOPMHUPYS BBICTYIIH,
KOTOpBIe CIIOCOOCTBYIOT afiTe3UU K CTeHKaM COCy-
10B [28]. Takske Ha ITIOBEPXHOCTH OBI711 06HAPY KeHBI
pe3Kue u3MeHeHM S CeTH CIeKTPHHA II0C/Ie 3apaske-
HHS, TO €CTh CeTh CIIeKTPUHA YaCTUYHO pa3pylia-
eTcs Ha OIlpe/ie/IeHHOM CTalMH 3apaskeHusl.

BblBO/1bl

B s3ToM 0630pe 060611eHBl pe3yabTaThl HeJaBHUX
HCC/IeJOBAaHUH, JeMOHCTPHUPYOLIHe BO3MOXKHOCTH
ACM B MCC/Ie[JOBAHUHU 3PHUTPOLIMTOB U UX IIpHUMe-
HeHHe B KIMHHWYeCKOH MpaKTHKe. JJIaCTUYHOCTb
MeMOpaHBI 5PUTPOLIUTA SIB/ISIETCSI OYEHb BasKHBIM
baKkTOpOM B oIpeeIeHHUH COCTOSHUSA 300poBhi. Ee
KOJIMYeCTBeHHOe oIlpe/ie/ieHHe HMeeT pellallee
3Ha4YeHMe /i HOHMMaHKW I MeXaHU3MOB, [IPUBO/IS-
IMX K HAPYIIeHHIO 3JIaCTUYHOCTH 3PUTPOLHUTOB.
MeTonsl ACM MOKHO YCIIeIIHO IPHUMEHSTh TaKkKe
JIJIsI KOHTPOJIS TepalleBTUYeCKUX IIPoLenyp.

White blood cells from diabetic patients were stiffer
than leukocytes from healthy donors. Compared
to healthy donors, the diameter of the leukocytes
and the Young’s modulus were significantly
increased, although the height of the cells
decreased [19].

Erythrocytes and leukocytes in patients
with diabetes show changes in shape, increased
stiffness, and a tendency to aggregate. This study on
the effects of diabetes on erythrocytes demonstrates
that excess glucose in the blood leads to significant
deformation of erythrocyte shape and slight corrosion
on their surface, as glucose can pass through
the membrane and encase it like a shell. Red blood
cells increase in size and stick together, ultimately
leading to increased viscosity and slowed mobility
of red blood cells [20]. This study also compared
the effects of diabetes and smoking on parameters
such as diameter, pit depth, and roughness
of red blood cells. It turned out that smoking has
a significantly stronger effect on the changes of all
three parameters than diabetes: for heavy smokers,
roughness increases by 5 times, pit depth decreases
by 3.3 times, and red blood cells take on an irregular
shape.

The AFM study of blood cells in diabetes
revealed a difference in morphology: erythrocytes
from the healthy group are normocytes: round,
with a visible indentation; erythrocytes from
the prediabetes group have an irregular shape,
elongated erythrocytes, and indentation is not in
the center. Images of erythrocytes from patients
with metabolic syndrome resemble stomatocytes.
The group of patients with type 2 diabetes has
an abnormal morphology of erythrocytes (“crested”
erythrocytes) [21].

A study of blood cells in thalassemia showed that
erythrocytes become jagged, have various morphol-
ogies, are anisocytotic, and take on a hypochromic
form. Only a few cells are represented in the form
of a biconcave disc. The cells are smaller in size
and deformed, with formation of numerous large
holes. Erythrocytes in iron deficiency anemia have
an even more deformed morphology than in thal-
assemia: the cells are presented in the form
of elliptoids, round, oval, and there is greater
swelling in the center of the erythrocytes [22].

Using AFM, it was discovered that
the red blood cells of patients with megaloblastic
anemia had a larger size; however, their height,
average roughness, peak-to-valley value Rp-v (which
represents the difference between the maximum
and minimum height along the Z-axis on
the cell surface in the area of analysis), and surface
area were lower compared to the control group [23].
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ACM 1mo3BoOJIsIeT JeTajbHO UCCIeoBaTh GOpMYy,
penbed M HAHOCTPYKTYpPy MeMOpaH 3pUTPOLIU-
TOB, BBISIBJISISI H3MEeHEeHM S, CBSI3aHHBIe C pas-
JTUYHBIMH QU3HOJOTMYeCKUMH U I1aTOJIOrHUYe-
CKMMH COCTOSIHHSMH, TAKUMH KaK HHTOKCHKa-
uus, nuaber, meranobaacTHAsS aHEMUS U ApyTHe
3abo/meBaHHUS.

ACM paeT BO3MOXHOCTb M3MePSAThH KIKOYeBble
MopdoMeTpHYeCKHe ITapaMeTPhl SPUTPOLIUTOB
pasMepel, COOTHOLIEHMeE 0Cel, ITTy6HuHY BOTHYTOCTH
OYCKa, TOJNLUMHY Y IIePOXOBATOCTh IIOBEPXHOCTH.
9THU XapaKTepUCTHUKHU OTPaskaloT fepOpMUPYyeMOCThb
Y yIIpyrHe CBOKMCTBA MeMOpaHBI, KOTOPble BasKHEI
O7s INPOXOKZeHHUS 3pUTPOLIMTOB Yepes3 y3KHe
KaIlMJ/IISIPhl M NOALEeP>KaHU S UX QYHKIIMOHAIBHOU
AKTUBHOCTH B KPOBOTOKe. MHCTpyMeHTapHUH IIPO-
rpaMmMHoro obecriedenus "PemToCKaH OHIANH"
[103BOJISeT IOJYYUTh MOPPOIOTHUUeCKMEe [IapaMe-
TPBL KJIETKH B KOJTHUYeCTBeHHOM BHe: CPeJHIOI0 1
CpefHeKBaJpPaTHYHYIO IIePOXOBATOCTh, OLEHUTH
r1ybMHY BIAAMHBL SPUTPOIIUTA, a TaKKe Apyrue
mmapaMeTpsl [29].

Kpome Toro, ACM 1103B0JIsIeT BBISIBISITE MUKPO-
CKOIIMYeCKHe ITOBpeXkAeHHUs U fedeKThl MeMbpaH,
KOTOpble MOTYT BO3HHKATh 1O/, BO3JeCTBUEM TOK-
CHHOB, CTPeCCOBBIX GaKTOPOB M/ IIPU XPaHeHHUH
KpoBH. 2T0 AenaeT ACM LIeHHBIM HHCTPYMEHTOM
O/151 AUAaTHOCTUKY M MOHMTOPHHTA 3a00/IeBaHUH,
CBSI3AHHBIX C U3MeHeHUIMU MOPQOIOTHUH U MeXa-
HUKH SPUTPOLIUTOB.

ACM obrnervaet obHapy>keHHEe MOPPOTOTHUECKHX
1 6roMeXaHHYeCKHUX U3MeHeHUH B S3pUTPOLIUTAX,
CBSI3aHHBIX C Pa3/IMYHBIMHU 3a60/1eBaHUSIMU KPOBH
M CHCTeMHBIMH 3a60/1eBaHUSIMU. MI3MeHeHH ST 5KeCT-
KOCTH U 37TaCTUYHOCTH MeMbOpaHBI C1y>kaT 6romap-
KepaMH [TaTOJOTHYeCKHUX COCTOSIHUI, YTO JaeT IIpe-
HMMYIIeCcTBA 10 CPABHEHHIO C TPASUIIMOHHBIMHU 6110~
XHUMHYEeCKHUMH aHAIU3aMH, KOTOPEIe MOT'YT OBITH
HeJ0CTAaTOYHO YYBCTBUTEJIbHBIMU U TpeboBaTh
bonpmux o6peMoB 06pa3moB. ACM TakKe II03BO-
nseT IPOBOJMTh BU3yaIU3aIIMIO0 KJIeTOK KPOBH ifl Situ
U invivo, 9TO cr1oco6CTByeT paHHEMN JUATHOCTHKE U
MOHHUTOPHUHTY IIPOrpecCHPOBaHU S 3a00/1eBAHUT.

TakuM 06pa3oM, aTOMHO-CHU/IOBAst MUKPOCKOIH S
obecreunBaeT KOMIIJIeKCHOe MOPOIOTHUECKOe U
CTPYKTYPHOE HCC/IeJOBAHKE 3pUTPOLIMTOB, YTO CIIO0-
coOCTByeT MydIneMy IOHUMAHHUIO UX QHU3HUOIOTHH U
[1aTOJIOTMHU Ha HAHOMETPOBOM YPOBHe.

B/IATOAAPHOCTH

HccnenoBaHUe BBHIIIOJIHEHO B paMKaX Locyaap-
CTBeHHOro 3agaHus MI'Y umeHnu M.B.JloMmoHOCOBA.
10 "®PemToCKaH OHIAHH" IIPeLOCTABIEHO
OOO HIIII "LleHTp IIepCIIeKTUBHBIX TeXHOJNOTUH ",
www.femtoscan.ru

HAHO MHAVCTPUA Tom 18 Ne 52025

In patients in the department of anesthesiology
and intensive care with traumatic brain injury,
ischemic and hemorrhagic stroke, cerebral edema,
and post-hypoxic encephalopathy, various forms
of blood cells were observed, and local defects
appeared on the surface of the membranes
of erythrocytes: defects of pallor, torus, and
nanostructures. A number of defects serve
as the starting mechanisms for development
of total membrane damage. In all patients
included in the study, 16+7% of active platelets
were observed on the smear. Platelets are among
the indicators of the acute phase of inflammation
in sepsis, tumors, and hemorrhages. An increase in
the number of platelets is a signal for development
of inflammatory pathologies [24].

INFECTIOUS DISEASES (MALARIA, COVID-19, HIV)
The work [25] discovered a change in the erythrocytes
geometry: an increase of 14% in diameter and
a decrease of 30% in height compared to the con-
trol group. Using AFM, changes in the erythrocytes
structure were identified in COVID-19: an increase
in cell diameter from 9 to 10.5 micrometers,
a noticeable decrease in the height of the dip in
the center of the disk, and an increase in the Young’s
modulus from 4.5 to 8 kPa.

Using AFM, abnormal forms of erythrocytes
were recorded, such as acanthocytes [26].
Echinocytes were also found in the blood smear
after COVID-19 [27]. In malaria, parasites alter
the erythrocyte membrane, forming protrusions
that promote adhesion to vessel walls [28]. Sharp
changes in the spectrin network were also found
on the surface after infection, i.e., the spectrin
network is partially destroyed at a certain stage
of infection.

CONCLUSIONS

This review summarizes the results of recent stud-
ies demonstrating the capabilities of AFM in study
of erythrocytes and their application in clinical
practice. Elasticity of the erythrocyte membrane
is a very important factor in determining health
status. Quantitative determination is crucial for
understanding the mechanisms leading to the
disruption of red blood cell elasticity. AFM meth-
ods can also be successfully applied for monitoring
therapeutic procedures.

AFM allows for detailed study of the shape, relief,
and nanostructure of erythrocyte membranes,
revealing changes associated with various
physiological and pathological conditions, such as
intoxication, diabetes, megaloblastic anemia, and
other diseases.
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NHOOPMALLUA O PELLEH3UPOBAHUK

Pemakuus 61arogapuT aHOHMMHOIO pelleH3eHTa
(pelieH3eHTOB) 3a UX BKJ/Ia/[, B PelleH3UPOBaHUe 3TOM
paboThl, a TakKe 33 pa3MellleHHe CTaTel Ha CanTe
JKypHaJla 4 Ilepefavy KX B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.

Jekaapauus o KOHPAUKIMe UHMepecos. ABIMOpbl 3028AK0M
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAU AUYHBIX OMHO-
wieHuil, Komopble mozAu bul nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHOU cmambe.
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AFM allows for measurement of key
morphometric parameters of erythrocytes - size,
axial ratio, depth of disc concavity, thickness,
and surface roughness. These characteristics
reflect deformability and elastic properties
of the membrane, which are important for
the passage of erythrocytes through narrow
capillaries and for maintaining their functional
activity in the bloodstream. The Femtoscan
Online software toolkit allows for quantitative
determination of cell morphological parameters:
average and root mean square roughness,
assessment of the erythrocyte indentation depth,
and also other parameters [29].

In addition, AFM allows for identification
of microscopic damage and defects in membranes
that may occur due to toxins, stress factors, or
during blood storage. This makes AFM a valuable
tool for the diagnosis and monitoring of diseases
related to changes in morphology and mechanics
of erythrocytes.

AFM facilitates morphological and biomechan-
ical changes detection in erythrocytes associated
with various blood diseases and systemic condi-
tions. Changes in membrane stiffness and elastic-
ity serve as biomarkers of pathological states, pro-
viding advantages over traditional biochemical
analyses, which may not be sensitive enough and
require larger sample volumes. AFM also allows for
visualization of blood cells in situ and in vivo, facili-
tating early diagnosis and monitoring of disease
progression.

Thus, atomic force microscopy provides
the comprehensive morphological and structural
study of red blood cells, which contributes
to a better understanding of their physiology and
pathology at the nanometer level.
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